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FACILITY STATUS 

In the period since the last progress report the 
construction phase of the project has been com- 
pleted and the facility prepared for initiation of the 
experimental program. 

Acceptance tests of the 2S-MV tandem elec- 
trostatic accelerator were performed successfully at 
7.5 and 17.5 M V  terminal potential. The final tests 
at 25 MV on terminal remain to be demonstrated. 
Successful operation of the coupled accelerators, 
with the OKfC serving as a booster accelerator for 
beam injected from the tandem, was also demon- 
strated. 

During most of this period the ORIC continued 
to operate in support of the ongoing research pro- 
gram. Work also continued on development of new 
experimental devices, irnplementation of the new 
data acquisition system, and planning for future 
modifications to the accelerators that will provide 
improved facility capabilities. More details of the 
various facets of this program are provided in the 
sections which follow. 

Qn Dooember 8, 1980, the facility (Fig. 1.1) 
was formally dedicated in honor of retired U.S. 
Congressman Chet Holifield. 

G. D. Alton 
J. A. Benjamin 
J. A. Riggerstaff 
D. M. Galbraith 
c. M. Jones 

R. C. J u r a '  
J. E. Mann 
E. G. Richardson 
N. F. Ziegler 

During the period covered by this report, instal- 
lation of the tandem accelerator was completed, 
and commissioning activities were begun. Major 
milestones during this period are shown in 'Table 
1.1. Fig. 1.1. V k w  OS the H~ljfiekl Weavy-Im Research Fpcility. 

I 
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April 1979: 
Column installation cornplcted (with charging chains and 
rotating power shafts) 
SF, transfer systerii commissioned 

May 1979: 
Column voltage tests (without acceleration tubes) 

May 1980: 
First succe.isful tiansriiiwion of beam through entire system 
(I6O6+ at 15.5 M V )  

July August 1980. 
All acceptance teyts at 7.5 and 17.5 MY performed success- 
fully 

January I98 I : 
First succesqful coupled operation of tandem accelerator and 
ORlC (extracted beam of 401 MeV '608+) 

May 1981: 
Commencement of interim operation for the experirnental 
program 

The SF6 transfer system was commissioned in 
April 1979 and used for the first time to fill the 
accelerator vessel to full pressure in May 1979. 
Since that time, 26 complete transfers (storage to 
accelerator to storage) have been accomplished 
without major incident or significant SF, loss. The 
present transfer tines under optimum conditions 
are storage to accelerator 10.55 MPa (guage)], 13'/4 
h; and accelerator [ O S 5  MPa (guage)] to storage, 
1 l ' / ~  Ir.  Since April 1979, the estimated loss in SF6 
inventory has been 1.72:%& while the estimated 
air concentration has increased from 0.03% tu 
0.35% (mole fraction). 

Tests of the voltage holding capability of the 
column structurc, bcfore installation of acceleration 
tubes, were performed by National Electrostatics 
Corp. (NEC) in May 1949. In these tests, which 
have been described in detail in ref. 2, the 
accelerator was filled with SFb t o  a set of pressures 
ranging between 0.034 MPa (guage) (5  psig) and 
0.62 MPa (guage) (90 psig). At each pressure, a set 
of measurements was made in which the terminal 
potential was slowly increased until a spark 
occurred, thus giving a distribution in breakdown 
voltage at each pressure. The absolute calibration 

for thc voltage scale of these rneasilremcnts was 
established from previous calibrations (in other 
NEC accelerators) of current vs gradient in ihe 
corona voltage grading system and is estimated to 
be accurate to i- 5%. 

A plot of breakdown voltage in the ordcr of 
occurrence is shown in Fig. 1.2. Examination of 
this figure reveals two important points. '[he first 
i s  that the number of data points is small-a 
reflection of the fact that the tests were performed 
over a short interval. namely, about four working 
days. The second is that whereas there is no 
suggestion of conditioning at the lower prcssurcs, 
there is good evidence for a conditioning 
phenomenon at the higher pressures in the sense 
that breakdown voltage tends to increase with 
breakdown number. At the highest pressure, for 
which we have 13 data points, this increase aver- 
ages about 1.3'70 per breakdown and does not 
appear to change ovcr the 13 breakdowns; that is, 
the breakdown voltage does not appear to level off 
with breakdown number for the number of break- 
downs observed. For this reason we believe that the 
breakdown voltages observed at 0.62 MPa 
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Fig. 1.2. Valucs of terminal voltage at breakdown plotted as a 
function of sequence for the May 1479 colueiii voltage tests of the 
Oak Ridge 25-MV tandem accelerator. The absolute voltage scale 
has an estimated unccrtdinty of 2% 



represent a conservative measure of the ultimate 
voltage holding cagabillry of the column structure 

plot of these sdmt: data dS ii function of pres- 
sure 1s shown ui f:ig. 1 3. Because of the limited 
number of d:atd points s n d  the conditionirig effect, 

o n  p r e s w x  1s net completely determined. If one 
aswncZ5 1 hat the higher values of 1)re~kdown volt- 
apc &l ie  representatwe at 00 and 90 psig, the 
obsei ved fimctional dependence 1s redsonably con- 
iistcnt wtlli the poo6 dependence reported for type 
MP accelerators.' 

Examination d the column structure after 
thew tests revzaled 42 spark hits. The largebt of 
these were chardctenred by ii discoloration of 1 to 
2 cm En diameter. w ~ t h  some melting in the center 

ncJted dbOVe, the dependence Of  bredkdoWn vQl&Ige 
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Fig. 1.3. Values of terminalvoltage at breakdown plotted as a 
function of accelerator vessel guagr: pressure for the May 1979 
column voltap tests of the Oak Rldge 25-MVtandem accelerator. 
The absolute voltagc scde bas iin ertmated uncertainty of 
-5%. 

and roughness of the order of 0.25 mm. There w 
110 evidence of any other physical damage to the 
colunin structure and no evidence that >parks 
tended to occur at a previous spark site. Specifi- 
c:illy, vie see no reason to soppose that the surface 
roughness associated with a spark hit will pose ;I 

functional problem The distribution of spark hits 
was approximately uniform over the surface OF the 
high-voltage terminal and upper column, although 
there was s u m  preference for upper terminal sur- 
faces with compound curvdature 

In  thc interval June- December 1979, NEC: 
instailed thc ;icceleration tubes, terminal magnet, 
a tid other ~ o l u m t i  components such as pumps, 
lenses, etc ; and in January 1480, NEC began the 
process of commissioning the column in preparn- 
tion for beam arid voltage tests. The interval 
between January and May 1980 was characzeriLed 
by ,several nonfundamental but time-consuming 
problenis which delayed the successful transmission 
of beam completely through the accelerator until 
May I2  In this first lest, a n  analyzed beam of 60 
pnA of "06 ' was accelerated at a terminal poten- 
tial of 15.5 M V .  Subsequent milestones for opera- 
tion with beam are sumanariz;ed in Table 1.2. 

The first task to be perfortned after initial 
operation of the accelerator with beam was a pre- 
liiniriary calibration of the analyzing rraagnet over 
the mass-energy prodcct range 29 to 110, using 
% beams of various charge states at a terminal 
potential of 9.2 MV. An absolute calibration was 
ubtdined as part of this series with a 27.4-MeV 
"02' beam, using the nuclear reaction 
'2c(%,(X])2JMg*. 

The iaktial indgnet calibration was then fol- 
lowed by performance of the acceplance tests, sum- 
marized in Table 1.2. In this table, "transmission 
factor" i s  defined as the ratio of injected beam, as 
measured at tht: injector magnet image slits, to the 
accelerated beam, as measured at the analyzing 
magnet iniage slits, These acceptance tests consti- 
tute the complete set of system acceptance tests 
required for terlnmal potentials of 7.5 arid 17 MV. 
During the 7.5-MV gas dripper tests, various 
charge state IJ71 beams were also used to perform 
a preliiniriary calibration of the analyzing magnet 
over the mass-energy product range 106 to 302. 

We have been pleased to note that initial opera- 
tion of the accelerator with beam and, more specif- 
ically, adjustment of the terminal and analyzing 
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Table 1.2. hlilestowes for operation with beam 
- .. -. __ 
May 1980: 

First complete transmission of beam through accelerator 
system. I6O6+ at 15.5 MV 

June 1980: 
Absolute calibration of analyLing magnet with the reaction 
1 2 q l 6 0 . ~ ~  )24Mg* 

July 1980: 
kirsi system acceptance test 
12'1 'o+,  7.5 M V ,  foil stripper, 10 pnA for 10 inin 

August 1980: 
System acceptance tcsts 
12'14' ,  7.5 MV. gas strippcr, 1 pliA for 60 min, 9.1 transmis- 
sion factor 

' 2 i I hA .  17.5 MV, gas stripper, 1 ppA for 60 rnin, 8.9 
transmission factor 

17.5 MV, foil stripper, I O  pfiA for 10 min 

January 1981: 
First successful coupled operation of tandem accelerator and 
ORIC (see ref. 7) 

Injected beam: 38 MeV I6O2 ' 
Extracted beam: 401 MeV I6O8+ 

April 1981: 
Demonstration of stable operation with an I6O beam at 20.0 
M V  

. . . ~ _ _ _ _ . . ~  -___...- 

magnets in conjunction with the terminal potential 
have been straightforward. In cases where the ter- 
minal gas stripper has been employed, the overall 
transmission from injector magnet image slits to 
analyzing magnet image slits, when corrected for 
the charge state fraction characteristic of the ter- 
minal stripping process, typically exceeds 50%. The 
most significant loss in transmission appears to 
occur in the low-energy acceleration tube -for rea- 
sons which are not yet clear. 

In the interval September October 1980 the 
accelerator vessel was open for a major mainte- 
nance period in which a number of tasks were per- 
formed. These included careful baking of the 
acceleration tubes and replacement of the closed 
corona voltage grading system with a new open 
system similar to that used in the Canberra 14UD 
a~celerator.~ 

The interval from mid-October to early 
December 1980 was devoted to initial conditioning 

of the acceleration tubes in groups of four and five 
6 1 -cm sections. (Only minimal conditioning was 
required for the earlier acceptance teats with 
beam.) In early Deceniber 1980 it was discovered 
that eight 20.3-cm acceleration tube modules had 
been damaged by deposition of electrode material 
onto the inner insulator surfaces. This damage, 
which is primarily concentrated at end gaps, is 
thought by NEC to be due to excessive spacing 
between the acceleration tube spark gaps and to 
conditioning at too high a tank gas pressure. The 
remainder of December and the first part of Janu- 
ary 1981 were devoted to replacement of the dam- 
aged tube modules and to adjustment of spark gaps 
at each end of each tube module. 

In the latter part of January 1981, the first 
demonstration of coupled operation of the tandem 
accelerator and the OWIC was successfully com- 
pleted. For these tests, which are described in 
detail below, the tandem accelerator provided 
bunched beams of typically 0.2 pp,4 of 1602+ at 
energies in the range 36 to 40 MeV. Typical bunch 
widths for t hae  initial tests are estimated to be 1 
to 1.5 ns, The buncher and associated control sys- 
tem used for these  test^^'^ were developed on the 
Beam-Bunching and Pulse-Detection Test Facilitj 
described in the previous progress report.' 

Current status 

In the interval February-April 1981 the 
accelerator was conditioned, mostly in groups of 
sections, in preparation for operation with beam at 
high terminal potentials. Individual 61-cm sections 
were conditioned to gradients above I MVIsection, 
and thc entire column was conditioned to potentials 
as high as 22.5  MV. IA the latter part of April 
1981, stable operation of the accelerator at a 
terminal potential of 20.0 MV was demonstrated 
with an accelerated beam of '60. No further signif- 
icant acceleration tube damage has been observed. 

Although operation with beam at potentials of 
the order of 2 0  to 22 MV now appears to be feasi- 
ble, NEC has concluded that further development 
work will be required before operation at 25  MV 
will be possible. Accordingly, a contract modifica- 
tion has been negotiated which will allow use of 
the accelerator for the HHIRF research program 
at potentials not exceeding 22 MV for a period 
beginning May 6 and not exceeding six months. 
During this period, NEC will engage in further 
developnient work, with special emphasis QII spark 
gaps, on the 20URC accelerator at the JAERI 
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Research Establishment at Toaki. Since this 
accelerator is similar in con43guration to the 
O K N L  accelerator, it i s  expected that the results 
obtained will be directly applicnble to the ORNL 
accelerator. At the end of the six-month period, 
NEC' plans to return for 9 period of about three 
months to make appropriate modifications and to 
attempt the 25-MV acceptance tests. 

1 .  Instrumentation and Controls Division. 
2. C. M. Jones, "'fie 25-MV Tandem Accelerator at Oak 

Ridge," Proceedings of the Fifth Tandem Conference, Catania, 
Italy, June 9--12, 1980, to be published in Nucl. Insirurn. 
Methods. 

3. S. J. Skorka, Rev. Yhys. Appl. It, 1279 (1977). 
4. D. C. Weisser, Rev. Phys. Appl. 12, 1303 (1977). 
5. W. r~ Milner, IEEE Trans. Nucl. Sci. NS-24(1), 1445 

6 .  N. F. Ziegler, IEEE Trans. Nucl. Sci. NS-2626(3), 3304 

7. OKN1,-5306 (1977), unpublished. 

(1075). 

( 1979). 
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J. 8. Ball 
K. M. Beckers' 
T. P. Cleary2 
E. D, Hudson 

CPRBC' AND 'FHE 25-MV TANDEM 

R. S. Lord 
C .  A. Ludemann 
J. A. Martin 
N. F. Ziegler 

Coupled operation of the 25-MV tandem and 
the OKIC was achieved on January 27, 1981. A 
beam of 38-MeV was injected into the 
OKIC, stripped to 8+,  and accelerated to 324 
MGV. Shortly afterward, the energy was increased 
to the maximum design value of 25 MeV/amu 
(400 12.leV). A spectrum taken of the scattering of 
this beam from a thin ' T b  target in the broad- 
range spectrograph exhibited a resolution of 115 
keV (FWHM). Performance of the system was in 
close agreement with that predicted from calcula- 
tions. 

Injection System 

The concept and some of the major design 
features of the injection system have been 
described briefly in previous 

The tandem and the cyclotron are separated by 
a distance of about 36 m. The injection system 
includes the pair of magnets that turn the beam 
path from vertical to horizontal, two quadrupoles, 
an inflection magnet to aim the beam at the right 

spot in the cyclotron, a stripping foil inside t 
cyclotron, and the control and diagnostic systems. 
Since the acceptance of the cyclotron For an energy 
spread of 1 in 1000 is r t : % O  of the rf perid (or 1 
to 2 ns for the required frequency range), the heam 
is  bunched before acceleration in the tandem. The 
double-drift klystron buncher, in a test on the EN 
tandem, was able to put over 50% of the beam into 
the desired period. To preserve the time structure 
of the beam, transmission to the cyclotron must 
take essentially the same time for all portions of 
the beam bunch. This was accomplished by design- 
ing the optics magnets and beam waist locations to 
minimiz the time dispersion (100 to 150 ps). The 
optics system must also transform the circular 
beam spot that comes out of the tandem to a rect- 
angular spot about I X 5 rnm at the stripping foil 
in the cyclotron. 

The injected beam must be sufficiently rigid as 
it enters the cyclotron so that it can cioss the 
cyclotron field and arrive at  the stripping foil (Fig. 
1.4). This, when the radial limits on the travel of 
the foil are considered, implies also that a stripping 
ratio of 2:1 or greater is required to capture the 
beam in an orbit suitable for acceleration. For 
lighter ions it is necessary to limit the charge 
change that occurs in the tandem terminal to 
assure that a 2:l charge change at the stripping 
foil in the cyclotron is achievable. For carbon, 
nitrogen, and oxygen, which would normally he 
almost fully stripped in the terminal with ordinary 
pressures in the stripping channel, this is accom- 
plished with no significant loss of intensity by 
operating the stripping channel at lower than nor- 
mal pressure, thus intensifying the desired charge 
state.6 For the heavier particles, higher charge 
states in the terminal are usable and desirable to 
achieve maximum final energy. 

Beam ihlonitoring Diagnostic System 

Six quartz-plate viewers with closed-circuit 
television cameras have been provided for setting 
up a beam through the injection system. With 
these viewers the position of the beam can be 
adjusted to coincide with the axis of the injection 
line, the shape can be monitored approximately, 
and it can be determined whether the beam is pass- 
ing through the quadrupoles on-axis. One of the 
quartz viewers is located inside the cyclotron and 
can be substituted in place of the foil for aiming 
and focusing the beam. The beam also causes the 
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Fig. I .4. Injected beam enters the cyclotron through the rf resonator and i s  directed by the inflection magnet to the stripping foil, 
which i s  placed on an orbit suitablc for acceleration. Th: incoming beam must have a sufficiently large rigidity ( B p )  to cross thc field to the 
foil. The inflection magnet has an  angular range of 17 to 37' to accommodate beams of different rigidity requiring different 

r 

trajcctoriea. 

foil to glow visibly during opera-tion. A 3-111 fibc1- 
optic viewing system was required so that this 'TV 
camera could be mounted where the cyclotron 
stray field was sufficiently low. I n  addition to the 
T V  monitoring systems, two Faraday cnps are 
used, one at each of the beam waists. The first is 
located after thc regulating slits between the 25 
and 65" magnets that turn the beam path from 
vertical to horizontal. Tuning for maximum beam 
passing through the slits at this point produces a 
waist that is required for minimum time dispersion. 
The second cup, about halfway along the line, is 
capable of measuring the time structure G f  the 
beam from initial adjustment of the buncher. Final 
adjustment of the bunchei is, of course, done by 
observing the intensity of the beam extracted from 
the cyclotron while varying buncher phase and 
amplitude. A foil can be inserted into the beam 
ahead of the 65' magnet so that the charge-state 
distribution of the stripped beam in the cyclotron 
can be determined prior to injection. 

when rrinning in the co~rpled mode (Figs. 1.5, 1.6). 
I t  can position a foil over an aLirnuthal range of 
-85" and a radial iange of 24 to 51 cm to accam- 
modate injected beams of varying energies. A foil 
carrier (Fig. 1.7) mounted on the pivoted arm 
holds up to 20 foils, which can be indexcd into 
position remotely in a few seconds. '4 differcnt car- 
rier containing a new set of foils can be installed in 
about 30 min by withdrawing the foil positioner 
through a vacuum Iock. The pivot point of the foil 
positioner arm is not at the center of the cyclotron, 
so the cyclotron control computer calculates the 
radius and azimuth of the foil with the appropriate 
coordinate transformation. These paraineters are 
displayed in both coordinate systems. The potential 
mechanical interference between the foil carrier 
and the internal beam probe mounted on the foil 
positioner is avoided by a software interlock system 
that keeps track of the probe and carrier positions. 
There is also a microprocessor backup for this 
software interlock. 

Foil Pssitioner 

The foil positioncr in the cyclotron is designed 
to be inserted in place of the internal ion source 

In  19'77 the magnetic field of the cyclotron was 
reineasured' to obtain data for the fringe field and 
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Fig. 1.6. Fail arm with the foil carrier installed. One ot the foil holders is flippeil out  irkto the opelating position. 
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Fig. 1.7. Front and back view of a foil carrier. Twenty positions for foils are provided. 

for the high fields now used. The field data werc 
parameterized,8 and programs have been developed 
for computing trim and harmonic coil settings, 
injection trajectories, foil azimuth and radius, 
inflection magnet strength and position, and 
extraction system mechanical and magnetic set- 
tings. Thc extraction system program is operator 
interactive so that the system parameters may be 
iteratively adjusted while observing a graphic 
display of the calculated extracted beam trajectory 
(Fig. 1.8). 

The programs for accelcration and extraction of 
the beam have been in routine use with the internal 
source since June 1980 and almost always are suc- 
cessful in producing extracted beam with only 
minor tuning by the operator. The injection pro- 
gram proved invaluable in predicting the foil posi- 
tion and inflection magnet setting for the first 
injected beam. The operating position of the foil, 
determined by optimizing thc extracted beam, was 
only a few millimeters from the predicted position. 

In January 1981 the tandem, although still 
undergoing acceptance tests, was made available 
for two brief tests of coupled operation. During the 
first 24-h test the transport and diagnostic systems 
were checked out with beam, which was then 
stripped and accelerated to full radius, Because of 
a leak in one of the extraction channels when it 
was energized, we were unable to extract the beam. 
Two weeks later a period of three days was allotted 
to testing coupled operation. The first extracted 
beam was obtained on January 27, within a few 
hours of starting the test. The parameters are given 
in Table 1.3. This beam was used briefly by the 
experimenters to obtain a spectrum; then the 
energy was increased in steps by raising the cyclo- 
tron frcquency and magnetic field to the full design 
energy of 25 MeVlamu. At this point further mea- 
surements were made using a 208Pb foil target and a 
broad-range spectrograph (Fig. 1.9). The energy 
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Table 1.3. Parameters for first cwupw opemtim 

---------------- 
Tandem: 

-_ ._.__. 

Terminal voltage 12.2 M V  
Injector voltage 300 kV 
Law-energy ion 011'. 

Analyzed current 400 n A  
Output energy 38 MeV 

Accelerated ion 160L.t 

Cyclotron: 

Accelerated ion 16@+ 

Circulating beam 180 nA 
Extracted beam 125 nA 
Energy 324 McV 
Analgxd beam on target 60 nA 

-- -----.-.- 

resolution during this experiment was 115 keV 
(FWHM), or about I in  3500. - 

During these experiments we did not experience 
a foil failure. This wits consisrent with the 
predicted life of 150 ppA-h of the 38-MeV I6O 

beam for the 5- to 10-g/crn2 carbon foils made by 
deposition of carbon from an ethylene gas glow 
discharge. 

----.-.-_.__I___ 

1 I UCC-ND Engineering Division. 
2. World Information 'Technology Systems Cop.  
3 .  P/~Yx Div. Atmu. Prog. Rep. Muy 1974, ORNE-4937% pp. 

95-101. 

... ............ ................ ..................... ...... .-,. ......... ... 
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Fig. 1.9. ~pectrum of I6o ions scattered from a target. 

Scattered particles were detected using a silicon position.-sensitive 
detector placcd in the focal plane of a magnetic spectrograph. 
(?!early visible are peaks from elastic scatterilig (ground state) and 
excitation of 2.61- and 4.09-MeV le\lels of the "'*Pb nucleus. The 
measured energy resolution was 115 keV (i-%"H M), which includcs 
contributions from such sources as the beam cnergy spread, beam 
angular divergence. inherent detector resolution, electronic noise 
spread. and energy straggling in the target. 

OKlC OPERASILONS 

S. W. Mosko 
C. L. Viar 
C. A. Ludemann 
K. S. Lord 
E. D. Hudson 
J .  W. Johnson 
T. P.  Cleary' 
H. L. Dickerson' 
D. M. Ezell' 
H. D. Hackler 

C. 1,. Haley 
N. L. Jones 
R. F .  JOY' 
S. N. Lane 
C.  Y. LeCroy 
S. N. Murray 
G. A. Palmer' 
A. D. Higginsl 
E. W. Sparks' 
W. J. Cassteveos4 

The ORIC continued operating on a 15-shift- 
per-week basis through 1979 and 1980, except dur- 
ing extended shutdown periods dedicated to instal- 
lation of injection beam line components and other 
beam injection equipment. An analysis of 
scheduled opcration time is presented in 'Table 1.4; 

~ r a b k  1.4. rime wndysii af ORlC qwmticsn fm CY 1839.-80 

(An additional Factor in breakdown h e ,  but not 
separated, is time lost while maintenancc 

Inanpowcr is not available. This factor 
was estimated at 260 h or 6.48 of the 

scheduled operation time during 1980.) 
__.__ 

Hours Percent 

Benin on target 
Beam adjirstmcnt 
I arget setup 
Start-up and Shutdown 
Machine research 
Source changes 

Total machine operable 

- 

(reliability factor) 

Vacuum outage 
Rf outage 
Pow,er supply outage 
Electrical component outage 
Mechanical component outage 
Water leak outage 
Radiation outage 
Coinputcr outage 

Total breakdown outagc 

'Total scheduled operation 
Scheduled maintenance 
Scheduled engineciing 
Electrical power restriction 

Total program schedule 
. ~ 

3958 49 
435 5 
I88  2 
726 9 
534 7 
64 1 8 

6482 81 
- 

I50 
89 

3 1 3  
209 
198 
58 1 

3 
6 

1549 
- 

803 1 
742 

1458 
3 

2 
I 
4 
3 
2 
7 

_- 
19 

100 

10234 
~ I _ _ . _ _  

beam time distribution by accelerated particle is 
presented in Table 1.5. '4s in rccent years, the 
hcdviest ions available tend to be the most popular. 
A list of nonresident research scientists utili7ing 
the facility during this period is given in Chapter 
12. 

Computer control capability has continued its 
expansion The computer control panels were 
moved from a temporary "pendant cabinet" to the 
main cyclotron control console. Most magnetic 
components, including clrcular and harmonic trim- 
ming coils (previously reported) and beam-line 
optics, are now under computer control. Other 
equipment with computer interfacing includes the 
injection system stripper foil positioner and the rf 
system frequency synthesizer. New equipment for 
automatic recording of operation data is now being 
assembled and preparcd for installation. Also to be 
added is a serial highway system and remote 
CAMAC crates for interfacing additional equip- 
ment. 



Table 1.5. ORIC beam time distribution by particle 
for CY 1979-80 

-- 

Mdximurn Totdl 
PdrtiCk MdSs energy ubed hours Percent 

(MeV) 

24 111 2 
Alphas 4 94 249 4 

7 88 537 9 
Boron 10 88 I04 I 
Borgm I 1  80 17 1 
Carbon 12 192 1012 16 
Nitrogen 14 188 166 12 

-I__ --I__-- I________ 

Deuterons 2 

1 ithiurn 

Oxygen 16 209 1181 19 

verled from an eight- to a four-pass configuration 
to reduce return-line back pressure. ~ o ~ s e q u ~ n ~ ~ y ,  
it was possible to take one of three large circula- 
tion pumps out Of service. 

_l.l_ -..._- l__l..__l_ 

1. Resigned, retired, or deceased. 
2. Plant and Equipment Division. 
3. Instrumentation and Controls Division. 
4. Computer Sciences Division. 

%' 1%. Atkins' h con 20 I88 1417 23 
Neon 22 I60 70 1 
Argon 40 161 705 12 .I. A. Biggerstaff -- 1___- 

6169 100 D. c'. iliensley c. N. ThomSs* 

New power supplies were acquired for the har- 
monic trimming coils; three units are in operation. 
Six others are installed, but waiting for completion 
of control wiring. Three of the original harmonic 
supplies have been reconnected to the valley coils 
to permit operation of these coils as harmonic as 
well as flutter coils. The resulting improvement in 
harmonic compensation allows ion acceleration to 
larger radii than that previously possible and pro- 
vides some increase in ion beam extraction effi- 
ciency. 

Preoperation cornputation of all cyclotron setup 
parameters, including extraction system positions, 
is now performed routinely, using the 1977 field 
measurement data in an orbit isochronization pro- 
gram. The use of computed parameters has been 
highly successful with fundamental mode ions, but 
substantial retuning is required on third harmonic 
mode ions due to incomplete central region data. 
The use of precomputed setup parameters was 
especially successful in the first opportunities to 
accelerate injected ion beams produced in the tan- 
dem accelerator. 

Energy conservation now plays an important 
role in cyclotron operation due to the impact of 
electric power costs on the cyclotron operations 
budget. Improvements noted in computer control 
and computation of setup parameters help improve 
the utilization of cyclotron operation time. Some 
improvement in actual operation cost has also been 
realized through changes in the water coolant cir- 
culation system. The main heat exchanger was con- 

The data acquisition system described in the 
previous report in this serics (CIWNI,-5498. p. 5 )  is 
nearing completion and is i n  m e  far data acquisi- 
tion and processing and for software develogniena 
The systens now comprises three Perkin-Elmer 
model 3220 CPUs with I megabyte uf rnemory 
each, three 300-megabyte disk drives, two 
SOS/ 1600 bpi tape drives, if fully implemented 
CAMAC branch highway to tine ~~~~~~~o~ count- 
ing room, and a partially ~ ~ p ~ ~ ~ e f l ~ c ~  (tarply one 
driver) highway to the tandem counting room, a 
Trilog color printer-plotter, various graphic and 
alphanumeric video terminals, and ~ ~ ~ s ~ e ~ ~ a n e o u s  
standard CQrnputa peripherals 
report appears in print, four B6 
drives, an irdditional disk drive and controller, and 
the remaining CAMAC, drives bardware should be 
installed. 

Software is available for eveot-by-eveot acquisi- 
tion to tape with real-time nnonitoring of singles 
histograms of up to 255 parameters and has been 
used for spin-spectrometer and gamma-gamrm 
correlation expenments. Another software package 
has been used to control, mot~iilor, and acquire data 
from an x-ray spectrometer system. A ma.qjor 
software package is available for real-time or off- 
line (tape playback) sorting of &ita into multime- 
gachannel arrays of one- and two-parameter histo- 
gram. Powerful and flexible gating algorithms are 
provided, and there are "kooks" in the system to 
incorporate user-supplied software to preandyze 
each event and generate virtual parameters when 
necessary. Software to display one- and two- 
parameter histograms on color video terminals and 
to obtain hard copies of these displays is available. 
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Software for interactive processing of such data is 
in an advanced stage of development. 

1. UCC-ND Computer Sciences Divisian 
2. Oak Ridge Associated Universities. 

NEG ATIVE-ION SOURCE DEVELOPMENT 

G. D. Alto11 

Two refocus-type commercial sources have been 
procured and modified to accept ORNL surface 
ionizatioll sources. Both sources have been 
evaluated in ternis of negative-ton yields for certain 
species; and operational characteristics such as 
negative-ion current vs ion energy and cesium oven 
temperature, and cesium oven temperature vs 
power input, have been established. A number of 
experirrrents designed to accumwlate information 
for better understanding of the processes involved 
in negative-ion sources have been performed, and 
many are planned for the future. 

C0mli7hia1ation Prototype Refwms Sputter 
and ChargP Exchasge soarcs 

A prototype wurce has been bililt which incor- 
porates the basic design features of the Middleton- 
Adam$ source in conjunctlor? with provisions for 
supplying additional cesiun*l :o the sample surface 
during the sputteriilg procm Preliminary rcsults 
indicate that factors in yicld >30 can be realized 
over those no~mally obsexved for Cu . 

fhe source, shown in Fig. 1.10, is comprised of 
an ORNJ. designed and developed Cs+ surface 
ionization source and a combination steering-lcns 
assembly for positioning and focusing the rs+ ion 
beam onto tlle target surface. The source i s  also 
equipped with an additional cesium oven for vapor- 
izing supplemefit al cesium onto the sample SUI face 
A balance bctween cesium arriving at the surface 
and leaving through evaporation and sputteling 
pioccsses is necessary in order to maintain a 
steady-state-effective monolayer of surface cesium 
The degree to which this control can be implc- 
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mented will determine, to a great extent, the WC- 

cess ol the source concept. Sufficient experience in 
operatang the source has not been gained to date to 
establish whether control can be maintaine 
ciently to  elininnate fluctuations in yield. Such fluc- 
tuations can result from either too little or too high 
cesium feed rates. However, o m  should be able to 
compensate for the latter slluation by increasing 
the rate of sample sputtering. 

The oven and vapor dispensing chamber were 
also designed for use as a charge exchange canal so 
that the source can be used for production of meta- 
stable or stable atomic ion beams through. charge 
exchange processes from materials difficult or 
impossible LO produce by more 
mechanisms (e.g., He , Y i , 
order 10 coovert the source from the sputter n i d e  
of operation ror produc~ion of a particular ~pecies, 
the surface ionimtion source will be replaced with 
a source appropriate for producing positive-ion 
b e a m  of the desired species. The wurce has not 
been opcr:ited as a charge exchange source lo date. 
Several problems associaled with the sputter mode 
of operation require resolution prior to charge 
exchange source evaluation. 

~ ~ ~ ~ r ~ ~ ~ ~ a ~  A d  ysis Q 
Source ~ ~ ~ ~ o r ~ a ~ ~ ~  

Theoretical formulation of the negative- 
erdtion mechanism, based 011 sputtering 

face ionization theories, has been used to calculate 
probabilities for surface ianiiation and negative-ion 
yields under ideal conditions. ~ Q r n ~ a r i s Q ~ ~  of 
measured and calculated probabilities are shown in 
Tdbk 1.6 'The measured probabilities (Table 1.6) 
were obtained from the ~ ~ N ~ - n i ~ i f i ~  Wniversity 
of Aarhus source data, osing measured currents, 
prohe voltages, and cakuulated sputterrng ratios. 
Many of the measured and calculated values 
agree quite cloiely, while a few elements such 
ab Ta and W overproduce relative to theory. 
Explanations for these and other deviations are not 
available at thi.; time, although a recent publica- 
tion by t o s  et al. describes an affinity level shifting 
mechanism which may explain such disagree- 
men ts.' 

As indicated, thc measured values for the 
probability ~f suriace ionization Pl shown in 
'T'able I .h were deterni Ined from ~ ~ ~ ~ " ~ J ~ i ~ e ~ s ~ ~ y  
of Aarhus geometry negative-ion source data. Such 
cesium-rich plasma drsharge souices provide close 
to ideal conditions for niiiximum negative-ion 
currents. On the other )nand, convetitional Middle- 
ton-Adarns sources4 rarely provide adequate surface 
cesium necessary for optrmurn yields. I'he probbility 
of extraction as well may be considerabiy less than 
unity. 

Ftgures 1 . 1  1 and B 12 cornpare theoretical and 
experimental values for C and Cu - computed for 
a Middleton-Adam refocus-type source operated 
under ideal conditions. There is close agreement 

4.39 
4.11 
4.18 
4.84 
4 47 
3.99 
4.27 
1.303 
1.25 
1.05 
0.6 
0.6 
1.1  

1.268 
0.5 
0 7  
1.15 
1.226 
1.0 
1.0 
4 28 
4.11 
4.08 
4.12 
4.52 
4.02 

2.67 x 1 0 - 3  
4 x 10-5 

1.35 x L O P  
1.77 x 10'-3 
1.32 x 
6.67 x 10-5 

2 x 10-5 
5.5 x 10-4 
5.3  x lo--* 
4.5 x 10-5 
4 X 

4.7 X 
2. x 10--5 

-_.I_ .... __ .... l_.l.l_̂ .... I____ 

2.5 x lo-' 
3.8 X (1.15) (5.39 X lou5)  
1.5 x 1 0 - 8  (1.26) (2.34 x 1 0 4 )  

2.13 x 10-.3 
1.3 x 10--3 

1.21 x (1.15) (6.43 x k0-S)  

1.4 x 10--j 
7.4 x 
5.8 x 1 o P  

4.14 x 10-6 
2 x (1.02) (2.1 x io--6) 
4 x 10-8 (1.02) ( 6  x 1 0 - - 5 9  
3 x I O +  

. .... .-I . I_ __ I__________ 

'Observed data measured with versions of Aarhus negative-ion 50urcc. 
'Electron affinity necessary for theoretical ionization probability. 
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th:~m:aacn!lv prcdictcd w h r s  as a function of cxarnction vdt.ase 
Ves. i heorctical va!ues Wtie coniputcd by assuming space-charge- 
Iimitcc! positive-ion currents, positive-ion impact angles with 
respect to the silrfacc of 0 - 0".  and that thc probability of 
extraction once :ormcd is Pt< ;= I .  

for the casc of C-: while the yields of Cu- have to 
be multiplied by large factors in order to bring 
them into agreemc;ilt with theory. The differences 
can be exphiiied by the fact that the cesium sur- 
facs content is inversely proportional to the 
sputtering ratio. C-arbon has a low sputtering coef- 
ficient ratio, and thus  high cesiurn surface content, 
while copper hlis a very high coefficient and low 
cesium surface content. 

~ ~ __ 
1 .  G .  D. .A!ton and G. C. Blatey, Nucl. Instrum. Methods 

156, 105 ( 1979). 
2. G. D. Alton (to be published in the Proceedings of the 

Third lnteinationa! Conference on Electrostatic Accelciator 
Technology, Oak Ridge, Tenn.; 1981). 

15 23 25 3c 5 10 
uEX, E X T R A C T  CN v'OLThGE 

Fig. 1.12. Cornprison of ncgmtive-ion currents for CU- ex- 
tmrtcd from a refocus Middkton-Adanas type of source with 
t h towtk? !y  predicted values as a function of the exlraciion 
vokagc Vcz, I-heoretical valires were computed by asauming space- 
charge-limitrd positive-ion curicnts. positive-ion impact angles 
with refpcct to the surfacz normal of 0 = 70'. and that the 
probability of exiraction oncc formed is P., = I 

3. J. Los, E. A. Overbosch, and J.  van Wunnik, to be pub- 

4. R. Middleton and C. T, Adamf, Nzirl. Instrum. Methods 
l i s h d  

118, 329 (1974). 

EXPERIMENTAL FACILITIIL§ 

R. 1, Robinson N. R. johnson 
C. 9s. Fulmer 
E. t. Gross 
M. I,. Halbert 
D. C. Ilerasley 
J .  W. Johnson 

R. S. 1 ord 
W. T. Milncr 
R. I,. Mlckodaj' 
C. D. Moak 
F. E. Obenshain 

E. H. Spcjjewski' 

I n  1976 an  OIQNL group composed of C. E. 
Bemis, E T). IIudson, J. E. Manm, M. 8. Marshall, 



K. L, Mlekodaj, F" E. Obenshain, R. L. Robinson, 
and K. S. Toth developed a proposcd experinnemtal 
I;syout for the 14HB F. 'I'his plan incorporated the 
recommendations of eight working groups 

appointed by the i3xccurive Coanmi"Ltee of the Users' 
Group to review specific experimentaI apparatus. 
Except f;x two beam line the experimental layout 

layout is shown in Fig. 1.13. Major equipinent 
completed since the last progress report is: beam 
lines labeled 23, 31, 33, a which were ~ ~ n ~ e ~  
;3b part of the pRase T %I project; tine exten- 
sion of beam line 31, links the tandem 
accelerator to I.he 11 ; the, 1.6-m-diaan 
scattering chamber; the spin spectrometer; and ip 

gainma-ray spectrometer system ow bearri line 23. 
'I'he I .6-m-diam scattering claannber (Fig. 1. I.%), 

first used in  an experiment i n  October 1980, has 
very few internal parts; the major ones are tRe cen- 
t ra l  target hub, two rotating rings which can be 
linked to the central hub via spokes, and an out- 
of-plane ring. This uneacurnbered design is to 
allow more flexibility in adapting to a variety of' 
detector types ;ml configurations. A configuration 
involving 45 detectors is  illustrated in Fig. 1.15. 

The spin spectrometer (Fig. I . l6>,  which was 
dcsigried by Deriietrios Sarantites of W a s h ~ n ~ ~ o n  
University, is composed of 70 tightly packed Nal 
crystals in a spherical array surrounding a 36-cm- 
diani scattering chamber. This device permits the 
measurement OF the gamma-ray rnultiglicity and 
the total gamma energy on an event-by-event basis. 

The heart of the new gamma-ray spectrometer 
system (Fig. 1.17) i s  a precisely aligned column, 
which serves as the hub for detector arms. The top 
of the column has ptimp-uut ports and can serve as 
the base of the scattering chamber. There is an 
overhead movable cradle which could, for example, 
support a large NaI crystal. 

The split-pole magnetic spectrometer (Fig. 
1.18), which was located on the EN tandem 
accelerator for the past decade, has been relocated 
on a beam line from the 25-MY tandem accelera- 
tor. 'I'he vacuum system of the spectrometer has 
been substantially improved by replacing the origi- 
nal diffusion pumps with three BOOQ-liter/s cryo- 
genic pumps. 

Funds were approved in September 1980 for a 
velocity filter-beam trap to be designed and fabri- 
cated under the direction of Harald Enge at MIT. 
This device will be brought to the HHIRF early in 
1982. 'T'he virtue of this system is that  it can 

essentially as propused as been conapleled; the 

remove tbc primary beam and permit study of 
reaction products iiear and st tlrc important angle 
of 0" 

A laser has been installed at the ?INIS 
has been lxsed successfully in dn off--BiPae 
ment. This device will shortly he iwed to excite the 
atomic hyperfinc structure of radioactive nuclei fa r  
from the valley of beta stabdrty. ~ r ~ ~ ~ ~ ~ ~ ~ - s ~ ~ t e  pro- 
perties of very . neutron-deficient nuclei wrll be 
determined through these ~ ~ ~ a ~ ~ ~ ~ e ~ e ~ ~ ~ s ~  

Funds have been allocated for 8 316-rn2 
(34h)0-ft2) building addition tu the MHI 
design of  the striicture is in psog~ess. Figure 1.1% 
illustrates the pldn view of the ~ ~ ~ ~ d ~ n ~  addition 
scheduled for completion in late 1982. The primary 
justification 1s to free space for additioraal experi- 
inenhal target rooms. The present plarm is to r e b  
c a k  CJNESQR in the new annex and to reconfigure 
the existing high-hay area as Iilustraaed in kig. 

would incredse the number of target stations from 
three to six that receive a besrn Brona either the 
eandeni acceleiittor or the OKIC along the same 
beam transport line. 

i 19h. Thas could be co~npletd by  111id-1984 a d  

1. Oak Ridge Associated Ilniwrsitnes. 

ohinson W. 'T'. Milner 
c. N. Reed' 
J.  K. Tbacker 

R. P. Cumby 
J. W. Johnson 

As a national facility, the HM1RF is aailable 
to any resedrch group with an approve 
merit. Assignment of accelerator time is based on 
1 he recomniendatioris of the Program Advisory 
Committee (PAC). 

An Experimental Support Group has been 
formed with a mission of supporting these 
researchers while they are performing their cxperi- 
mental programs at the HHIRF. This task includes 
maintaining lhe experirnental apparatus available 
to all researchers. There are two a r m  of the 
Experimental Support Group: the mentors and the 
technical personnel. The mentors are resident 
scientists at the HHlRF who provide U Q  EO 20% of 
their time in taking responsibility for one major 
device at the KIHIKF. Currently there are 1 I men- 
tors ~ 
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Fig. 1.16. Spin spectrometer. 
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The number of persons, and their area of exper- 
tise, that make up the technical arm of the Experi- 
mental Support Group are: 

1 
'h 
!$ 
2 
1 
1 

Members of this 

liaison secretary 
mechanical engineer 
computer programmer 
laboratory technicians 
electronics technician 
computer technician 

grou;, support the mentors in the - . . .  

maintenance and iinprovernernt of experimental 
apparatus. The four technicians provide the first 
line of support to users. Questions and problems 
beyond their scope of expertise are referred to the 
mentors. 

A users' handbook was prepared and was sent 
to users in April 1980. An impression of the 
material in this handbook is given by its 'Table of 
Contents, shown in Table 1.7. 

'The ground-breaking ceremonies for the first 
building of the Joint Institute for Heavy-Ion 
Research were held on July 10, 1979; on May 5 
the building was opened for occupancy. This 
375-m2 (4000-ft?) structure (Fig. 1.20) contains 
offices with accommodations for 16 persons: 
office-living space for four persons, sleeping 
alcoves, a full kitchen, and a commons area (Fig. 
1.2l) ,  all of which are available to outside users 
while at the HIIIRF acquiring data or reducing 
data. The construction of this building was made 
possible by combined funding from Vanderbilt 
University, the State of Tennessec (through the 
llniversity of Tennessee), and the Department of 
Energy (through OKNL). 

Funds have been appropriated by the State of 
Tennessee for a second building for the Joint Insti- 
tute that is comparable in size to the first. As part 
of this building, there will be a small auditorium 
where miniconferences, of the order of 100 persons, 
can be held. The long-range objective of the Insti- 
tute is to support and improve the quality of 
research at the H H I R F  by bringing together scien- 
tists in a suitable environment. 

-~ __.____ 

I .  Oak Ridge Associated Universities. 

Chapter Title 

I 
I 1  

I I I  
IV 

V 

v I 
VI1 

VI11 
IX 

Appendix 
A 

Appadix 
B 

Appendix 
C 

Appendix 
D 

Foreword 
General Comments on the HMIRF 
Requests for Accelerator Time 
Responsibilities of Users 
.4ccelerator Systems 
A. Tandem Accelerator 
B. ORIC 
C. Coupled Mode 
Experimental Apparatus 
A. Nuclear Physics Apparatus 

I .  76-cm-diam Scattering Chamber 
2. 1.6-m-diam Scattering Chamber 
3. Magnetic Spectrometers 
4. Time-of-Flight Spectrometer 
5 .  UNISBR Facility 
6 .  y-ray Spectrometer Systems 
7. Spin Spectrometer 

B. Atomic Physics Apprratus 
C .  Electronics 
D. 
E. Apparatus Provided by User 
F. Signal Transport 
Computer Facility 
Support to Users 
Site and Travel 
Organization 

Equipment Not Provided by HIHIRF 

ORIC Extracted Heavy-Ion Beams 

Pool of Electronic Modules 

ORIC Users Safety Guidc 

l l H l R F  Users Group Charter 

USERS' AC1'IVI'TIES 

W. L. Robinson 

fhere are 390 members of the HB$IRF Users 
tiroup. Annual meetings of the group were held in 
October 1979 at Knoxville, I'enncssee, and in April 
1980 at Washington, D.C. 

Those who have served on the Executivc 
Committee of the HIIIRF Users Group since 1979 
are: 

1978-79 1-1. C. Britt (Los Alarnos National 

D. Cline, Chairman 1979 (University of 

(1. 11. Moak (Oak Ridge National 

Laboratory ) 

R ochester ) 

Laboratory) 
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Fig. 1.20. Joint Institute for Heavy-ion Research. 

Y 

I 

3 9 S m  i 

Pig. 1.21. Floor plan of the Joint Institute for Heavy-Ion 
Research. 

D. G. Sarantites (Washington Ilniver- 

1979 80 K. W Kemper (Florida State l in iver-  

f.. Plasil (Oak Ridge National Labora- 

V. E. Viola, Chairman 1980 (University 

sity) (completed term of Britt) 

slty) 

tory) 

of Maryland) 

1980 b l  J. V. Maher (University of Pittsburgh) 
L. L. Kiedinger, Chairman 1981 

D Ward (Chalk River National 
(University of Tennessee) 

Liiboratory) 

1081 52 P. D. Bond (Bmokhaven National 

P. Uraun-Munziriger (SVWY at Stony 

M .  1,. Htiibert (Oak Ridge National 

I.,aburatory) 

Brook) 

Laboratory) 

The Executive Chmni ittee has continued to 
provide i~nportant guidance in operation of the 
facility and in the plarinirig o f  future apparatus. It 
also recommended persons to serve on the first PAC: 
and participated in developirng guidelines for the 
PAC; these are summarized in 'Fable I .8. 

Table 1.8. Recommendations for HHIKF Rogram 
Advisory Committee 

...... ~ ...i._._....i_._._..........~-.-.~..~..~..........~..........~....-......~..-.~.--- 

Membership: Six to eight persons 
'Term: Two years, staggered 
Restrictions: No more than two rnenibers from the same insti- 

tution 
Appointment: By ORNI., taking into consideration reconimen- 

Jativns of the Executive Cnmriiitter of the Users Group and 
recommendations of the H H l R F  Policy Review Committee 

Meetings: 'Three per year 



The committec rccommended that the proposals 
be in  viritten form with no oral presentation unless 
specifically requested by the PAC. Proposals may 
be for either a single run  or for a single experiment 
which may involve more than one run. In  the latter 
case, the time approved must be used within a year 
of approval. 

E. E. Gross (Oak Ridge National Ihboratory) 
F. Iachello (Yale University) 
P. Richard (Kansas State University) 
P. H. Stelson (Oak Ridge National Laboratory) 
F. S. Stephens (ILawrence Berkeley Laboratory) 
K .  L. Wolf (Argonne National Laboratory) 

This PAC met (with Joe McGrory substituting for 
Iachello) on November IO-- 1 1 ,  1980, to review pro- 
posals requesting 605 8-h shifts in the first cycle 
and 893 shifts in total. The committee recom- 
mended that experiments requiring 265 shifts be 
approved for the first cycle. The number of partici- 
pants in the approved proposals by institution is 
given in Table 1.9. 

Members of the first PAC are: 

lable 1.9. Number of participamts by institution. 
that were approved accelerator time 

in first cy& at thc W H I M  

Vanderbilt llniversity 
Tennessee Fechnological University 
University of Koln (W. Germany) 
IJniversity of Virginia 
Louiyiana State University 
University of Witwatersrand (South Africa) 
University of Lund (Sweden) 
Research Inqtitute for .Ato~iiic Physics 
Lawrence Berkeley Laboratory and 

University of California, Berkeley 
Georgia State University 
Brookhaven National Laboratory 
St. Louis University 
I?nis.ersity of Tennessee 
Oak Ridge National Laboratory 
University of Kentucky 
Georgia Institute of l‘echnology 
Indiana IJniversity 
Los Alainos National Lahoratory 
University of Eastern Kentucky 
Virginia Polytechnic Institute 
Washington University 
East Carolina University 
Texas A & M  University 
IJniversity of Frankfurt (W. Germany) 
Kansas State University 
Niels Bohr Institute (Denmark) 

.... 

5 
2 
2 

2 
5 
I 
I 
3 

1 
2 
1 

1 1  
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2 
I 
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I 
1 
5 
1 
5 
1 
3 
5 

1 ‘. 

.... 

ORlC SUPERCONDUCTING 
CONVERSION STUDIES 

J .  B. Ball R .  S Lord 
J .  K .  Ballou’ 
K. L. Brown’ 
T. P. Cleary’ 
w. E l .  Gray’ 
E. u. Hudson 
P. S .  Litherland’ 

C. A. Ludemann 
C .  H. Malarkey4 
J.  A. Martin 
G. S. McNeilly” 
S .  W. Mosko 
S. W. Schweriterly’ 

T. A. Welton 

Introduction 

I n  the last progress report wc discussed the con- 
tinuing evolution of plans for phase 11 of the Holi- 
field facility to replace the ORIC with a more 
powerful booster accelerator. At that time, our pro- 
posal was for a K-1200 superconducting cyclotron 
similar to the MSU phase I1 accelerator. That 
proposal was not recomi-nended by the Nuclear 
Science Advisory Committee (NUSAC) for fund- 
ing; wc were admonished to develop plans for a 
facility to provide significantly higher energies. 
Several studies of single- and multistage booster 
designs followed; rough scoping of accelerator sys- 
tems for energies in  the 6OO-MeVIA range gave 
cost estimates in the 50 to 70 million-dollar range. 
As a result of the high projected cost and heeding 
the 1979 NUSAC long-range plan (which docs not 
recommend any new major heavy-ion facilities in  
the period 1980--89), we are now proposing a more 
modest upgrade that will increasc the energy capa- 
bilities of the ORIC by increasing the magnetic 
field strength through the use of superconducting 
coils. This upgrade, at a final cost of about 10 mil- 
lion dollars, will open the exciting possibility of 
extending our research to the full range of ion 
masses .at energies two to seven times the Coulomb 
barrier. With the conversion, the facility will not 
only be able to fully exploit the large variety of 
negative ions made possible by present negative-ion 
source technology, but also to immediately utilize 
the experimental devices and data acquisition corn- 
puters that are a part of the Wolifield facility. 

Beam Energies Present and Future 

Thc ORIC now provides maximum beam ener- 
gies of 100 y’/Az MeVIA.  With the ion charge 
state\ available from the internal Penning-type ion 
source, the cyclotron piovides beams up to A - 40 
with energy high cnough for nuclear physics 



energy p ~ r t  ~ l e s .  The superconducting coil system 
will permit ,jn increax in rhc magnetic ficlld of the 
cqciotron rfonn I 9 1.3 T. 

agaaclic field deaigrjl ana aaralysis 

Tncrearirrg the energy of the 0 
conducting main irrdgiiet coli% was examined in a 
preliminary study in 1975 Since that time a com- 
plete rcmapping of  the magnetic field bas been 
completed. The new rileasurcments have heen 
Fourier- $1 11 a1 y  LE^, and the coe fficie rit s ’nave been 
pdrameteriied in terms of the currents in the niainr 
(-oil, average. field-trimming coils, harmonic coraec- 
tion c d s ,  and valley c d s ,  ED a way wh~ch takes 
into ciccount the variable saturation of the iron.6 

in a conipinter program which provides essentially 
exact ci~rrent settings for the various coil systemb. 
W e  have used this program to predict the magnct 

fit to the im:hronous magnetic fizld was obtained 
by iricredsirlg the radius OF the main magnet coils 
and locating them nearer the median plarie (Figs. 
1.23 and 1.24) Thz magnetic fields of the new 
geometry were incorporated rnko the parameterm- 
tion; orbit code arialyses show hat  the new 
geometry pnovides magnetic fields which are a 
good fit i o  the isochronous requirements over the 
rzquired s a n g  

This description of the rnagneric field is now used 

chasdLtetiseics at the K = 3x3 f ldd  leveP5. A close 

research. With the cornpletiori of the new 25-MV 
tandem a i d  thc beam injection systcnm for the use 
of the cyclotron as an energy booster, much higher 
bean1 energies will be available. lin coupled upera- 

above the Coulomh barrier will be available up  to 
A = 160. 

lroii will provide a large irlcrease i n  energy capabil- 
ity (Fig. 1.22). For ions heavier aha11 (4 = 130 the 
iacrease in energy i s  a factor of 3,  from 100 q ’ /n2  

increase is sorr7eivh:it less. F O ~  ’W +, for examp~e, 
the energy will be increased by a factor of 1.5, 
l-riirm 15 to 37.5 MeVIA. 

lion of the tnnde,rn and cycloiron, ion energies 

1. he supercc~nducting conversion of the cyclo- 
, -  

(3 l j ’ ’ / / j 2  MeV//l. k’or lighter iOlPS t.he 

** x he conversion includes a new superconducting 
coil system to replace the existing alumitium  nag- 

modifications to tile beam transport system mid 
radiation shielding to accommodate the higher- 

llet coils, :* oew beall1 extraction system, and 

t -  

Fig. 1.22. Energy vi: nias chractrsisticb for rht ORIC it1 

present coupled operatmi with the 25-MV t a I i d e m ~ ~ ~ ~ R F ~ h ~ s e  
1) and for the conversion HHIRF (ORIC-300) forbearn IntenSrEh-s 
of 10” particles/ b. 

Fig .  1.23. Superconduct~ng coils will have il smaller cross 
section than the present coils, are of larger radius,and arc closer to 
the median plane. 
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Fig 1.24. Radial profile of nvmagc magnetic field far the 
conversion, showing the irrrgrovcrtirnt in shape obtained with 
optimized coil geometry. 

'The computer program GF'UN-32),' which cal- 
culates the magnetic fieid of complex three- 
dimensional systems of coils and iron, has been 
used to compute the ORIC magnetic fields. Com- 
parison of GFIJN-3139 results with the measure- 
ments at. 1.85 T, and with the analytical exirapola- 
tions at 3.3 I', shows good agreement. These results 
lend confidence to our predictions of the charac- 
teristics of the conversion. 

The energy of an isochronous cyclotron n a y  be 
limited by the bending power of the magnet, 
E - KB q2/A2 MeV/A, or by focusing, 
E = K, q/A MeV/A.  The focusing limit 
occurs at the onset of loss of axial focusing. We 
have determined through equilibrium orbit code 
studies, sing extrapolated OMIC magnetic fields, 
that K f  for the convcrsion is approximately 15 
MeVIA. I'he ion energy characteristics of the 
conversion, Fig. 1.22; take into account the focus- 
ing and bending limits of the magnetic field and 

the charge states obtained by injection of tandem 
beams The I I I ~ X I M U ~  energy is limited by focus- 
ing below approximately A : 130. 

Srepeicondraciing coil and sryostat 

The new coil system (Fig. 1.25) is designed to 
replace the existing coil system exactly; the cryos- 
tats for the supcrconducting coils will bolt onto the 
cyclotron yoke, using the same mounting holes. A 
yoke stiffening system (not shown in the figure) 
will be provided to accommodate the increased 
magnet forces. 

'The two superconducting coils have inner and 
outer diameters of 2.5 and 3.1 rn and are 0.25 m 
wide. Each winding contains 564 turns of NbTi 
conductor woirnd in six double pancakes. G-10 
epoxy fiberglass insulation will be used: 0.12-cm- 
thick slotted material between turns and 0.16-crn 
perforated sheet between pancakes. 'The maximum 
operating current is approxirnately 4300 A. The 
conductors will be cooled by pool-boiling 4.5 K 
helium from a liquefier. The conductor is designed 
to be firlly cryostable. With a copper stabilizer bar 
2.0 cm wide and 0.5 cm thick, the quench heat 
flux is 0.20 W/crn'. The overall current density is 
3200 A/cm'. The stored energy in the system is 55 
MJ. 

To ensurc safe and reliable operation, all 
features of the coil design will incorporate substan- 
tial safety factors. 'The critical current of the con- 
ductor is 7000 A at 4 'F. The peak dump voltage is 
only 150 V, and the maximum conductor tempera- 
ture reached i n  a dump is estimated to be 104 K. 
The peak pressure in  the cryostat during a queach 
is approxirirately 7 atm. 

Mechanical stresses in the winding have been 
computed using the computer code STANSOL.' 
Stresses from winding preload, cooldown, and 
energization were considered. A whdiiig pieload of 
about 49 MPa (7000 psi) is sufficient to prevent 
the windings from lifting off the bobbin. The max- 
imum tensile stress in the conductor at full field i s  
80.5 MPa ( 1  1.500 psi). 

The mechanical suspension for the coils must 
support the attractive force of 3.9 M N  (880,000 
Ib) between the coils with acceptably low heat 
leakage and deflection and maintain the coils con- 
centric and coplanar with the median plane to 
within 1-0.5 mm. The coil forces must be sup- 
ported from the yoke through the cryostat. The 
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,/' 

Flg. t 25. Suprconducting coils are in separate cryostats, which occupy the same space used by the present aluminum coils. 

design adopted (Figs. 1.26 and I 27) incorporates 
epoxy-fiberglass links between thc 4 K coils and 
the 77 K liquid-nitrogen shield, which is mounted 
on short tubular stainless steel supports from the 
base plate at 300 K. Stainless sled transverse sup- 
port rods, cantilevcred from the tu'ocs, support the 

decentering forces, which are calculated to be a 
maximum or 46.6 kN/cni (26,000 lb/in.). The 
safety factors of this design are approximately 7 
for the zpoxy-fiberglass and 3 frsr the btainless bteel 
components 'I'he two coils will consume about 75 
li\ers/h of liquid helium arid an equal timount of 
iiqutd nitrogen. 

76-kN (17,000-Lb) gravity load and the C O I ~  

Beirm extraction system 

The beam extraction system for the conversion 
(Fig. 1.28) will cmsist of an electrostatic deflector 
operating at a gradient of 129 kV,/cm, followed by 
two -0.5-'r room-tempr:iture coaxial magnetic 
channels9 and a - 2.4-T superconducting cod ctian- 
X I .  

Two con~epts  are being evaiuated For the 
----2.4-T' magnetic cliaxinell. Onc is based on the use 
of a cosine current distribution i n  an inner (main) 
winding and a similar outer (compensating) wind- 
ing with currerit of opposite sign to cancel the 
external magnetic field. The alternate design 
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includes ;1 set of main conductors to produce the 
charinel field and a distributed array of con~pensat- 
ing conductors. 

l’bz channel location and st rengtk were chosen 
to produce a nearly linear path so khat a straight 
channel element may be used with consequent ease 
of construction. 

Beam tsanisport and shielding ~ ~ d ~ ~ ~ a t i o ~ s  

Only minor niodificatisns of the beam transport 
system are required to serve all existing and 
planned experiincntal stations with the higher- 
energy ion beanis of the conversion. A small 
arriouiit of additional radiation shielding will. he 
required. 

~~ .._ll__l_____.._____. __ 
I .  Fusion Energy Division. 
2. World Tnioriiintion and Technology Systems Corp., Wil- 

3. UCC-ND Engineering Division. 
4. UCX-ND Computer Sciences Division. 
5. 6. S. McNeilly et d., Procedifigs of the Sevenrh ltitt-r- 

nationoi Cot&rence on Cyclotrons unci Their Applications, Bir- 
klraoser, Barel, 1975, p. 626. 

6.  ‘I”. P. Cleary, PEEE Trans. N14cl. Sei N§-26, 3097 
(1979). 

7 .  A. G, A. M. Arriistrong et al., New Developments in the 
Magncf Design Program CFUN, HL-75-066 (Rutherford 
Laboratory, 157 5). 

8. N. K. Johnson, W. H. Gray, and R. A. Weed, Proceed- 
ings of the 6th Symposium on Engir~mring Problems of Fusion 
Research. 

9. E. D. I-Iudson and K. S. Lmd, Proceedings of Tnterna- 
tional Conference on Mslgnct Technology, Stanford University, 
California, 1965. 

lowdalr, Ontario, Canada. 



2. Nuclear Physics 

1NTKOI)UC'l'lON 

The following accounts rcpresenl the effoits of appioximately 30 OKNI, staff 
atad their collaborators. We are vigdrrired into three groups of roughly equal 
strength, focused on three different aspects of heavy-ion physics, which may be 
loosely charactcrixd as heavy-ion micro~copic physics, heavy-ion macroscopic 
physics, arid garnma-ray spectroscopy. Foi tunately, these subdivisions are inot 
always clean, and the groups continually experience an overlapping of intei ests 
leading to a livcly inierzc;ion and interchange of 1 x 1  soninel as tbe research prog~ anis 
evolve. I n  addition to the heavy-iorl program, we carry out small, but prodticrive, 
programs in light-ion physics and meson physics which are reportod hcrcln Ail im- 
portant pari of our research is the coiitinning developnrmt of eqnipmtnt, and an x- 
coiitit of this aspect of our effort is also included. What are not adequately covered 
here are our contributions to the FIHIWF project as meniorc: for mucl1 of the large- 
scale equipment. Mentorship requires complete involvcrnent froin t i ic  initial design 
stage to the maintenance and upgrade of the final research facility. 

This period has p-oduced many solid scientific advances ir; all of our piograrns. 
Of particular note are conti ibutions to the area< of giant I esonaaces, preeqnilibriuiu 
particle mission, incomplete fusion, and gamma-ray systematics. Thi5 period is also 
noteworthy for the ccanpletioil of the "spin spe~ti~iki'~iei-" and the gas-jet 
target- -two devices which greatly enhance 1 csearch possibilicies at the HI1IWI+. 

LIGHT-HEAVk -ION SCA'P'TLMNG 

c. B. Fulrncr 
R. L. Auble 
J .  R. BAA S .  Mukhopadhyay3 
F. E. Herlranc! 
N. M. Clarke' M. Steeden' 
C. n. CLioohan2 

E. E. Gross 
D. c. Hensley 

G .  R. Satchler 

J. R. Wu4 

Thc scattering o f  light heavy i sm (4 < A < 12) 
is of intcrcpi becaosc the elastic scattering i s  said to 
exhibit a transition' bc;ween that charactcristic of 
light ions ( A  < 4) and Ellat characteristic cJf heavy 
iorrs ( A  >, 12) EOE. light ions at  lower scattering 
energies the elastic scattering is characterized by in- 
complete absorption 234 can be well described by 
the optical model ii~ing a Woods-Saxon form faactor 
for both rea! and irnagicary part,, of the putential, 
albci: with an ambiguity of discrete families of real- 
potential well depth. Heavy-ion elastic scattering is 

characterized by complete abwrption. Optical- 
mads1 fits with a Woods-Saxon potcritial and other 
shapes for the real well exhibit corrtinuni~~ am- 
bipiities in the potential and little or no energy 
dependence. Heavy-ion elastic scattering i q  also we!l 
~ C S C Y  i b d  b y  the dorrlsk-folding opt ia l  model with 
a semirealistic interaction6 to gemrate thc real part 
of thc nerclc ( C - ~ U C I C L S  potential 

rhe energies of light heavy ions available at 
both the ORIC and the HHIRF tandem are suffi- 
ciently high that scattering airgiilar . disti i'otitisns 
from a wide range of targets exhibit oscillatinns 
characteristic of Fraunhofer diffraction and are 
more sensitive to details of the potential than scat- 
tering at lower beav a>ergies where the scattering 
anganlnr distributions show typical Fresnel-like pat- 
terns. A:so, the high beam iiilensities available from 
the EIHIRF tandem make it feasible to measure 
scattering at very large angles. 
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'Fable 2.1 is a l i s t  o f  stable nuclei in the 
4 <A %: 12 mass region which are available a3 pro- 
jectile$ for intermediate-mss inn scattering 
meastaiemeats. The fiasl excited states are all suffi- 

~ I X X ~  the ground states that 
modest energy 1emlutiora is adequate for elastic 
scattcrmg measurements from a wide choice of 
target nuclei. There is also a variety of projectile 
 pins and nucleon and alpha billding energies, so 
the effects of these on the SLattering can be studied 

1st excited 
Projcctite .I" slate 

(MeV) 

Binding energy (MeV) 
n p f l  

_-...-__I_..__. _ _  

%i 1' 2.18 5.7 4.7 1.5 
'Li 3/2' 0.48 7.3 10.0 2.5 
'1312 3 / 2 -  1.67 1.7 16.9 2.5 

' D l 3  3' 0.72 6.8 19.6 7.4 
"a 3/2- 2.14 8.4 6.6 4.5 

~....--.I_..---...- - ~ ~ 

We have performed measurements with 88-rMeV 
"Ei ions, with 87.5-MeV l o  ions, and with 

11s. Measurement? are pIa 
ions accelerated by the 

tandem. 

k-relirniaiuy results of $%-MeV "I,i elastic scat- 
tering were reported kn the last P h  ysics Division 
Progress Report"' These data have been extended to 
include measurements at larger angles and for a 
wider range of targets. Elastic scattering was 
studied for I I  targets ranging in mass from 24 

Angular ~ s t ~ ~ b ~ ~ ~ o ~ i s  were measured fr 
' c,m. ira steps of 0.5" mostly out to 60" 

or 70", where the elastic cross sections range from 
IO-? to 10-5 of  the Rutherford values. Significant 
odd-A even4  differences were observed in the 
elastic scattering from three pairs of neighboring 
mass targets ~ lnelastic scattering cross sections for 
exciting the lowest 2' states of 24.2bMg and 60Ni were 
also obtained. 

The elastic data were analyzed usirig the optical 
model, with potentials of both Woods-Saxon and 
doubk-foldi~lg form factors. Good fits were obtain- 
ed with both types of potentials. The heavy targets, 
whose elastic scattering exhibits Fresnel-like pat- 
terns, require only a four-parameter Woods-Saxon 
potential. The data from the lighter targets, which 

exhibit ~ ~ ~ ~ ~ ~ ~ ~ ~ r - ~ ~ ~ ~  strti~ture, require six- 
parameter Woods-Saxon patentiah. The folding- 
model analyses with the "reali3tie' ' M3Y intesac- 
tion, used previously far a wide range of heavy-ion 
scatf ering data,' overestixnate she red. potentid for 
%i by about h8%, in agrement with analyses of 
other "1Li data at energies ranging from 28 to 156 
MeV. Examples of the data and ~ p t i c a l - ~ ~ ~ k l  fits 
are shown it1 Figs. 2.1 and 2.2. 

The optical-model potentials for 5Li deduced 
fronr analysis of the data show a number of 
systematic Ieeatures, Both real and imaginary poten- 
tials have yery diffuse surfaces Qr.e., Barge vdues of 
a, and 4xw) compared avirh n;-\any other heavy ~OIIS, 

and the imaginary potetmtials have large radir. As a 
consequence the ilrnaginsnr y potential is gerier ally 

Fig. 2.1. Elastic bcattering o€ W M Q V  'Li from U25,2*Mg and 
"AI. 7 he theoretical curves are for six-parameter Woods-Saxon 
f6WS) arid tour-parameter folded (FOLD) optical-model potm- 
tials 
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comparison of the two effects is shown in Fig. 2.4, 
where thc experimental elastic angular distributions 

pro~i~unced differences i t 1  the two angular distribes- 
tions are principally due to quadrupole contri- 
butioiis from the "Mg target; these are obscured by 

to the angular distributions compared in Fig, 

'The "B data for 'TO and 60Ni (shown in Fig. 
2.5) are very similar, with no apgarerit differences 
due to odd-A and even-A target effects. This i s  in 
contrast to the differences observed in "I3 scattering 
from the Mg and '4l targets (shown in Fig. 2.6) and 
to the differences observed in 88-MeV X i  scattering 
frurrn the Go and Ni targets,' where there was struc- 
ture In the angular distributions. The elastic angular 
distributions for I'B and 'OB scattering from 6QNNi 
show na significant differences such as are observed 
for The quadrupole moment effects of either 
target or projectile are not apparent in elastic 
angular distributions characterized by Fresnel-like 

are represented by smooth curves. In Fig. 2 . 4 ~  the too 

the larger projectile quadrupole contributions of 80 ' 

g 
9 

46" 

10 

patterns. 4tY3 

O R N L - W G  61-7458 
400 

Q, (deq)  

Fig. 2.5. fhs t ic  mattering of from s9C0 and*@Ni. The data 
are compared with opt~c;ll-model fits for both Woods-Saxon and 
folding-model real-potential form factors 

10.' 

b" 
\ 

Analyses of the data with both Woods-Saxon 
and folding-model potentials are discussed in the 
theory section of this report. 

b 

___ . . -. ...__I__ 10 2 

I .  Wheatstone Laboratory, fing's College, Wnivcrsiry of 

2. Present address: Physics Department, University of In- 

3. 1980-81 visitor from Khalsa College, Matunga, Bombay, 

London, Strand, London WCZR 2L S, U.K. 

diana, Bloomington. 

0 3  India. 
10 2 0  50 40 40 20 30 40 4. Present address: Bell Laboratories, Napervillc, Ill. 

ecm (deq)  5 K. M. LkVries, D. A. Goldberg, J. W. Watson, M. S .  

6 .  G. R. Sotchler and W. 6. Love, Phys. Rep. 55, 183 
Zismari, and J. 6. Cramer, Phys. Rev. Lett. 33, 450 (19779. 

Fig. 2.4. Elastie scattering of leJ1B from 24JWg. The curves 

rspresenr experimental data (1979). 
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Fig. 2.6. Elastic scattering of* '  from 24,35.26Mgandr7AI. The 
data are compared with optical-model fits for both Woods-Saxon 
and folding-model red-potential form factors. 
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FUSION CROSS SECTIONS FOR 
LIGHT SYSTEMS 

J. Gomez del Campo 
D. Shapira Y .  H. Stelson 
Y.-D. Chan R. A. Dayras' 
M. E. Ortiz' 
D. DiGregorio2 
J. L. C. Ford, Jr. 
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R. (3. Stokstad4 
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A systematic study of heavy-ion fusion cross 
sections for light systems for which A, + A ,  < 40 
and for bombarding eriergies up to a b o d  18 
MeV/A is in progress at ORNL. A detailed study 
of the fusion of l 6 0  + lo€! and I4N t I2C (ref§. 8, 
9) revealed that, even at cnergies up to 18 MeV/A, 
the evaporation- residue (ER) eiiei gy spectra, 
angular di~tributions, and total yields are consistent 
with the equilibrium decay of the compound 
nucleus. Also, for these two systems, the fusion 
cross sections appear to be dominated by entrance- 
channel effects of a riiicroscopic nature. In addi- 
tion, an absolute angular momentum limit has been 
found at J,  = 27fi. 'To achieve a better urnderstand- 
iiig of these effects, further measiirements of the 
I4N + "C system have been carried out, as well as 

the systematic study, other systems have been 
measured, and data are presented in this report for 
the I4N + 'OB, I7O + 'OB, 20Ne + *ONe, and 
2oNe t I6O systems covering a range of bombard- 
ing energies from 2 MeV/A to about I 3  MeV/A. 

'Me 16A1 Systeaaw 

To study the behavior of the fiisio11 cross section 
at high energies it is necessary to address the prob- 
lem of coniplete fusion and equilibrium decay. For 
this purpose the comparison of the I4N + I2C and 
I6O -t 'OB systems is particularly useful. Com- 
parisons o f  the centroids of the velocity distribu- 
tions of ER have bcen made for bombarding 
energies from 3 MeV/A to about 18 MeV/A. 
Shown in Fig. 2.7 are the results for the ratio 
VR/vLN CQS oL, wlnere V R  is the centroid of the ve- 
locity distribution and Vcy cos 8, is the centroid ex- 
pected* under the assumption of coniplete fusion 
and equilibrium decay. V,, is the velocity of the 

c o m p a r i s o ~  tvith the 'OS + I 6 C )  system. T O  extend 
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compound nucleus and OL the laboratory angle of 
the ER. The values of ETR/ VCN cos 6, given in Fig. 
2.7 for both systems have been averaged over a wide 
angular range (e, = 4"  to 150)) and, as shown in 
the figure, v R/ VCN cos 6L % I .O. No trend toward 
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smaller values of this ratio as a function of V,, is 
observed, confirming that the basic mechanism is 
that of complete fusion and equilibrium decay. 

Another sensitive test for  the reaction 
mechanism can be made through the study of mass 
and charge distributions of the ER. For the 
14N + I2C system, time-of-flight (TOF) meas- 
urements were made at EIdN = 182 MeV using the 
ORNL TOF facility. Figure 2.8a shows the results 
of the angle-integrated yields of ER as a function of 
mass and charge, and Figs. 2.8b.and c give the 
energy spectra for and I3C ions. The histograms 
given in Fig 2.8 are the results of Monte Carlo 
Hauser-Feshbaeh calculations using the code 
LILITA. lo The reasonable agreement between 
calculations and experiment for the yield of ER 
(Fig. 2.8c& as well as for the ER energy spectra 
(lower-energy groups in Figs. 2.8h and 2.8c), sup- 
ports the complete fusion and equilibrium decay 
picture. 

The data presented in Figs. 2.7 and 2.8, as well 
as the analysis given in refs. 8 and 9, lead one to the 
conclusion that there is a strong tendency to com- 
plete fusion and equilibrium decay in these systems, 
which contrast drastically with the preequilibrium 
and incomplete fusion processes observed for 
heavier systems at bombarding energies of about 10 
MeV/A. Also, it should be noted that, for the 
energy range covered in these experiments, the 26A1 
compound nucleus has been formed in equilibrium 

,Q-.-%OO-___ = at quite a high temperature ( T s  5.8 MeV for 
14N + "C at E,,, = 248 MeV). -1 

0.9 t-- 
The 24Mg System 

0.9 
0.06 0.08 0.10 0.t2 0.14 0.16 

"C N ' c  

Fig. 2.7. Kinematical analysis for the evaporation residues of 
the 14N + l2C (sotid points) and lnB + 160 (open points) systems. The 
vertical scale shows the centroids of the velocity distributions VR 
(averaged over several laboratory angles) divided by VLN cos &. 
The horizontal scale gives the compound-nucleus velocity in units 
of the speed of light (c). The lowest-velocity data points corre- 
spond to = 86 MeV and the highest to E I ~ N  = 248 MeV. 

The fusion of I4N + lUB leading to 24Mg has 
been studied in the energy range E,?, from 80 to 182 
MeV, using I4N beams from the ORIC. The 
evaporation residues and direct reaction products 
were detected with an array of AE-E' solid-state 
telescopes for angles more forward than 10" and a 
AE (ionization chamber) and E (solid-state position- 
sensitive) telescope for angles greater than 18 ". The 
separation of ER and direct reaction products is 
done using the procedure described in ref. 8, and 
comparisons of the energy spectra, angular 
distributions, and total yields of the ER to Monte 
Carlo calculations indicate an overdl agreement 
with the complete-Fusion mechanism. The results of 
the fusion cross-section measurements are shown in 
Fig. 2.9 (solid circles) in the usual excitation energy 
vs f , ( J ,  + I )  plot. At the highest excitation 
energies, E 2 9Q MeV, a saturation of the critical 
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Fig. 2.8. Results of time-of-flight r n ~ a ~ ~ ~ @ m @ ~ ~ ~  on the system 
IW + W. (u) Distributions of evaporation residues by element and 
isotope, The experimental distributions arc given by dots, and 
those calculated with code LILITA are given by histograms. 
Energy spectra of '*C ( h )  and I3C (c) ions were obtained in a meas- 
urement of AE-E and time of flight. Note how the Monte Carla 
calculations (histograms) reproduce the respective shapes of the 
evauoration-residue portion of the yieid. 

angular momentum is observed for J ,  2 214i. 
Measurements of other groups are also shown in 
Fig. 2.9, where the absolute errors have been omit- 
ted to emphasize the relative ones, which are most 
important in determining the trend of E, vs 
Jc(Jc + 1). In Fig. 2,9 the open circles correspond 
to the 'W + measurements given in ref. 11, and 
the crosses (ref. I l ) ,  dots (ref. 12), and open 
triangles (ref. 13) are reported values for the 
"C + system. The solid lines in Fig. 2.9 are the 
results of Glas-Mosel ca l cu la t i~n~"  using the 
parameters Cio = 2 MeV, r, = 1.5 fm, VB = 6.8 
MeV, r, = 1.2 fm, and V, = -- 1 MeV, obtained 
from a fit to the 14N + system. Although the "C 
+ I2C data show large discrepancies between the 
various experimental measurements, still they in- 
dicate that the general trend is that of an entrance- 
channel limitation, since they follow the Glas-Mosel 
prediction using the same parameters as for the I4N 
+ log calculation. The data for both systems ap- 
pear to parallel each other, which indicates that the 
limitation is in the entrance channel, since inter- 
pretations based on limitations imposed by the 
compound nucleus, such as the statistical yrast line 
lirnitation (refs. 15, 16) would require the overlap of 
the two fusion bands. 

For the highest energies there is a pronounced 
difference between I4N + ' 9 3  and '*C -+ I2C, since 
the former system indicates a saturation of J, and 
the latter docs not. This behavior is also quite dif- 
ferent from that seen in the l60 + log and 14N i- 
I2C systems, where both show the same saturation 

Fig. 2.9. Comparison of the critical angular momentum JC vs 
excitation energy in *4Mg for the 1OB + Id.N aqd '*'c + W systems. 
The solid lines are the results of Glass-Mosel calculations using the 
same set oGarameters for both systems. 
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of the angular momentum at J, 26fz (ref. 8). Due 
to  the large relative errors observed in the 
measurements of the I2C + "ZC system, we believe it 
is extremely important to improve the accuracy of 
these measurements to  confirm the above 
observation. 

The 2'A1 System 

The 27Al nucleus is unique among the light 
systems in the sense that it can be populated by four 
different heavy-ion entrance channels which are ac- 
cesible to experimental measurements. These chan- 
nels are "N + I2C (QCN = 17.2 MeV), + I'B 
(QcN = 21.1 MeV), "N + I3C (QCN = 23.2 MeV), 
and I7O t. (QcN = 28.4 MeV), and they provide 
a large data set to test the various theoretical models 
for fusion, particularly those related to the QCN 
value dependence and compound-nucleus limita- 
t i o n ~ . ' ~ . ' ~  Fusion cross sections for "0 + 'OB were 
measured at four "0 bombarding energies (54, 72, 
104, 124 MeV) using the BNL tandem facility, and 
reaction products were measured with a AE Qioniza- 
tion chamber) E (solid-state position-sensitive) 
detection system. The evaporation residues were ex- 
tracted in a similar manner, as described in ref. 8. 
Results for the four bombarding energies are shown 
in Fig. 2.10, where the excitation energy in 27Al is 
plotted vs the critical angular momentum J, ex- 
tracted from the fusion data using the sharp-cutoff 
approximation. Also given in this figure are data 
points from the Argonne and Saclay laboratories. 
The continuous curves drawn through the different 
data points are fits to the fusion cross sections using 
the entrance-channel model of Glas and Mosel. The 
fusion barrier parameters I-, and VB are 1.5 fm and 
6.7 MeV for all systems except "B + l6O, for which 
V, = 7.7 MeV. Below E, = 55 MeV the fusion 
bands for all four systems parallel each other and 
are displaced by amounts equal to their differences 
in the QcN values, indicating that in this energy 
regime the limitation is due to the entrance channel 
as expected. However, for the higher energies, E, > 
55 MeV, there is clearly a convergence of the bands 
for the 'OB + l7O, '*N f I3C, and "B + I6O 
systems, which may be indicative of a limitation im- 
posed by the compound nucleus.'5* I6 In terms of 
the entrance-channel parametrization of Glas and 
Mosel, the convergence of the different fusion 
bands is due to different critical distances: r, = 1.28 
fm for '"€5 + l70 and r, = 1.2 for I4N + I3C and I'B 
+ ' 6 0 .  
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Fig. 2.10. Excitetion energy in "AI ys the critical angular mo- 
mentum JC for the 'OB + "O (present mersuremeats), 14N + 13C, 
"B 4 "0, and 'SN + l*C systems. 

The "Ca System 

Data for the fusion of 2oNe + ZoNe have been 
measured in the 2oNe bombarding-energy range of 
68-160 MeV using zoNe beams from the ORIC and 
a recently developed gas-cell target." The develop- 
ment of this gas-cell target has been an important 
contribution which allows fusion cross-section 
measurements for a variety of systems. In addition, 
the accurate control of the target thickness, as well 
as the absolute normalization procedure (based on a 
small, about 0.2%, admixture of Xe with the gas 
target), allows fusion measurements of high preci- 
sion (about 5%). The fusion of 2oNe + l0Ne given 
in this report is an example of such measurements. 

For slightly heavier systems, such as 2oNe + 
"Ne, the extraction of the evaporation residue cross 
sections can be done without the deconvoiution 
procedures employed for the lighter systems, since 
about 95% of the ER cross section occurs for ions 
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of nuclear charge greater than the projectile. Fusion 
cross sections for the "Ne -t- 20Ne systeni were 
measured at five bombarding energies, and the 
results are given in Fig. 2.11. 'The solid line cor- 
responds to  the Glas-Mosel fits using the 
parametersfiw = 5.0 MeV, r, = 1.5 fm, VB = 16 
MeV, r, = 1.0 fm, and V, = -- 10 MeV. The 
critical-distance model of has been used suc- 
cessfully for heavy systems with a universal 
parameter set. For lighter systems, however, this 
model underpredicts the fusion cross section at high 
energy (e.g., -t- 14N). Nevertheless, for the *'Ne 
+ ZoNe system, the fusion cross section can be fitted 
with the same universal parameter set used for 
heavier systems (dashed line in Fig. 2.11). The 
entrance-channel model of Horn and FergusonL9 
also employs a universal set of parameters and 
reproduces the fusion cross section at high energies 
but overestimatcs the amount of fusion at the lower 
energy. The statistical yrast line model discussed by 
Vandenbosch and Lazzarini'' predicts fusion cross 
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Fig. 2.11. Flusion eras$ sections oruI for the *mNe +**Ne system 
plotted vs the center-of-mass energy EOR. Calculations are shown 
using the Bass model (solid line) and the Clas-Mosel fit (dashed 
line). 

sections too high by about 40% for the 20Ne + 20Ne 
system. The success of the Bass model in fitting the 
*ONe + 20Ne system may be taken as evidence that 
for systems of A 2 40 the f w i m  cross section is 
mostly limited by the entrance channel. 

SUIl l~3 . l~  

From a systematic study of fusion cross sections 
for light systems, the following ohervatiom can be 
made: 

1. For all systems studied the dominant 
mechanism leading to EW-like evenits is that of com- 
plete fusion and equilibrium dccay, even at energies 
above 10 MeV/A. This is further illustrated in Fig. 
2.112, which shows the total yield distributions for 
the ER as a function of Z for "Ne f ZoNe, 2oNe -b 
I6O, 1 7 0  f loB, and 14N + IOU at the highest excita- 
tion energies studied. The histograms are the results 
of the Monte Carlo Hauser-Feshbach calculation 
using the code LILITA.'' 

2. For all cases presented in this report, the fu- 
sion cross sections appear to be dominated by the 
entrance channel, with the possible exception of 
"Al, for which thc various fusion bands of dif- 
ferent entrance channels show a tendency to coil- 
verge at the highest energies (see Fig. 2.10). In this 
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Fig. 2.12. Relative yields of evaporation residues, given as a 
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respect, it is important to note that measurements 
of the + system at high energies are needed 
to confirm such tendencies. 

3. The behavior of the fusion cross section at 
high energies shows drastic changes with respect to 
the addition or removal of nucleons from target or 
projectile and s h ~ u l d  be taken as evidence for 
strong influence of microscopic structure on the fu- 
sion process. None of the present entrance-channel 
or compound-nucleus models for fusion account 
for such changes. This is further illustrated in Table 
2.2, wlaere the critical radius r, (which is given by 
the slope of n,,., vs %/E,., at high energies) extracted 
from the ~ ~ ~ s " ~ o s e ~  fits is given. 
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REACTION PRODUCTS AT BACKWARD 
ANGLES FROM **Si + I3C 

D. Shapira K. A. Erb 
R. Novotny Y. D. Chan 
J. L. C .  Ford, Jr. J. C. Pengl 

Table 2.2. Critical distmce r. and potential a t  the critical 
radius Vc, derived fa-oni the Glas-Mosel formula 

J. D. Moses' 
__ ~ 

System r, Urn) 
_- 

1.2 
'2@ + ',e: 1.2 
'414 + '2C 1.11 
'OW + ""8 1.35 
'"N 4- 'IC 1.2 
"B + 1% 1.2 
'OR + "0 1-28 
W e  + 'ONe 1 .o 

- 1  
- 1  
-1.9 

2.5 
1 .o 
0.0 
0.0 

- 10 

4. The satiirration of the critical angular 
n ~ ~ ~ e n t u ~ ~ ~  which c m  be interpreted as a liquid- 
drop limit effect, has been seen at J,,,, = 273 for 
'"1 and J,,,, 2143 for 14N t 'OB, although the I2C 
+ If$: system docs not show such saturation. 

Therefore, more data are need above 18 MeV/A to 
understand this rnaxirnuni angular momentum 
limit. 
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Numerous experimental studies of collisions 
between '*C or I 6 Q  and various s-d-shell nuclei have 
established that the cross sections for low-lying 
states populated in the elastic, inelastic, and alpha- 
transfer channels have the following characteristics 
at backward angles: (1) enhanced backward-angle 
cross section,2 (2) excitation functions which exhibit 
pronounced resonant-like  structure^,^ (3) correla- 
tions between the structures in the excitation func- 
tions for some but not all of the exit ~hanne i s .~  
More recent elastic and inelastic scattering data for 
'ONe plus measured at QRNL not only display 
the above characteristics for low-lying inelastic and 
elastic data,5 but in addition there is a much larger 
inelastic yield for large negative Q-values which in- 
creases with increasing scattering angle (toward 
180°).6 The excitation function for the total carbon 
yield has structure that is less pronounced than that 
in the ground-state excitation function but which is 
nevertheless correlated with structures of many 
other exit channels (particularly the evaporation 
residues). 

In order to investigate phenomena similar to 
those observed in the 2oNe + I2C system, we have 
measured, at backward angles and over a wide 
energy range, reaction products emitted from 
2*Si + I2C collisions. It is dso of interest to see 
whether spectra with highly damped yields are 
observed in other exit channels such as those with 
non-alpha-conjugate nuclei. 

Figure 2.13 shows C, N, and 0 spectra after cor- 
recting for the energy loss in the absorber preceding 
the detector, which stopped the incident Si beam. 
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Fig. 2.13. Energy spectra for C, N, and 0 emitted mt hmckwnrd 
mnglcs. 

Two-body final states of I2C + 28Si, "N + "Al, 
and l6O + 2*Mg were assumed in calculating the Q 
values. The three arrows in these spectra show the 
energies expected for emission of either "C, 14N, or 
l6O in two-body reactions at (1) the Coulomb bar- 
rier, (2) the total interaction barrier (Coulomb plus 
centrifugal with 60% of I grazing), and (3) when 
both nuclei are emitted in their ground states. For a 
fixed bombarding energy the energy spectra 
measured at different angles (in the backward 
hemisphere) are similar in shape and have the same 
most probable Q values. The center-of-mass cross 
sections for the total C, 0, and N yields were 
calculated using this Q value. The resulting angular 

distributions shown in Fig. 2 1 4  for the total C, N, 
and 0 yields all rise toward 180" with a l/sin f3c.m. 
dependence. In this respect the '*Si + system 
behaves similarly to the + zoNe system, and 
even the data for non-alpha-conjugate exit channels 
show such a backward-angle behavior. Apparently 
the cross-section increase at backward angles does 
not depend on the particular exit channel studied 
and in particular not on an alpha-conjugate 
character of the residual nuclei. 

OflNL- DWGB1-13134  

10-2 
0 I O  2 0  30 40 5 0  60 70 

ec M 

Fig. 2.14. Angular ~ ~ s ~ ~ b ~ ~ ~ n  (in the renter-of-mass Fystem) 
for the total yields seen In Fig. 2 13. 

The excitation functions for the total C ,  N, and 
8 yield integrated over the angular range 90 < 
Q 180" (by means of the angular distributions of 
Fig. 2.14) are shown in Fig. 2.15. The excitation 
functions increase smoothly with bombarding 
energy without signi€icant structure. This behavior 
contrasts with that seen in the lighter 12C + 20Ne 
system, where resonant-like structures were observ- 
ed in the excitation function for the total carbon 
yield. 
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Fig. 2.15. Excitation functions for the C. N, and 0 yields inte- 
grated over tbe angulnr range of 90" g &.lll. < 180". 

What these data (as well as those for the exit 
channel for boron emission) demonstrate is that the 
cross-section increase at backward angles is not a 
phenomenon exclusive to  low-lying states in alpha- 
conjugate exit channels but is a more general pra- 
cess associated with many exit channels and 
resulting in a very large yield. The energy spectra, 
which indicate that strong if not complete damping 
of the energy degree of freedom has occurred, and 
the damping of the initial linear momentum sug- 
gested by the Usin e=.,,, angular distributions are 
characteristic of an orbiting deep-inelastic-like 
processa7 

The behavior observed for the low-lying transi- 
tions can also be viewed as p a t  of this general deep- 
inelastic nnechmism. The relationship between such 
a process and the transparency in the entrance chan- 
net can be investigated by comparing the strength of 
the structures observed in the present znSi + **C 
measurement with corresponding '"Si i- data. 
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STUDY OF DEEP-INELASTIC PROCESSES IN 
LIGHT-HEAVY-ION COLLISIONS 

(AT -4- A,< $0) 

D. Shapira 
R. Novotny K. A. Erb 

J. L. C. Ford, Jr. 

Y. D. Chan 

In our study of reaction products emitted at 
backward angles in collisions between 27A1 and l6O, 

2oNe and I2C, and and lzC, large yields were 
observed which are attributed to a deep-inelastic- 
like process (large damping of energy but no mass 
equilibration) Deepinelastic processes have long 
been associated with a reaction mechanism called 
orbiting.* In this process the projectile and target 
remain in contact for an extended time period dur- 
ing which the dinuclear system rotates and separates 
after the projectile swings around the target 
(negative-angle scattering) and loses much of its 
kinetic energy. Most phenomenological models 
employ friction forces as a vehicle for fast energy 
damping between the projectile and target. Both 
tangential and radial friction are considered; the 
relative role of these two components results in a 
sticking, rolling, or sliding relative motion. A sub- 
ject of much experimental work3 is the extraction, 
from nuclear scattering results, of the strength of 
the radial and tangential friction forces present dur- 
ing the orbiting process. 

The study of deep-inelastic processes in light 
systems is hampered by the presence of large con- 
tributions from other reaction processes in observed 
energy spectra. At backward angles, however, con- 
tributions from quasi-elastic processes are negligi- 
ble, and, except for a possible fusion-fission yield, 
only deep-inelastic-like projects due to orbiting can 
be present. In this way we have been able to make a 
detailed study of the deepinelastic process in these 
light systems. Initially we measured detailed energy 
and angle dependences of the yield to several outgo- 
ing channels in one system (**Si + This 



enables us to establish the macroscopic character of 
this process. A comparative study of several light 
systems should help to unravel the microscopic 
character of this process. 

Figure 2.16 shows an energy spectrum of outgo- 
ing carbon nuclei (at backward center-of-mass 
angles) emitted from the 28Si + I2C system for three 
different bombarding energies. For each bombard- 
ing energy a most probable Q value (0) and a spec- 

-1 

tral width can be determined from the measured 
energy spectrum of each exit channel. The 
dependence of Q on bombarding energy is shown 
in Fig. 2.17 for the C, N, and 0 channels. Equating 
the kinetic energy to the total potential energy of 
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Fig. 2.17. Average Q value as a function of ~ o ~ ~ ~ ~ d ~ n ~ ~ ~ . ~ ~ ~  
energy for C + Si, N + Ai, B + P, and 0 + Mg channels. 

i 5  the orbiting nuclei (Vcoul + V,,, + Vccentnf,,gal) pro- 
duces a linear energy dependence. Neglecting the ef- 
fect of the nuclear forces, one expects a very simple 
relationship for the slope of the 0 vs ECm plot for 
different exit channels. In the extreme sticking (in- 
finite tangential friction) limit one expects almost 
the same slope €or all three channel~.~ The data 
shown in Fig. 2.17 indicate that the behavior of the 
C + Si dinuclear system is close to the sticking 
limit. 

i o  

0 5  

I I-...-- 
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Fig. 2.16. Spectra of carbon ~ ~ Q ~ ~ E ~ ~ ~  emitted at fcaawsrd 
by *%i shown at three different 
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bombarding (em.) energies. 
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AND CHARGE 
e f Al REACTIONS 

R. L. Robinson IF. E. Bbenshain 
. L. Fergussn D. Shapira 

IF. Plasil A. H. Snell 
G. R. Young 

Correlated mass and charge distributions from 
50Ne + 27A1 reactions have been measured' at 
laboratory energies of 167 and 118 MeV for the 
neon projectile. Previously, measurements of 
charge and mass distributions in the deepinelastic 
region for this system were made by Natowitz et 
als,7 and measurements of the mass distribution 
were made by Bohne et al.3 This report is concerned 
with the production and the subsequent decay of 
the compound nucleus "V. The formation of the 
compound state in heavy-ion reactions is a conse- 
quence of total energy damping in the entrance 
channel. This stage of the reaction is characterized 
by a totally equilibrated nuclear system with a 
lifetime that is long compared with that for direct 
reactions. Since the radial energy damping is com- 
plete, the excitation energy and angular momentum 
of the compound system may be very large, and the 
nuclear state may decay by particle emission or by 
fission. However, for the lighter systems this latter 
mode of deexcitation is small compared with the 
total fusion cross section. 

Over the past several years a time-of-flight 
(TOQ apparatus has been developed which has the 
capability of resolving individual masses up to at 
least A s! 65. For example, with this apparatus we 
have resolved the individual masses and charges of 
the systems Ne + A1 and Ar I- Al. 

In addition to the mass and charge distributions 
of products from Ne -+- A1 reactions we have 
measured their angular distributions far the two 
iaboratory energies. From this information the pro- 
duction cross section ~ O I  each isotope has been ob- 
tained. The energy and angular dependence of the 
cross section give a complete picture of the reaction 
mechanism. 

The analysis of these data is based on the 
assumption that the compound nucleus i s  formed in 
statistical equilibrium. The subsequent decay proc- 
ases are described by statistical evaporation of 
nucleons and nuclei  ma^^^^ 4Me). The statistical 
nuclear model, coupled with the Hauser-Feshbach 
formda, is used to calculate the isotopic yields.'.' 
The agreement between experiment and calcula- 
tions is indicative of the validity of this assumption, 

The measured isotopic yields for 13 d Z< 23 are 
shown in Fig. 2.18 along with the evaporation- 
model calculations (CASCADE) for Ebb = 167 
MeV, The yield for each isotope was obtained by in- 
tegration of the angular distribution. In the region 
considered here the shape of the angular distribu- 
tions is well described by statistical evaporation of 
pB n, and 'He from the compound system. For 
species near the target '?Al, there is some indication 
that other reaction channels, such as deepinelastic 
scattering, may contribute to the cross section. 
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Fig. 2.18. Isotopic yblds for 167-MeV NE + AI. Open bars, measured values; solid bars, evaporation-model calculations. 



However, the statistical fluctuations of the experi- 
ment are large enough to preclude a precise un- 
folding of the data and identification of the 
mechanism. 

The composite system "V has an excess of one 
neutron (Le., N 2 = I), and the evaporatinn- 
residue forniation i s  centered along an N - Z - 1 
pathway. Efficient cooling of the compound system 
occurs by emission of alpha particles. As may be 
seen from Fig. 2.18, the largest yields occur for 
removal. of one, three, four, and five alpha par- 
ticles. One exception occurs for Z = 19, where 2a 
t 12 emission is greater than the 20 emission. 

The total evaporation-residue cross section for 
the range 13 < Z 4 23 is abR == 1035 mb and cor- 
responds to a critical angular momentum of 424. 
The angular momentum above which the fission 
barrier is 7ero in the rotating liquid drop (RLD) is 
4M. 

The elastic scattering data at 167 MeV are well 
described by an optical-modcl calculation, arid 
from these data we deterniirne a center-of-mass 
1/4-psint angle of e,,, = 14.8 '. The total reaction 
cross section is oK = 1829 mb, and the interaction 
angular momentum is 5M. 

The charge distribution for the 167-MeV case is 
shown in Fig. 2.19a, and the mass distribution is 
shown in Fig. 2.19b along with the CASCADE 
calculations. The average value of Z is 16, and the 
distribution has a variance ozz = 4.4. The average 
mass (Fig. 2.19b) is 33, and the variance of this 
distribution is  oA? = 20.4. The average values for Z 
and A again correspond to N - Z = 1, in agree- 
ment with the previous observations. Both distribu- 
tions show some structure relating to odd-even 
effects. The charge distribution has a tendency to 
have higher yields for even 27, whereas the mass 
distributioii tends to have higher yield for odd A 
than for even A. 

The lower-energy (&, = 118 MeV) data are 
shown in Fig. 2.20. Reducing the excjtation energy 
from about 114 MeV to about 85 MeV decreases the 
average number of nucleons evaporated by about 2. 
The overdl effect m fhe EX distribution is slzown 
in Fig. 2.21. The yield is more concentrated toward 
the ~ompotind nucleus, and, as may be seen in Fig, 
2.20, the 2a channel i s  now dominant compared 
with 4a t- pn at the higher energy. The tendency to 
evaporate xrx following the N - Z = 1 pathway is 
the same at this energy as it was at the higher. 

The total reaction cross section determined from 
optical-model calculations and elastic data. for 
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Fig. 1.99. Reaction data for 167-MeV Ne + AI. Open bars, 
measurcd values: solid bars, calculations. (a) Charge distribution; 
(b)  mass distribution. 

several angles is oR = 17 13 mb, corresponding to an 
interaction angular momentum of M. The summa- 
tion of the ER yield for 13 Q 2 Q 23 gives a cross 
section oER I- 1098 mb, a value slightly higher than 
at 167 MeV. However, the critical angular momen- 
tum for compound-nucleus formation is 34fi. 

Since most of the parameters used in the 
evaporation calculations are obtained from other 
experiments we simply vary these within acceptable 
limits ta obtain the agreement shown in the figures. 
An interesting point observed from these com- 
parisons is the lack of agreement in the region near 
2iM. According to the work of Wilczynski et a1.6 



45 

u ; 200 

s 
VI 
v, 

100 

o . . . . . . . . . . . . .  . I , , 
4.0 . 4,2 , ir~ ' i o  ' i 2  ' i 4  

' 
52 34 36 3$ 34 k ' i ' i o '  " 36 ' 

MASS NUMBER 

Fig. 2.20. IS&O& yields for l ibMeV Ne + AI. Open bars, measured values; solid bars, calculation& 

300 

n n 
E 

W 

z 200 
0 

20 25 

ATOM I C  NUMBER 

m-D6 51-m 

30 35 40 45 

MASS NUMBER 

Fig. 2.21. Renetion dstm for ll8-McV Ne + AI. (a) Chargedis- 
tribution; (b) mass distribution. 

and Lehr et al.' the largest value of-bgular momen- 
tum for which Ne and AL will fuse is 2n+i2 a value 
well below what we obtain from the fusion cross 
section. In order to exhaust the observed cross 
section they postulate that the excess angular 
momentum must be removed by particle emission 
from the projectile before fusion occurs. The names 
incomplete fusion and massive transfer have been 
given to this process. 

We have carried out evaporation calculations 
based on  this idea by assuming that Ne fuses with 
AI in the angular momentum range 0 to 2&fi and 
that 0, C, and Be fuse with the target in the angular 
momentum ranges, 2M to 314, 314 to 354, and 3M 
to 41fi respectively. A summation of the partial 
cross sections for each of these reaction channels 
results in a redistribution of some of the ER yield 
from higher to lower Z and A values. This result is, 
of course, consistent with the evaporation of par- 
ticles from much lighter compound systems than 
"V, and it does produce a better fit to the data in 
the lower mass region. 
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CORRELATED CHARGE AND MASS 
PONS OF 
i 

€1. C. Britt1 Y. Patin' 
M. Blannz F. Plasil 
P. R. Christensen' S. Pontsppidan' 

R. L. Ferguson R. H. Stokes] 
A. Gavronl F. Videbaek3 
0. 1-Iansen3 M. P. Webb' 

B. 11. Erkkila' J. RaAdrPap' 

@. a. Young 

Correlated charge and mass distributions of 
projectile-like products have been measured from 
reactions of 315-MeV ' V e  with 58Ni, 451-MeV 56Fe 
with "Ni, and 464-MeV ' T e  with 64Ni. The 
measurements were made at the LBL Super-KTX,AC 
by means of a time-of-flight system combined with 
a telescope consisting of an ionization chamber and 
a surface-barrier detector. Single nuclear charge 
and mass resolution was achieved for all projectile- 
like products with energy losses between 10 arid 120 
MeV. The residtr; are presented in Fig. 2.22 for rex- 
tions with '"Ni and in Fig. 2.23 for reactions with 
64Ni. The data are shown, as a function of energy 
loss, in terms of the averages and standard devia- 
tions of the overall A and N - Z distributions, 
where A, N, and Z are the mass, neutron, and 
charge numbers of the reaction products I espeetive- 
ly. The coordinates A and N - Z have been ch 
to present the results, since they are the nearly nor- 
mal coordinates of the valley of beta stability. The 
data of Figs. 2 2 2  and 2.23 are angle-integrated over 
an angular range of approxirriately 6 O in the vicinity 
of the appropriate grazing angle, 

The results were compared with the independ- 
ent- particle transport model of Ransdrup6, ' In this 
model, the transport of mass, charge, and energy 
(as well as Sineax and angular msrnerimna) i s  at- 
tributed to the stochastic exchange of individual 
nucleons between the remirag nuclei. Proper ac- 
count of the Pauli exclusion principle i s  included in 
the theory, and the constraint of the unaciacrlying 
time-dependent potential energy surface due to its 
curvature and a!ignment in the (A, N - 2') coor- 
dinate system is of primary importance, The 
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Fig. 2.22. Averages and standard deviations of the overall A 
md N - Z distributions as a hnctioii of energy loss for ~ ~ ~ j e ~ ~ ~ ~ ~  
like products from reactions o f 3 1 5  and 461-MeV V e  with *Wi. 
The theoretical results include effects of particle evaporation (see 
text) 
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Fig. 2.23. Same ns Fig. 2.22 but for readions between 464- 
MeV SLFe and 6 W i .  
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theoretical results for the average values of A and 
N - Z (as well as for M and 2) are shown for our 
cases, as a function of energy loss, in Fig. 2.24. It 
can be seen that the predictions for reactions with 
58Ni differ markedly from those for reactions with 
64Ni for values of N - Z but not for values of k- . 

For comparisons between experiment and 
theory to be valid, corrections for effects of particle 
evaporation from the excited reaction products 
must be made. Since the correction of the ex- 
perimental data for these effects is likely to be am- 
biguous, we have chosen to include them in the 
theoretical predictions. Thus our approach was to 
apply to the model predietions6r7 evaporation cor- 
rections by means of the computer program 
JULIAN.' For this purpose, we assumed that the 
available excitation energy is, on the average, divid- 
ed between the reaction products in proportion to 
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Pig. 2.24. Theoretical rmutts for averages of the overall A, 
N - 2. N, and Z distributions as a function of eaergy low. The cal- 
culations do not include effects of deexcitation by particle evap- 
oration. 

their masses, and we used an appropriate excitation 
energy distribution for each reaction product. The 
resulting theoretical predictions, which contain 
evaporation effects, are compared with the ex- 
periments in Figs. 2.22 and 2.23. It can be seen that 
agreement between experiment and theory is ex- 
cellent in all respects. It should be noted that the 
theory contains RO adjustable parameters and that 
the agreement holds at both bombarding energies, 
as well as for the two different values of N / Z  of the 
target. 

It is interesting to determine whether or not the 
transfer of protons and neutrons between the reac- 
ting nuclei is correlated. This question can be ex- 
amined by means of the correlation function a2(N, 
Z) /o(N)a(Z>.  This function is equal to unity for 
completely correlated transfer and to  zero for non- 
correlated exchange. Theoretical predictions, 
before particle evaporation (for T e  + 64NNi at 464 
MeV), range from zero at zero energy loss to Q.7 at 
120-MeV energy loss. Effects of particle evapora- 
tion raise the value of the calculated correlation 
function to about 0.9 at 120-MeV energy loss, and 
the experiniental results are in excellent agreement 
with this value. Thus the experimentd observation 
that, at large energy Bosses, the exchange of protons 
and neutrons appears to be fully correlated i s  due in 
part to the effects of particle e v ~ ~ ~ a ~ ~ ~ n .  
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3. Niels Bohr Institute, Copenhagen, Denmark. 
4. PNN, CEA, Bruylres-le-Ch&i, France. 
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7. W. U. Schraer,  J. R. Huizenga, and J .  Rmdrup, Phys. 

Lett. YSB, 355 (1981). 
8.  M. Willman and Y. Eyal, code JULIAN, (unpublished), 

modified by A Gavron; A. Gavron, Phys. Rev. C 21,230 (1980). 

F. Plasil F. E. ~ ~ e n s h a i ~  
R. L. ~ ~ r ~ ~ $ ~ n  F. Heasonton 
K. I,. Hahn2 

Fission and e v ~ ~ o r a t ~ o n - r e s ~ ~ u ~  excitation Func- 
tions have been measured for the systems l*C + 
i41Pr and *ONe c ')Q. Fission cross sections (of) 
were determined by measurements of coincident fis- 
sion fragments, and cross sections for evaporation 
residues (aeR) were obtained by means of the time- 
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of-flight method. The of results are shown in Fig. 
2-25. ~n contrast to tbe of data, oER values were ob- 
tained at only three energies for each reaction. Since 
oER values are known to vary smoothly with excita- 
tion energy and since the evaporation-residue ex- 
citation functions are relatively flat in the energy 
region of interest, the. small number of aER points 
did not present serious problems. 

Results were analyzed in terms of competition 
between fission and particle emission on the basis of 
the statistical model. Angular-momentum-depend- 
ent fission barriers (B,) were used. The angular- 
momentum dependence of B, was obtained from 
the rotating-liquid-drop modeL3 Fits to data were 
made by means of two adjustable parameters, k and 
a,/a,, where a, and a, are the level density para- 
meters for fission and for particle emission respec- 
tively. The parameter k i s  defined by BXJ) = 
kBkD(.J), where B,LD(J) is the liquid-drop barrier3 at 
angular momentum J.  It was found that values of 
a,/a, govern primarily the absolute magnitudes of 
the fission excitation functions, while values of k 
determine their slope, This is illustrated in Fig. 2.26 

ORNL-DWG 80-982fl 
402 

for the case of I2C .+ l4lPr. 

The best fits to the data from both reactions 
were obtained with af/av = 1.08 and k = 0.83. 
These fits are indicated in Fig. 2.25. Our value of k 
is considerably higher than those determined for 
similar systems by Beckerman and Blann.' The dif- 
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Fig* 2.26. Effect ob fission banlor variation on statktkal- 
model pits to the fission excitdon fmnetion from the '*C + l+lPr 
r e d o n .  The labels on the cunes indicate values of k in the rela- 
tionship SI = kRrLD(J = 0). The corresponding values of ar/ov 
range from 0.985 for k = 0.7 to 1.245 foe k = 1.0. 

FIg. 2.29. Exeltation functions for the fission of the "'Tb 
wmpsund nucleus produced in renetions of n C  with ~ l p r  urd 
*Ne with I ~ Q .  The circles indicate experimental results. The 
curves are statistical-model fits to both sets of data with ac/a,= 

1.08 and & = 28.5 MeV (see text). 



ference between the two sets of results is mainly due 
to the facts that our measurements were made down 
to much lower values of uf than those of ref. 4 and 
that we have chosen to give the greatest weight to 
the lowest of data points in our analysis. 

Extrapolations of BdJ) values determined in 
this work to J = 1) cannot be justified on theoretical 
grounds. i f ,  however, we choose to ignore this 
point, then the fission barrier of lr3Tb obtained 
from our data is 28.5 I 1.7 MeV. This result is con- 
sistent with predictions from recent nuclear mass 
calculations and with barriers obtained from 4He- 
induced fission. 
__i-_- 
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MASS AND CHARGE DISTRIBUTIONS FROM 
REACTIONS BETWEEN MKr and 1*4Sn1 
M. Blann' P. D. Goldstone' 
H. C. Britt3 
B. W. Erkkila' F. Plasil 
R. L. Ferguson 

H. €3. Gutbrod' 
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Table 2.3. Energy dispcrsiims for typical reoclloa praduth 
-.-.---- 

EKr Excitation E Q Oexp Oprim" QQb 
Z A  (MeV) (MeV) (MeV) WeV) (MeV) @deV) %/Q 

35 13 720 230 rt 10 -250 f 10 5s 42 52 0.13 i 0.01 
46 112 440 10s f 10 -110 f 15 18 16 18 ai6 f 0.02 
46 112 720 260 f 10 - 265 .fr 15 45 30 30 0.11 f 0.01 

---..- -I_ 

30 73 440 85 f 10 -104 * 10 18 16.5 14 0.13 * 0.02 

_. __------__- -- 
*Standard deviation of the experimental kinetic energy distribution reduced by estimated spread due to particle evaporation. 
bupnm expressed in terms of the Q value. 

Fragment mass numbers, charges, and kinetic 
energies were measured by tirne-of-flight and AE-E 
techniques for reactions between 'z4Sn nuclei and 
*aKr projectiles at laboratory bombarding energies 
of 440 and 720 MeV. The measurements were per- 
formed at the LBL SuperHILAC, and results were 
obtairvd at angles ranging from 5 to 25 O in 5 O inter- 
vals. "The deeply inelastic events were analyzed in 
terms of plots of the average mass number (A ) for a 
given atomic number Z, as a function of Z .  From 
these plots and from evaporation calculations, it 
was possible to conclude that the available excita- 
tion energy is divided between the two primary reac- 

tion products in proportion to their masses. This 
shared excitation energy includes both thermal and 
deformation energy of the fragments, 

Dispersions (expressed as standard deviations) 
in kinetic energy and mass at fixed values of Z were 
obtained for strongly damped products ~ Estimates 
of the primary dispersions (before deexcitation by 
particle emission) in fragment excitation, kinetic 
energy, and mass were made. The statistical 
evaporation model was used to estimate the 
broadening due to evaporation. Sample results are 
presented in Table 2.3 for energy dispersions. From 
Table 2.3 it can be seen that the dispersions in Q 
values for the reactions appear to be fairly constant 
fractions (about 13%) of the Q values and that 
there is a considerable difference between the 
primary and final dispersions. The primary mass 
dispersions at fixed Z were 521m found to be con- 
stant with a standard deviation of only aboiit 
1.6-1.7 units (compared with a find measured stan- 
dard deviation of 2.0-2.4 units). %his rather narrow 
distribution probably reflects the constraints of the 
underlying potentid energy surface, which is due to 
the narrow width of the valley of beta stability and 
its alignment in the A-Z plane. 
_1_1 .- 
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REACTIONS OF 142-MeV *W WITH nasNd 

R. Novotny J.  H, Barker' 
J.  R. Beene a. @. SarantitesZ 
M. L. Halbert M. JabkelZiinen* 
D. C. Hensley R. Woodward2 

A bombardment of ' W d  with was carried 
out to measure gamma-ray side feeding patterns in 

_... ~ .,......-....... - 
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coincidence with alpha particles. These results, per- 
taining to the incomplete fusion reaction 
mechanism, have been publishedSf At the same time 
the experiment recorded much information on 
other exit channels. Since the combination of 
charged-particle telescopes, a Ge(1,i) detector, and a 
gamma-ray multiplicity array can provide unusually 
complete data, wc report here results of a 
preliminary analysis for sortie of the other channels. 

beam from the O R E  bom- 
barded a 10.3-mg/crn7 target of Nd metal enriched 
to 97.54% in J46Nd. The mean energy in the target 
was 142 MeV. A Ge(Li) detector at 125" was 
operated in coincidencc with six @-E silicon 
surface-barrier telescopes. The telescopes were in 
the same plane as the Cie(IL1) detector at - IS', 
+22,5", - 2 8 4  -+38.3", . 51", and +lbi4". For 
each particle-gammd coincidence, the computer 
recorded on magnetic tape the pulse heights in the 
Ge(Li) detector and the relevant AE and E co~inters, 

A 148.8-MeV 

the time delay between the pulses, and a bit pattern 
showing which NaX counters of an eight-counter 
multiplicity array had fired. The event tapes were 
later scanned with AE-E masks appropriate for 
various charged particles, ultimately producing 
particle-energy spectra and Ge(Li) spectra 
associated with each particle type in each telescope. 
Delay times as long as 3 ns between the telescope 
signal and the Ge(Li) pulse were accepted, allowing 
for essentially complete decay of all the isomeric 
levels. For the even-Z products the characteristic 
kinown gamma lines clearly identified the yrast tran- 
sitions in the various residual nuclei. For odd Z, 
niany lines were visible, but most of them could not 
be identified with any of the expected products. The 
NzI information was not examined in these scans; 
data on gamma-ray multiplicities have not yet been 
extracted, 

Figure 2.27 is a AE-E map of the 
Ce(Li)-coin@ident particles detected in the 38 " 

A 
Fig. 2.27. Map of AE-E data from the 38.3" delescope irs roineDdame with Gr(Li) pulses. The signal from the stopping detector ( E )  

was summed with that from the transmission dleteGtQrbeE) before the data pulse-height analysis. The loci of the various products arelabeled, 
with an indication for c of i ts  isotopes. 



telescope. The dominant isotopes for each Z are 'H, 
4He, 'Li, 9&, llB, "C, s5N, and l6O* Transitions to 
the few particle-stable levels of l'N and I6N are evi- 
dent. The l5N/I4N intensity ration is abaut 2, At 
more forward angles, smdl  numbers of F ions and a 
few Ne ions were observed. Almost no particles 
with 2 ? 3 were s e n  at 57 and 164'. 

Figure 2.28 shows the energy spectra of the par- 
ticles emitted at various angles. The mcp'ws mark 
the Coulomb barrier for a binary division in each 
case. The heavier particles peak at energies higher 
than the arrows, indicating that they arise from a 
process that is not strongly damped. For Li and Be 
the peak occurs ne= the Coulomb barrier, but the 
tail toward higher energies is much stronger than 

for a fully damped situation. The angular 
correlations fall more steeply than Usin OCn, for 

- 
most of the particles; only low-energy Li is consis- 
tent with this angular dependence. One must keep 
in mind that since a Ge(Li) coincidence was re- 
quired, these results are biased by My for each 
channel. Also, no attempt was made in Fig. 2.28 to 
correct for the variation of Ge(Li) efficiency due to 
the different gamma-ray energies for the various 
channels. 

Table 2.4 shows the isotopic composition of the 
C particles averaged over the energy bins of Fig. 
2.28; the composition varies little with particle 
energy. There is some increase in the fraction at 
the larger angles. The excitation energy of the 150Sm 
remaining after the departure of a 12C particle may 
be deduced from the I2C kinetic energy. The most 
probable I2C energy corresponds to 20-30 MeV ex- 
citation, enough to boil off about two neutrons or 
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Fig. 2.28. Relative doubledifferential center-of-mass crass sections for vnrious partielm at four angles of edsdon, as n Iuns(ion Of 

the energy released. The arrow shows the Coulomb barrier for a blnary final state including the particular observed particle. The breaks in 
the 22.5" data are due to a faulty E detector. 

~ ~ .......... ~ ............ -.- ..... . . ~  



Table 2.4. Cerbon isotope percentages as 8 ~ s n c ~ o n  nb angle 
(These n s m k m  are averaged over the particle energy bins of 

Fig. 2.28) 

I 'e "C "C e "C I2C 

(de%) 

18 41) 40 2Q 
22.5 5 35 31 26 4 
28 6 49 30 13 2 
38.3 58 30 11 

____-_____. _..__I 

perhaps three, which should give "*Sm as the most 
likely product and '"Sm as the next. The results for 
"C were analogous. For I4C the Sm excitation 
energy was somewhat lower, though still adequate 
for emission of one neutron. 

by 
analysis of the peak intensities in the Ge(Li) spectra 
as a function of C energy (Fig. 2.28). Moreover, the 
yields of the Sm isotopes corresponding to loss of 
one neutron are largest for the high-energy par- 
ticles, and those arising from loss of several 
neutrons peak at progressively lower C energies, in 
a fashion reminiscent of excitation-function data 
for compound-nucleus evaporation. The arrows in 
Fig. 2.29 show the maximum C energies at which 
various numbers of neutrons may separate from the 
primary Sm product, lroSrn for or "49Sn1 for I T .  

If we recall that each neutron carries several addi- 
tional MeV as kinetic energy, the data are consistent 
with the idea that the primary nucleus simply 
evaporates as many neutrons as it can, depending 
on the energy not carried off by the carbon particle. 

The situation is different with the 146Nd product 
(the only Nd isotope that could be identified). Here 
the C energy has 'little effect. Another mechanism 
must be important, possible breakup of the "60 pro- 
jectile into f Q, since 146Nd i s   SO observed in 
coincidence with alpha particles. Actually, the 
energy-integrated Nd yield associated with alpha 
particles is larger than it is for 12C3 suggesting that 
more severe €ragmetation of the "60 occurs part of 
the time. The Nd yields in coincidence with 13C are a 
factor of about 2, smaller than with "C; a reduced 
cross section for "C might be expected, since 
breakup of l6O into !'C -I- )He is energetically less 
favorable. 

The most significant products in coincidence 
with alpha particles are isotopes of Dy, as reported 

These features are confirmed for 12C and 

t -I 

Fig, 2.29. Relnttiwe importance ob various final Sm or Id6Nd 
nuclei in coincidence with )*G (left) or I3C (right) as I function of 
center-of-mass particle energy. The ordinate is a weighted average 
of the yield of the lowest gamma-ray transition as seen in the Ge(L.i) 
spectra in coincidence with C emitted at angles from 18 to 38.3", 
normalized to the corresponding particle cross sections from Fig. 
2.28. The curves identified by the numbers 145, 146, ... are for 
145Srn, l%m, ... . The arrowsshow the thresholdsfor separation of 
the indicated number of neutrons from the initial nucleus ('5OSm 
for '*C or ' 4 9 S 1 ~  for W) without allowance for neutron kinetic 
energy. 

in ref. 3. The 146Nd yield is only about 2070 of the 
Dy. No Sm isotopes associated with alpha particles 
could be definitely identified. There was some 
evidence for IJ2Gd, which could be due to 'Be ernis- 
sion followed by evaporation of two neutrons, but 
no other isotopes of Gd could be positively 
identified. 

1. St. Louis University, St. Louis, MO 63103; present ad- 
dress: South Carolina Electric and Gas Company, Columbia, SC 
29218. 

2. Washington University, St. Louis, MO 63130. 
3. J. H. Barker, J .  R. bene,  M. L. Halbert, D. C. Hensley, 

M. Jaaskelainen, D. G. SaPantites, and R. Woodward, Phys. 
Rev. Lett. 45, 424 (1980). 
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HEAVY-ION-INDUCEB REACTIONS 

H. Yamada' 

In heavy-ion-induced reactions with Epro, > 8 
MeV/amu there is a large emission of energetic 2 = 
1, 2 particles that cannot be explained by either 
total fusion or the deeply inelastic collision (DE) 
process. An example of this is given in Fig. 2.30.' 
While a number of models have been proposed, the 
dominant reaction mechanism giving rise to these 
energetic light particles has not been definitively 
established. We have continued measurements of 
these energetic light ions for the purpose of testing 
the proposed models and with the hope of identify- 
ing the dominant mechanism(s). These studies have 
developed along two principal avenues. First is an 
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't 
Fig. 2 3 .  inclusive proton apectrn nt 17" for 194-MeV l1C 

bombardmeat of @Ni. The "expe~mental" line is a smooth fit to 
the experimental data. The other two curves arc calculated for a 
fusion reaction and for a deeply inelastic collision process as calcu- 
lated with the program LILITA. They are normalized to thcsame 
value of Ep = 12 MeV. 

investigation oE the variation of double-differential 
cross sections of the inclusive spectra as a function 
of the projectile energy and target mass. Data 
analyzed to  date are for 8- to lS-MeV/amu ''C and 
l 6 0  projectiles extracted from the O R E .  Data were 
also recently obtained with beams of SO- t o  
150-MeV/amu at the Bevalac and will be 
analyzed in the near future. Second, for 136- and 
1W-MeV "C on "Ni we have investigated coinci- 
dent relations of the energetic particles with (1) 
other light ions, (2) projectile-like fragments {PLFS, 
(3) gamma rays which were used to identify the 
residual target fragments, and (4) gamma-ray 
multiplicities. Coincident studies are motivated by 
the fact that inclusive data alone are not sufficiently 
sensitive to ascertain the validily of different pro- 
posed models. 

The energetic light ions were detected by 
charged-particle telescopes each consisting of a 
5W-or 1000-p-thick Si AE detector and a 5- or 
12.7-cm-deep NaI crystal. There were four to eight 
detector telescopes for the singles measurements. 
The coincidence measurement utilized four 
energetic light-ion telescopes at forward angles, a 
heavy-ion telescope, two GeqLi) detectors, and Four 
NaI detectors for gamma-ray multiplicity deter- 
mination. 

Forward-angle data from the bombardment of 
'*C, Fe, and "'Zr with 208-MeV "0 revealed that 
the cross sections for Z = 8 ,  2 particles were 
relatively insensitive to target mass. The variation 
was less than the AIt3 dependence expected for a 
peripheral reaction. The implication is that either 
the target is a spectator or the numbers of target 
nucleons that participate in the reaction are similar 
for each target. 

Double-differential cross sections were 
measured for 90-, 123-, 156, and 194-MeV 12C bom- 
bardment of 60Ni. The exponential decreases with 
particle energy are comparable at the four projectile 
energies. The cross sections are similar in 
magnitude when plotted against Emtcle/(E/A)-, 
as shown in Fig. 2.31. Reasonable fits to their 
dependence on particle energy and angle were ob- 
tained by assuming that the particles were emitted 
by an excited source moving in the direction of the 
beam. The parameters are the source velocity v, and 
temperature T and a normalization factor. Table 
2.5 gives the temperatures and velocities required to 
fit the proton data. These same parameters also give 
acceptable fits to the differential cross sections for 
the other Z = 1, 2 particles. 
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Angular distributions of protons and alpha par- 
ticles observed in coincidence with Z = 1 to 7 par- 
ticles detected at 17" resulting from 194- and 
136-MeV '*C bombardment of 'ONi, with a few 
curious exceptions, are all strongly peaked within a 
few degrees of 0. However, alpha-particle aagular 
distributions are narrower (FWHM = 3S0)  than the 
proton spectra (z50") and in contrast to the proton 
results are always symmetrical about the beam 
direction. 

The niultiplicities of the protons and alpha par- 
ticles in coincidence with Z =; 1 to 6 particles 

Table 2.5. Ternnaperaturn and ~ i e l ~ ~ i b y   pa^^^^^^^ used to Wt 
inclusive proton spectra fr5m the "C + yq reaction 

....... ........ -- 
-.- _ _ _ ~  __ 
E l ~ c  (MeV) T (MeV) v.1 v, ....... -. .. -... ~ -- 

0.40 
0.45 
0.50 

90 3.5 
123 4.3 
156 5.0 

1 94 =5.0 . * . 5 5  ........ .... ~. -------- - 

observed at 17" are illustrated in Fig. 2.32, Thz 
alpha multiplicities show a sudden drop between Z 
= 4 and 5 (not present in the proton results) that 
can be attributed to alpha particles from breakup of 
the I2C projectile. The observation of alpha par- 
ticles in coincidence with Z 2 5 particles and pro- 
tons with Z = 6 particles show that sonie energetic 
Z = 1, 2 particles are not emitted ftum the projec- 
tile in a one-step process. Figure 2.32 shows that for 
the most energetic protons and alpha particles the 
multiplicities for the higher Z gates are relatively 
smaller than for Z = 1, 2 gates as compared with 

0 1  2 3 4 5 6 7  
EP (E'*)BE4M 

Fig. 2.31. Differential cross sections far protons. They are 
plotted against the energy of the particles divided by the energy per 
nucleon in the projectile. 

~~~~~~~~~t~~ Ofpa&ideS from ~Q~~~~~~~~~ O f  

W i  with 1194-MeV W. (0 )  Protons and (b)  alpha particles in the 
noted energy bins in coincldence with Z = 1 to 6 particles observed 
at 1 7 O .  
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the lower-energy light ions. This suggests there is a 
component of the very energetic light-ion spectra 
that is not associated with a process in which a 
projectile-like fragment remains. 

Figure 2.33 shows the distribution of residual 

alpha particles. For three of these plots the crest of 
the contour mountain is at W i .  That is, the average 
number of nucleons emitted through all processes is 
approximately equal to that of the projectile. The 
contour plot obtained through coincidence with 
lower-energy alpha particles peaks at about 56Fe. 
Probably additional particles are emitted, since 
there is more energy available for other processes 
when the gating particle bas less energy. Com- 
parison of these contours with those calculated for 
total hsion and for deeply inelastic collisions shows 
they are more like those predicted for total fusion. 

There are three observations from the coinci- 
dent studies that favor the conclusion that energetic 
light ions observed in coincidence with PLFs are 
eniitted during the collision process and not sequen- 
tially: (1) the widths and peak positions of the light- 
ion angular distributions at most show very weak 

nuclei in coincidence with slow and fast protons and 

:: I 

... J ........ 1... ...I z z  L~ ..I -1 .... ..I ...... 
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Fig. 2.33. ~ ~ ~ ~ ~ u ~ ~ o n  of reddual nuclei resulting Imm 194- 
MeV ‘*C ~ o ~ ~ a ~ d ~ ~ ~ ~  of “IVL in eaincidence with emitted par- 
ticles. (a) 2.5- to IO-h/leVproions,(b)>lB-MeV protons,(c) IO-to 
40-MeV alpha particles, and (4 >&)-MeV alpha particles. The 
contour lines correspond to percent of all coincident residual 
nuclei. The locations of the measured points on which these con- 
tour lines are based are indicated by solid circles. 

dependence on the energy of the projectile, on the 
energy of the emitted light ion, and on the Z of the 
gating PLF; (2) the experimental angular distribu- 
tion widths do not agree with the predictions of the 
program LILITAd for the DIC; (3) the multiplicities 
of energetic light ions obtained when gating on low- 
energy light ions and on high-energy light ions are 
generally comparable. Points 1 and 3 indicate that 
the coincident PLF has no memory of the emisssion 
of the energetic light ion. 

A picture for a major reaction mechanism sug- 
gested by comparison with Monte Carlo calcula- 
tions made with the program LILITA* and by 
features like the narrow widths of the angular 
distributions and the decrease of the multiplicity of 
the energetic light particles with increasing Z of the 
gating particles is one in which the projectile begins 
to coalesce with the target and, before equilibrium 
is reached, the fast particle is emitted., The re- 
mainder of the projectile is then fused with the 
target. Evaporation from the compound system 
returns the compound nucleus to an average mass 
similar to that of the target. This picture could also 
account for the success of the phenomenological ex- 
planation of the inclusive data that show the cross 
section can be explained in terms of emission from a 
source with velocity of approximately one-half of 
the projectile velocity. This could be the average 
velocity of the PLF, as it is in the process of fusing, 
at the time the energetic light ion is emitted. 

1. Present address: Bell Laboratories, Naperville, Ill. 
2. Tennessee Technological University, Cookeville. 
3 Vanderbilt University, Nashville, Tam. 
4. J. Gomez del Campo, Proc. of the Symposiuw on Heavy 

Ion Physics from IO to 200 MeY/am,  ed. J. Barrette and P. D. 
Bond, July 1979, BNL-51115, vol. 1, p. 93 (1979). 

5 .  C. B. Fulmer, J. 5. Ball, R. L. Ferguson, R. L. Robinson, 
and J. R. Wu. Phys. Lett. 1003, 305 (1981). 

NEUTRON EMISSION IN IPEACTIONS 
INDUCED WITH CARBON, OXYGEN, AND 

NEON IONS 

J. R. Beene 
B. Cheynis F. E. Obenshain 
It. L. Ferguson 
A. Gavron’ F. Plasil 
M, Geoffroy YoungZ 
M. JfPskelainens G. R. Young 

C. F. Maguire4 

G. A. PetittS 

D. G. Sarantites’ 

Neutron emission associated with deeply in- 
elastic (DI) products, with evaporation residues 
(ER), and with fission fragments (FF) has been 
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investigated. The systems studied were 160 + Nb, 
12C +- T 3 d ,  + I5'Gd, and 'ONe + IS0Nd. 
Neutron spectra and angular distributions were ob- 
tained by means of eight liquid scintillator detectors 
deployed around a thin-walled spherical chamber. 
Surface-barrier detectors were located inside the 
ehmber  for the purpose of detecting the coincident 
ER, FF, and DI products. The ER and FF were 
identified by means their time of flight relative to 
the cyclotron rf structure, and DI products were 
identified in a &--E telescope. 

Neutrons Associated with 

In earlier work, nonequilibrium neutron emis- 
sion (NNE) associated with ER has been observed 
for the 12C + I5'cid system at 152 MeV and for the 
160 + 154Sm system (also at I s *  MeV) but not for 
*ONe + 150Nd at 175 MeV.6 These observations in- 
dicated that projectile structure influences the prob- 
ability of NNE. 'The purpose of the present work 
was to consider further the effects of projectile 
structure and to investigate the energy dependence 
of NNE. Energy spectra and angular distributions 
of neutrons associated with ER (fusion-like pro- 
ducts) were measured from the following reactions: 
I2C + I5'Gd at lab energies of 192, 150, 124, and 
103 MeV; "C + I5'Gd at 160, 140, and 110 MeV; 
and "Ne i "ONd at 176 and 239 MeV. Typical 
neutron spectra shown in Fig. 2.34 for the 150-MeV 
''C + LJ8Gd and 160-MeV 13C 3- "'Gd cases. It is 
clear from the figure that there is no significant dif- 
ference between the spectra obtained from the "C 
reactions and those from the "C reactions. Thus we 
do not observe a projectile structure effect in this 
case. 

In order to determine quantitatively the 
of NNE, it is necessary to subtract the contri 
of evaporated neutrons from the measxed spectra. 
Since. there is no unique prescriptiori to do this, we 
have used two methods which paovjde lis with 
upper- and lower-limit estimates of NNE. The 
lower limit for NNE was obtained by ascribing all 
neutrons below 9 MeV to evaporation and by fitting 
the low-energy portion of the spectrum with 

+(E)  = exp[ - E /  T&]. (1) 

The results of the fits are illustrated in Fig. 2.34. 
The NNE multiplicity €or this case was obtained 
from the differences between the integrated ex- 
perimental spectra and the integrals (at various 
angles) of Eq. (1). The results are shown in Fig. 
2.35. 

ORNL-DWG 80-140+7 
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NEUTRON ENERGY (MeV) 

Fig. 2.34. Spectra of w e  troas in coincidence with erapoaa- 
tien r ~ i d ~ e ~ ,  Open circles 12C: + l5*Gd (I50 MeV); closed circles: 
13C + "7Gd I160 MeV); average angles with respect to the beam 
(from top to bottom): l5.5,32.5,56.5, and 113.5". The solid lineis 
obtained by fitting the 12C data using Eq. ( I ) .  The dashed line is 
obtained by fitting the I T  data using the two-source model (SPC 

text) 

The upper limit for NNE wits obtained by 
assuming that, in addition to the evaporation spec- 
trum of Eq. (l), there exists another source sf 
neutrons which has a higher temperature and which 
moves with a velocity V,, greater than the velocity 
of the center of mass, We assumed the spectrum 
from this source to be given by 

(2) 

A three-parameter fit was then performed to spec- 
tra at various angles. Equations (1) and (2) were 
used, and the variable parameters were TEq, TNE, 
and VNE. Results of the fits are given in Table 2.6 

4&) = E exp[ - L/TmJ. 
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Fig. 235. Aversge nonquilibrium muboa multiplkitks 
The curve was obtained from the Wilczynski et al. sum-rule model 
(ref. 8). The open symbols refer to values from Table 2.6 and the 
closed symbols to values from the lower-limit estimate of NNE 
(see text). Triangb are for l3C + "7Gd and circles for '2C + 15*Gd. 

and illustrated in Fig. 2.34. The multiplicities ob- 
tained from integration of Eq. (2) are shown in Fig. 
2.35. 

The absence of differences jn NNE between 
W-and "C-induced reactions is in disagreement 
with the modified Fermi-jet calculations of Boneh 
et al.' but agrees with the predictions of the sum- 
rule model of incomplete fusion of Wilczynslci et al.' 
Other comparisons with the Wilczynski model have 
also been favorable. For example, the predicted 
NNE multiplicity is shown as a function of 
bombarding energy in Fig. 2.35. As expected, our 
results, which constitute upper and lower limits, 
bracket the calculated curve. 

Neutrons Associated with Projectile-Like Products 
in Reactions between C and Gd 

We have also investigated IWE associated with 
inelastic reactions for the systems discussed above. 
Here we wish to  point out only one particularly in- 
teresting aspect of our results. It was noted that in 
cases in which a neutron detector was located at an 
angle close to the angle of the coincident heavy-ion 
telescope [in which the projectile-like fragment 
(PLF) was detected], a "bump" was observed in the 
neutron spectrum. From the neutron energy 
associated with the bump, it followed that the 

Table 2.6. Pnrameters from the tnoaonrce dcseriptioa of NNE 
(See text) 

Reaction E- TEqb TNE' Vc m VB* VNd RE4 
(MeV) (cm/ns) (cm/ns) ( d n s )  (MeV) - (MeV) 

&3C + LllW 160 1.60 4.2 0.40 3.98 1.2 7 .O 1 .s 
140 I .54 3.8 0.35 3.58 1 .o 6.3 1.1 
110 1.60 3.7 0.31 2.89 0.8 5.9 0.4 

l2C + "'Gd 194 1.80 4.6 0.39 4.70 1.2 7.0 1.1 
150 1.63 4.2 0.35 3.94 0.9 7.1 1.1 
124 1.57 4 .0 0.32 3.36 Q.8 6.5 0.7 
103 1.59 4.1 0.29 2.84 0.7 5.8 0.4 

laNe + "ONd 240 1.80 4.1 0.56 3.80 1.1 1.2 0.9 
174 1.92 4.2 0.48 2.90 0.9 7 '4 0.4, 

__ 
-E: laboratory bombarding energy. 
bTm: temperature parameter in &. (1). 
TNE: temperature parameter in Eq. (2). 
dVc.,.: c.m. velocity (provided for reference). 
'VB: velocity of projectile in the interaction region (provided for reference). 
fVNE: velocity of moving NNE source. 
eMEs: neutron evaporation multiplicity. 

hA&E: multiplicity. 



neutrons causing it had velocities similar to those of 
the projectile-like fragments. The bump was 
observed only for neutrons coincident with certain 
specific products (e.g., with Z = 5 and 6 products 
in the f lJsCrd case). The observed structure i s  
illustrated in Fig. 2.36 for the case of 124-MeV 
'T + '5*Gd, A possible explanation of the observed 
structure is that it results from the decay of states in 
the projectile-like fragment which have excitation 
energies that lie only slightly (about 100 keV) above 
the neutron separation energy for the particular 
nucleus involved. The decay of such states would 
result in neutron emisssion localized within a nar- 
row cone about the direction of the projectile-like 
fragment. Due to the low kinetic energy released in 
the decay, the neutrons would have a narrow 
velocity distribution centered about the fragment 
velocity. It is possible to obtain estimates of the 
constraints 011 the level widths required by such a 
picture from estimates of the interaction times 
involved. From considerations based on rotation 
frequencies and on the time required for Wuther- 
ford trajectories, we estimate the typical interaction 

ORNL-I)W(i 80-34523R 
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Fig. 2.36. Spectra OP neutrons h c ~ ~ u ~ ~ ~ ~ ~ ~ ~ ~  with projectile- 
like frngmewts having specific sslnes of Z fromi reaetfons betweean 
l2QMeY + ""Gd. The numbers of thedata points indicate the 
nuclear charge of the projectile-like fragment with which the neu- 
trons are in coincidence. Note the peak$ in the neutron spectra 
associated with PLFs having Z = 5 and 6. 
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time in our cases to be of the order of 5 x s. If 
we require that the probablility of decay of the ex- 
cited state during this time be 1e.s than lo%, then 
the permissible level width is about 15 keV. 

We have examined known states with finite 
neutron widths, involving low kinetic energy 
release, for all nuclei with Z = 3 to 6 and A = 6 to 
15. Only two levels, one in I2B and the other in I4C, 
satisfy the conditioras stated above. 128 has 8 state at 
3,3884 MeV (cf. S, = 3.369 MeV) with r, < 1.4 
keV, and I4C has a state at 8.3183 MeV (cf. S,  = 
8.1770 MeV) with P, = 3.4 ?: 0.6 keV. The fact 
that suitable states exist only in boron and carbon 
may explain why the bumps observed are 
predominariily associated with projectile-like 
fragments with Z = 5 md 6. If the above re- 
quirements are relaxed slightly, states in 'Li, Xi ,  
and 'OE4e could also lead to peaks the neutron 
spectra associated with PEF with Z = 3 or 4. Such 
peaks are, in fact, observed in I3C-induced reactions. 

Neutron ~~~~s~~~ in Dee 
of 1 6 0  with 93Nb 5k4 204 MeV9 

Spectra of neutrons in coincidence with PLFs 
produced in deeply inelastic collisions of l60 with 
"Nb at 204 MeV have been meastired at eight 
angles, The total neutron mraltiplicity associated 
with such events was; found to be 1.3. From the 
neutron spectrum obtained in a detector located at 
143" with respect to the beam direction (121 O with 
respect to the PLF diiection) and from statistical- 
model calculations, it was possible to deduce that 
1.0 _+ 0.1 neutron is associated with statistical 
evaporation from the target-like fragments (TLF). 
'The contribution of neutrons emitted from the TLP: 
was wbtracted from the spectra in the other detec- 
tors. It was not possible to fit the resulting spectra 
and angular disti ibzitions with statistical neutron 
emission from tlne PLFs. In order to fit the ex- 
perimental resultsj it was necessary to assume the 
existence of an additioml source of neutrons with a 
temperaiesrz of 1.5 MeV, moving along the beam 
axis with a velocity of 3.3 c m h s  and emitting 
ncutronis isotropicallly. The neutron multiplicities 
necessary to reproduce the data were found to be (1) 
0.15 k 0.05 neutron from the PLF (2) 1.0 +- 0.1 
neutron frcirn the '3  LP and (3) 0.15 t 0.05 neutron 
emitted by the additional SOLI~CC,  

Measurements of spectra and of angular 
distributions of neutrons associated with fission 
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fragments were made for the reactions 'T + Ls8Gd 
at 192 MeV and ''Ne + 150NX\Id at 176 and 239 MeV. 
From the data, from evaporation calculations, and 
from simultaneous measurements of neutrons 
associated with ER, it is possible to deduce whether 
the ohserved neutrons were emitted before fission 
(from the cornpsuna nucleus) or after fission (from 
the fission ~ r a ~ ~ ~ ~ t $ ~ .  The results are presented in 
Fig. 2.37 as a function of the critical angular 
momentum, P,,,. Values of were estimated for 
the fusion reactions from the Bass model.'o The 
critical angular r n o ~ e ~ ~ ~  and excitation energies 
are 724 and 1169 MeV for the + lssGd case, 7% 

eV for the *'Ne + 'sQNd reaction at the 
lower bombarding energy, md 9!% and 191 MeV 
for the *'Ne + I5*Nd case at the higher energy. 
From Fig. 2.37 i t  can be noted that at the two lower 
values sf ILTit (and of excitation energy), most 
neutrons are emitted prior to fission, while at the 
higher value of Lfrit most neutrons are emitted after 
fission. We conclude that the fission process is very 
rapid at the highest excitation energy and angular 
momentum. One. possible explanation is that in this 
case, the fission reaction is dominated by "fast fis- 
sion," a decay mode short-lived relative to  
c o i n ~ ~ n ~ - n u c ~ e u s  decay.' 
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Fig. 2.37. N ~ M ~ P Q P  ~ ~ ~ ~ ~ l i ~ ~ ~ ~  as a function af !& (ref 10). 
Closed circles indicate the number of neutrons evaporated before 
fission. The open circles indicate the number of neutrons evap- 
orated from each fission fragment. The squares indicate statistical- 
model calculationsand the triangles the number of nonequiiibrium 
newtrons preceding fission. 

It is also important to point out (see Fig 2.37) 
that the numbers of prefission neutrons observed at 
the two lowest values of I,, are much larger than 
can be expected on the basis of standard statisticd- 
model calculations. The reason for this discrepancy 
is not understood. 

-.-.-I ~1---111 ---_ 
1 ,  ORNL and LANL; present address: LANL. 
2. Washington University, St. Louis, MQ; present &&as: 

3. tvashington University, St. Louis, Mo. 
4. Vanderbilt Zlnivesity, Nashville, Tenn. 
5. Oecsrgia State University, Atlanta. 
6. L. Westerberg et al.. Fhys. Rev. C 18, 774 (1978); K. 

Geoffroy Young et al., to be published. 
7. Y. Boneh, A. Oavron, md S. Wald, Fmceedings offhe 

W I  hlernatitronat Workshop on Gross Properrips of Nuclei 5nd 
Nuclear Excicifaialbm (Hirschcgg, Austria, January 15-27, 1979); 
Y. Boneh and A. Gavron, Proceedings of the ZnternarianalSym- 
pusiurn Q ~ Z  Coniinuum Speclrn uf Heavy-Ion Reactions (San 
Antonio, 'Texas, December 3-5, 1979). 

8. J, Wilczynski, K.  Sinek-Wilczynska, J. van Driel, S. 
Gonggrijp, D. C. J. M. Hagemann, R. V. F. Yansens, J. 
Kukasiak, and R. H. Siemssen, Phys. Rev. Left. 45, (1980). 

9. Summary of work published in Phys. Rev. Lett- 46, 8 
(1981). 

Fusion Energy Division, ORNL. 

10. R. bass, Phys. Rev. Left. 39, 265 t.1977). 
11, C .  Lebrun et aP., Z .  Pbys. A299, 261 (1981). 

~ ~ P ~ A - ~ A R ~ ~ ~ ~  EMISSION EN DEEPLY 
INELASTIC REACTIONS OF 

204-MeV 1 6 0  93Nlb' 

G .  Re Young 
R. L. Ferguson 
A. CavronZ F. Plasil. 
D. C. Hensley 
C. F. Maguire3 

F. E. Qbenshain 
G .  A, Petitt4 

A. H. Snell 
M. P. Webb2 

One of the central questions in the study of 
deeply inelastic reactions is the mechanism by which 
the initial kinetic energy is dissipated during the 
reaction. Several explanations have been explored, 
including correlated nucleon exchange, excitation 
of giant. collective m ~ d e s  which act as doorway 
states, and emission of high-energy light fragments 
in initial stages of the reaction. Experiments 
measuring p r s j e c t ~ e - l i k e - f r a ~ ~ ~ ~ t  (PLQ-alpha- 
partick coincidences have provided the particularly 
interesting ~ n c l & i ~ n  that much of the obsemed 
alpha-particle emission was n~ns ta t i s t i ca l~~~  and 
might have arisen from a localized region of excita- 
tion, or "hot spot,**6 which implies high energy 
density and large rates 0f energy deposition in one 
nucleus by the other. 

.. ........ ~ ........................................... ... 



We performed measurements of PLF-alpha- 
particle coincidences for the reaction 204-MeV 1 6 Q  

+ 93Nb in erder to study the characteristics of the 
alpha particles emitted and to test the hypothesis of 
hot-spot formation for this system.' The ex- 
periments were performed with BE-E telescopes 
having a gas ionization AE section to detect heavy 
ions (HI) of Z 2 4 and silicon BE-E telescopes to 
detect light ions of Z < 2. The heavy-ion telescopes 
were placed at angles of - 12 and - 21 O with 
respect to the beam axis, while the light-ion 
telescopes were placed at several in-plane angles (6) 
between - 80 and -+ 90 O and at various out-of-plane 
angles. The results obtained on energy-energy cor- 
relations of coilacident alpha particles and PLFs as 
a function of alpha-particle detection angle, a,, 
were analyzed to yield an energy-integrated alpha- 
particle multiplicity, dMa/d81,, and mean values of 
the three-body kinematic quantities E,, and EZ3. M, 
was computed as 

dMa - - d&IF d& yc 

(I d&LF rs) (And) 

where Y, and Ys are coincident and singles PLF 
yields and AQ, is the alpha-particle detector's solid 
angle. E, is the relative energy of particles i a n d j  in 
their corninon center-of-mass system. Here 1, 2, 
and 3 refer to PLF, alpha particle, and undetected 
HI respectively. A constant vdue  of Elz for aP1 8, 
would imply that emission of alpha particles by the 
PLF was the dominant source of alpha particles at 
all angles. 

Figure 2.38 shows the results for dMJdQe, 
aI2>, and G2,> as a function of 8,. No obvious 
symmetry of dlM,/$R, about the direction of the 
detected PLF (arrow) or undetccted target-like frag- 
ment (TLF) is seen Monte Carlo calculations were 
ma& by assuming statistical emission of alpha par- 
ticles from the fully accelerated PLF and TLF. 
These calculations included eniergy spectra of PLF 
and alpha particles and mean rnultiplicitics and 
angular distributions of alpha particles emitted by 
the PEF and 'TLF. Ignoring the angular distribution 
of the PLF yields the dashed line in Fig. 2.38, which 
clearly does not correspond to observation. Inclu- 
don of the steeply forward-peaked PLF angular distri- 
bution, and thus of resultant biasing of the memure- 
ments due to recoil effects, yields the solid lines shown 
in Fig. 2.33. These calculations were seen to reproduce 
tlie general features of the results shown and were 
found to reproduce also the out-of-plane results, the 
magnitude and shape of d2MJdEm da,, and the 
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Fig. 2.3%. A ~ p ~ R - ~ ~ ~ ~ c l e  emission in reaction ob 204-MeV 
(a) Differential alpha-particle multiplicities, 

dMa/d&, and mean values of (b) E-? and (c) E23 for carbon- 
alpha-particle coincidences at OH, = -21". The results of calcula- 
tions described in the text are given by the dashed line, emission 
angle of the PLF assumed to be near the H I  detector's direction; 
solid line, measured angular distribution of the PLF taken into 
account. 

with W b .  

shape of the PLF angular distribution. These results 
strongly suggest a statistical picture for the ob- 
served anisotropic high-energy alpha-particle emis- 
sion seen in deeply inelastic reactions. 
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to make sirnilax c 

G .  R. Youne: 

In coni unction with o w  experiments concerning 
alpha-particle emission from the reaction 
'"0 + 93Nb, we have made calculations2 
pecaed coincident a ~ ~ ~ a - ~ ~ r ~ ~ ~ ~ e  spectra in deeply 
inelastic collisions (DIG). These calculations were 

assumption that all alpha particles 
statistically from fixily accelerated 

ike and target-like fragments in the final 

ut the c a ~ c ~ ~ ~ t ~ ~ ~ l s ~  a Monte Carlo 
computer code was set lap and designed to include 
the following features. The projectile-like 
fragments (PLFs) and target-like fragments (TLFs) 
were assumed to share all available mass with Gaus- 
sian distributions in mass and charge centered 
about the projectile and target mass. Two-body 
kinematics W ~ F G  used to 
tion energy distribution; excitation energy was 
assumed to be shared acc ng to tfme ratio of 
the PLF and TLF. The initial angular ~ ~ ~ $ ~ ~ ~ u t ~ o ~  
of the PLF was taken from measured values of 
dddQ,,,. The statistical-mode2 code JULIAN was 
used to predict ~ ~ t i ~ ~ ~ ~ ~ e s  and energy spectra of 
neutrons, protons4 and alpha particles emitted by 
the PLF and TEF, These results were input to our 
Monte Carlo code. ~ ~ ~ r e ~ ~ - ~ ~ ~ ~ e u s  spin values for 
the JULIAN cdc tions were taken from the stick- 
ing model. The symmetry of the ~ . ~ ~ ~ t - ~ a p . t ~ ~ l e  
emission relative to the spin vector of the 
TLF (which was assumed to be ~ ~ ~ ~ ~ ~ ~ ~ c ~ ~ a ~  to the 
scattering plane, as expected in a ziassicd orbiting 
model of deeply inelaqtic  collision^) was taken as 
1 -I- a sin??, that is, an oblate shape, She parameter 
a was estimated using the SULEAN edculations. A 
small modification was made to JUEHAN to yidd 
angular distribution output in the necessary form to 
do this, 

. 

systems investigated earlier by other groups. 
Calculations of the angular distribution of alpha 
particles, expressed as a city ~ ~ ~ ~ d Q = ,  were 
made for the systems 3 -I- 197A~t3 and 
96-MeV '"0 + ssNi,4 Values for PLF primary 
~ ~ ~ ~ r ~ ~ ~ t ~ o n ~  were determined as described above. 
Our calculated final distributions were compared 
with the published PkF find distributions, Since 
the first system is very asymmetric and the second 
inwives small ~ x ~ ~ t a t ~ o n s  in its DIC, .a model5 was 
used to estimate the PLF excitation energy in 
cases. The res:srdting calculated vahies for dMe 
are compared with published values in Fig. 239 for 
carbon-algba-particle coincidences, The results 
again suggest that of the observed forward- 
angle peak io dM, 
particle emission. 

Calculations have dse, k e n  made of results on 
P ~ ~ - ~ ~ ~ a - ~ ~ ~ ~ ~ e  coincidences fop. the reactions 

148-Me"J 14N + 5slglii,7 and 
" $  Go& agrwment between 

blished experimental results and our ca~eula- 
tions was obtairrecd. However, in the case sf 3t 

a ~ ~ ~ a - ~ ~ ~ i c ~ ~  coincidences measured in ref. 
became apparent that the ~ ~ ~ h ~ ~ ~ ~ r ~ ~ c ~ e  energy 
spectra calmkited with JULdAN me conti 
and t m  broad for this case, in which not 
I G Q ~ ~ S  with nonzero ~ ~ ~ ~ a - ~ ~ r t i c i ~  decay widths are 
~ ~ ~ ~ ~ 1 ~ "  Rather, it was imperative to use the excita- 
tion energies of known. ~5pha-particle-decayin~ 
states in 4aCc8 to cdnrfate ~ ~ ~ ~ - ~ ~ ~ c ~ ~  energy 
spectra that agree with the measused sgae7cth;re.. 
are  ti^^^^^ to investigate this effect and dso 
effect of short-lived (<IO-*" s) states on the 
calculated spectra, 



62 

ORNL-DWC 80-12674 

-la0 -90 0 90 180 

6," (deg) 

Fig. 2.39. ~ ~ ~ ~ ~ ~ ~ ~ c ~ ~ i ~  far ~~~~~~~a~~~~~~~~~~~~ cdnci- 
derares. Solid lines, results of calculations; points, measured values 
of dMa/d% for (a) 92-MeV I6O -I "Ni (ref. 4) and (b) 310-MeV 
0 -I 19'Au (ref. 3). The 160 t %i results are given in the rest 

frame of the recoiling target-like fragment with 0' defined as the 
h a i n  axis. The I6o + '"AU results are in the laboratory frame:. 
For the latter case, the calculated multiplicity was arbitrarily 
normalized to the measured cross sections at 0, = 25"? and a range 
of three-body Q values from -100 to -60 MeV was used. 
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EXCI['I'ATIQN-Fb'NCTHON ANALYSIS 
P EMUBISSI 

M. Blannl R. L. Fergason 

Many heavy-ion experiments have been pcr- 
formed in which final piodarct yields and/or 
gamma-ray multiplicities for particular products 
have been measured. In some casesz,' there have 
been attempts to infer from these ineasureinents the 
average kinetic energy of deexcitaiion neratr oras 
emitted and, in turn, to imply evidence for preccm- 
pound particle emissiaai. We haw performed 
Weisskopf-type statistical-model cal~ulatiows~-~ in 
order to derrrsnstrate that purely statistical decay 
can yie!d high average neiatton energies under the 
conditions imposed by analyses such as those refer- 
red to above. 

Results of our calculations for deexcitation of 
lllCd have been They show that simply 
neglecting open evaporation channels other than 
those studied experimentally can lead to calculated 
(statistical) energies as large as 60 MeV per iielatron 
at 180 MeV of excitation and, thus, demonstrate 
that the high energies derived in such analyses imply 
nothing concerning (nonstatistical) precornpound 
emissiori, We cornclude that inferences concerning 
nonstatistical beha, ior of emitted particles should 
be made with extreme caution when these conclu- 
sions are based on measurements of a limited set of 
the evaporation products of a reaction. 
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ert K. Geoffroy Young: 

. E, JHaskelPinenZ D. c. Hemley 
3. M. Barker’ R. ~ o o d w a r ~ z  

It has been known for over 20 years that fast 
light particles are emitted at forward angles in reac- 
tions induced by heavy ions at about 10 MeV per 
nucleon or higher, but the mechanism producing 
these particles in fusion-like reactions has only 
recently become dear. The particles appear to 
originate from projectile fragmentation at an early 
stage of the reaction, acting more or less as unin- 
volved spectators, while the fusion occurs between 
the remainder of the projectile and the target. This 
process is ~~~~~~ y several names, p r i n c ~ p a ~ ~ ~  in- 
complete fusion .4, massive transfer,6 and breakup 

The simple c~assicd picture of ref, 5 seems 
capable of predicting the main features of the proc- 
ess, p a ~ ~ ~ c ~ ~ ~ r ~ y  the angular momentum 

ost of the ~ u a ~ t ~ ~ a t ~ ~ e  ~ ~ ~ ~ r ~ ~ t i ~ ~  
d e ~ ~ ~ ~ t r a ~ ~ ~ ~  the validity of this concept has come 
from work done in this laboratory in c o ~ ~ a ~ ~ r a t i ~ ~ i  
with the St. L,ouis group. 

The ~ o ~ ~ ~ ~ i n ~  koaar papers on ~ ~ ~ ~ ~ ~ ~ e ~ e  fusion 
were submitted for publication during the period 
covered by this report. We give here only a brief 
statement of the principal results of each one. In all 
ewes the varhus ~ ~ ~ ~ Q ~ ~ - ~ ~ ~ ~  exit channels were 
identified by coincidences with known gamma tran- 
sitions characteristic of the corresponding residual 
nuclei. In a11 but the lase, the angular momenta in- 
volved were deduced from ~ e ~ ~ ~ r ~ ~ ~ ~ n t s  of the 

and l L a Z  particles from fusion-like reactions of 
V with 154Sn1 were f ~ ~ d  to be associated 
iarrow ranges of ~ ~ t ~ ~ ~ c e - ~ h a n ~ e ~  angular 

~ o ~ ~ ~ t u ~  above t 
fusion. The P v&ues are ~ i ~ ~ ~ § t  for the heaviest 
escaping fragmetits. The  as^^^^^ range of L values 
for each particle type is in excellent agreement with 

&me of compound- 
nucleus evaporation ret~t ions,  we have found that 
the angular  en^^^ deposited in the residual 

nucleus rises approximately in linear fashion as a 
function of the energy available for gamma-ray 
emission. Incomplete fusion was found to limit the 
deposited angular momentum to about 40 units for 
12C- and about 50 units for “60-induced reactions. 

ith a W e  beam, no limit was evident even for 
deposited angular momenta as high as Bo units. All 
of these observations are well reproduced by the 
incomplete-fusion picture of ref. 5 .  Moreover, for 
all available heavy-ion fusion data involving emis- 
sion of fast neutrons and alpha  particle^,^-^^ the 
energy at which this process sets in has been suc- 
cessfully correlated with the separation energy of 
the fast particle from the projectile (plus a Coulomb 
term for the alpha particles). This suggests again 
that the fast particles originate from a projectile- 
like object. 

Experiment C 1 4  The spectra of neutrons 
associated with fusion of 153-MeV I6O with ls4Sm 
and 152-MeV ‘’C with ”‘Gd (ref. 15) show a 
nonstatistical high-energy component over a wide 
range of angles. ‘This component can be well 
repregented by isotropic emission in the rest frame 
of a hot source (T - 5 MeV) moving with about 
half the projectile velocity. This speed is too high 
for the source to be the fused system or a target-like 
fragment. These fast neutrons can therefore only 
originate from a projectile-like object, consistent 
with the incomplete-fusion picture. 

Experiment D. 16 The gamma-ray intensity was 
measured as a function of spin for the yrast states in 
nancollective residual nuclei in the reactions 
146Nd(r6e), a~n)’~~-=Dy in coincidence with (a) fast 
alpha particles at forward angles and {b) evapora- 
tion alpha particles at a backward angle. The 
gamma-ray feeding patterns deduced from b show 
that a wide range of entrance-channel 1 values is 
populated,  a s  expected for conventional 
compound-nucleus formation. However. the 1 
values leading to a cover only a narrow range 
(about 9) at high P (about 50). Again, the predic- 
tions of the model’ represent these results very well. 

In summary, a considerable body of varied in- 
formation on fusion accompanied by fast-particle 
emission has been accumulated and found to paint 
a unified picture of projectile fragmentation as the 
source of the fast particles. The methods are largely 
based on detection of the associated gamma rays. 
Such data lead directly to  characterization of 
angular-momentum distributions, opening a new 
dimension in the study of reaction mechanisms that 
has not heretofore been properly exploited. 
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R. W3(4d?l'Xd2 

Large yields of forward-emiited fmr light par- 
ticles (Z  := 1, 2) have been observed in heavy-ion- 
induced nuclear reactions over a vwide range of 
~~~~~~~~~ ener~iy (1&$@3 MeV/amu) and for 

various projectiles. It i s  commonly suggested that 
the emission occurs at an early stage of the reaction. 
Especislly surprising i s  the largc yield of deuterons 
(a') and triton5 ( t ) ,3  which arc generally thought to 
exist in nuclei only with vary low probability. 
Among the qiiestions raised by these observations 
are9 What is the source of the fast light particles, 
and what ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ e ~  angular momenta con- 
tribute to these processes? 

We report here the first measurements of 
gamma-rap rnultipliciey (My) in coincidence with 
fast p ,  d, and t particles dctested at 4 20 and 45 O 

and with specific transitions from very high spin 
states (26h) in the partial fusion (PF) reaction 
residual nucleus. By concentrating on the emitted 
fast p, d. and t, we hoped to avoid contamination 
of the light-particle spectiurn by the evaporation 
process. The proton spectrum observed' in coin- 
cidence with specific gamma rays showed a 
nonevaporation compi>ncnt peaking near 20 MeV 
which is clearly separated from the evaporation 
component peaking near 10 MeV. 'The data shown 
here provide for the first time direct evidence of a 
narrow angillar-momentum window associated 
with PF reactions with emitted g, d, or t. Eight 
small NaI scintillation detectors were used in order 
to meamre the gamma-ray miltiplicity. 

Average gamma-ray multiplicities were obtained 
for all the yrast transitions of 1J7-159Er observed in 
tkc @e(I,i) spectra in coinciderice with the light par- 
tides. To minimize the evzporation component, the 
proton energy was required to be above 15 MeV. 
The value$ of My are remarka?Ay constant at abrsut 
31 for the three different PI; ieactions leading to 
yrast transitions up to J = 26% in  BE^, which is the 
dominant product (Fig. 2.M). A comparable value 
of M y  is also extracted, although with less preci- 
sion, for the adjacent odd-inass nuclei 1J7,L59Er. The 
constancy of the M y  with J implies that there i s  no 
initid population up to at least spin 265. 

We deduce the averagc spin J of lJBEr prior to 

relation J = ?,(My - 4). Assuming that each 
micubroii removes l;Xi on the average, we obtain an 
average tiansferred spin I, of 63h after partial fen- 
sion takes place. The critical angular rnsrnentiiin I,, 
for the fusion of 15'Ssn with 13C (the transferred 
fragment in the pxn reaction) is 57fi, based on the 
semiempirical formula by Ixfort and Nga.' The 
fact that the value of I,  = 638 deduced from our cx- 
perimmcnt i s  consistent with this value implies that 
the initial spin population localiaed near 4,, must be 

@%KiKfla-Ely emisSiQEl to be 54d by Using the U S U d  
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eiOnS. 

narrow. Since this result is common to thep, d, and 
t channels and also to the three residual isotopes 

Er, we conclude that only a high and 
localized range of initial angular momenta par- 
ticipates in these PF reactions. This I window has a 
lower h i t  of at least 354 (obtained by adding 9/i 
carried off by the neutrons to the observed limit of 
26.n), a centroid of about 6311, and an upper limit of 
7M (the fission limit given by the rotating-liquid- 
drop model). 

Additional experimental evidence for the 
localization is illustrated in Fig. 2.41. Here we plot 
the relative yields of the PF residual nuclei as a 
function of the number of emitted neutrons {a, b, c 
in Fig. 2.41). The full width at half maximum 
(FWHM) of 1.3 deduced for the mass distribution 
of the PF residues is significantly smaller than the 
FWHM of about 2.0 observed for the complete fu- 
sion reaction of 'soNd(20Ne, X ~ ) ' ~ O - ~ Y ~  at bombard- 
ing energies of 127 and 144 MeV.6 

The number of emitted neutrons depends on the 
excitation energy of the fused system. The width of 
the mass distribution arises in part from the spread 

l S 7 . l S 8 . 1 5 9  

2o !'-5nSrn +'4N PARTIAL FUSION 
( 0 )  

2 40 
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t- 
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v) 
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0 

V 
a 

'50NdlZ0Ne,xn)'i0~ ' Y b  
COMPLETE FlJSlON 

Fig. 2.41, Relative yicids of neuhrmrvapmtion redduel 
nuclei foilowing the partial fusion reectioos aceempanid by prw 
ton, deuteron, and triton emisdons (e, b, and E respectively) in 
romplrison with relative yields for complete fusiw reactions at 
121and 144MeV bombnrdingcncrgieP~da~efromr~. 6). Values 
of FWHM are indicated. 

of evaporation-neutron energies. The distribution 
of the initial spin population also causes a spread in 
the mass distribution, because the thermal excita- 
tion energy is counted from the vas t  state 
associated with a particular spin. Since the average 
excitation energies are about equal far both fused 
systems, the contributions to the width from 
neutron evaporation should be the same. Conse- 
quently, the difference between the widths i s  due 
primarily to the difference in the width of the initial 
spin populations. The contrast is even more striking 
if it is realized that there is an additional contribu- 
tion to the width in the PF residues due to the 
spread in the light-particle energies. 

This signature of the narrow 1 window in the PF 
reaction is direct and free from considerations af 
nudear structure and gamma-decay processes. This 
evidence indicates that only high partial waves are 
involved in the PF reaction, as predicted by the 
massive transfer' (breakup fusion@) model. 
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STUDIES OF THE FISSION ISOMER 24BmA 
USING LASER TECHNIQUES 

J .  P. Young' 
S. D. Kramer2 

C. E. Bemis, Jr. 
J. R. Beene 

The application of the laser-induced nuclear 
polarization technique, (LINUP) to studies of 
spontaneous-fission isomerism has been success- 
fully accomplished.^ A brief description of the prior 
developmental work and preliminary experiments 
appeared in the previous issue of this report.' The 
published account3 of the optical-isomer shift ex- 
periments describes our broad-band optical pump- 
ing experiments with the fission isomer 0.94-ms 
240mAm. Additional broad-band experiments, 
briefly described below, have been performed with 
improved experimental techniques and have been 
analyzed to include the effect of higher-order radial 
charge moments. Also described below are the 
recently initiated hyperfine optical pumping ex- 
periments designed to provide a direct measure of 
the nwckar spin for this isomer as well as the 
nuclear magnetic and spectroscopic quadrupole 
moments. 

Laser optical pumping of the meridurn 'S,,, + 

resonance transitiorn with polarized photons 
leads to an alignment of the total angular momen- 
turn, F = Z -+ J, in the atomic ground state. Using 
circularly polarized photons, o+ or os, the ultimate 
alignment condition corresponds to orienting the 
system so that the projection MF of F on an external 
quantization axis, the laser beam propagation axis 
in this case, i s  a maximum. 'The optical pumping cy- 
cle thus consists of repeated absorptions of circu- 
larly polarized photons (AF = 0, ~f: ]I with hna, s *1 
for o+) followed by spontaneous radiative decay (QF 
= 0, i 1 with hM, = 0, *l ) .  The optical-isomer 
shift experiments were performed with a laser out- 
put line width sufficiently broad (about 30 GXz) to 
cover the entire hyperfine structure multiplet of the 

excited '0P7,2 state. Pressure- and Doppler- 
broadened absorptioii profiles for particular hyper- 
fine components are <,1 GHz. With the ultimate 
alignment condition, F = Fm,, and MF = kMMFmax, 
reached in the optical pumping cycle, subsequent 
spontaneous-fission decay from the aligned system 
for 12 1 will be anisotropic, with the 
sion direction along the laser prop 
Anisotropic fission decay is thus a sensitive in- 
dicator of the optical resonance condition and was 
observed from the 0.94 -i- 0.04 111s isomer of 24an~Am 
wlzen the lases was tuned to a wavelength of 
-t 0.07 nm (air). This wavelength is 0.26 & 0.02 nm 
longer than this same atomic transition in 241Am. 
This optical-isomer shift result was reported in ref. 
3 together with a first-order evaluation of this shift 
in terms of a difference in nuclear ~neaa square 
radii, d<r2>, of 5.1 fm2 between the fission isomer 
and the normal groutid state. The KP'> result im- 
plies a deformation parameter, BZ, of 0.66 d- 8.04 
and an intrinsic quadrupole moment, QA0, of 32.7 
+. 2.0 b, as previously r e p ~ r t e d . ~  

Additional broad-band laser optical pumping 
experiments have since been performed with this 
isomer with improved laser wavelength stabilization 
and wavelength scanning, together with higher laser 
output power and llascr power density in the interac- 
tion region. These additional experiments, with 
somewhat better statistical accuracy, corroborate 
our initial experiment,' namely, that the optical- 
isomer shift, A Y ~ ~ ~ ~ - ~ ~ ~ ,  i s  +0.250 zk 0.015 nm. An 
in-depth analysis of this wavelength shift, which in- 
cludes higher-order radial charge moments per- 
formed with a realistic deformed Fmmi charge 
distribution, has been completed and will be 
included in a future publication' which describes 
these experiments and results in detail. 

We have initiated narrower laser line width ex- 
periments, hyperfine optical pumping, to provide a 
direct measure of the sign and magnitude of the 
nuclear magnetic moment and in higher order the 
spectroscopic quadrupole moment. Our Coherent 
699-2 1 actively stabilized single-frequency ring dye 
laser will be  sed in these experiments. This laser 
operates with < I  MHz laser output line width and 
thus may optically pump individual members of the 
hyperfine structure multiplet of the excited '"P,,, 
state in americium. Dctailed optical pumping 
calculations have been performed with the com- 
puter program RATES6 to investigate the time 
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evolution of the coupled (I + 3) density matrix 
under the hyperfine pumping conditions for 
240mAm0 The nuclear density matrix i s  projected 
from the coupled matrix and the fission-fragment 
angular distribution cakulated using this nuclear 
alignment tensor. In hyperfine pumping, the 
nuclear orientation effects are more complicated 
and not as large as in the b r ~ ~ d - ~ a ~ ~  ~u~~~~~ ex- 
periments, where all members of the “P7,2 hyper- 
fine ~ u ~ ~ ~ ~ ~ e t  are exci 

g effects are illustrated in 
Fig. 2.42, where the fission-fragment anisotropy, 
W(W 9/ W(0 9, with 0 a taken as the laser beam pro- 
pagation direction, is given as a function of laser 
w ~ ~ e ~ e n ~ ~ h .  The calculations were performed for 
nuclear spin P =- 2 and for nuclear g factor g, = 
+ 0.56, which are reasonable choices based on sub- 
jective analyses of our broa -band experiments. 

12 

I . I  

-0.1 0 01 0.2 0.3 
OETUNING WAVELENGTH [ 8 )  

Fig. 2.42. Calculated fission-fragment anisotropy for hyper- 
fine pumping of the’8712 - ”p7n transition in 2ramAm. The calcu- 
lations assume I =  2, g, +OS6 and correspond to the anisotropy 
expected at 2 ms for a laser power density of 3.5 W/cm*. 

The calculations include a broadened (Doppler plus 
collisional) hyperfine absorption profile of about 1 
CHz and include relaxation effects in both excited 

and ground *S,,, states. The requisite laser 
techniques to complete these hyperfine pumping ex- 
periments are being developed. 

I 
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There are other nuclear shap-rc effects that, while 
less dramatic than the shape iscrmerism in the ac- 
tinides, are nevertheless very important. 
last two years, nuclear theorists have emphasized 
the importance of mall oblate deformation in 
stabiliting aligned ~ ~ ~ ~ ~ ~ p ~ t ~ ~ ~ ~  configurations in 
the high-spin Fas t  states of near. spherical nucleL2 
The high-spill isomers or “yrast traps” that occur 
in these nuclei are expected to have ablate deforma- 
tion, and this defor 011 is expected to increase 
with increasing spin plan to apply the LlNUP 
anethcid to a systematic study of shapes (via isomer 
shifts and q ~ a ~ ~ ~ ~ ~ ~ ~ ~  moments) as a function of 
spirt for high-spin isomers in ss-lected atomic species 
tiear ’“Ph and 146Gd; these two regions are espe- 
cially ~ a ~ ~ r a b ~ e  for these effects. 

The initial experiments will be done with fran- 
cium nuclides. The first optical resonance Bine (I%) 
in Fr has recently been located.’ and its wavelength 
measured lo be 718 nm. Some ~ ~ ~ ~ ~ ~ ~ i ~ ~ ~ r ~ a ~ d  
~ ~ ~ ~ ~ ~ ~ ~ e f l ~  QT laser techniques d l  be required to 
do effective optical pumping at this w ~ ~ r e ~ e n ~ t ~ ~ .  
 re^^^^^^^^ experiments, inchding ~ ~ ~ ~ a s L ~ r ~ ~ ~ ~ ~ ~ t s  

reaction iD’T1(”C,3n)”4F~ at a 67-MeV bombardiug 
energy, have been coeipleted on a pair of milli- 
second a ~ p ~ ~ - ~ e c a y ~ ~ i ~  isomers (dA -- I - ,  9-) in 214Fr. 
The ease of detecting heavy charged particks, the 
large alpha-decay anisotropies expected, and the 
relatively lorig iiucleaar half-lives make these isomers 
an ideal case for use in perfecting the techniqnes. 
Subsequent experinients will be performed on 
higher-spin gamma-decaying isomers in neighbor- 
ing isotopes. Francium isotopes are especial297 good 
cases because of the large number af known kigh- 
spin isomers and because the Fr atom, being an 
alkali has a very Barge resocant ~~~~~~ absorption 

Of CrOSS SeCtiotl and PeCQil range in from the 
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cross section, which allows us to work with nuclear 
states as short-lived as tens of nanoseconds. 

_- 
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SPONTANEOUS-FISSIQN BRANCHING 
IN THE DECAY OF 2s914)41 

C. E. Remis, Jr. D. C. Hensley 
P. F. Dittner F. Plasil 
R. L. Ferguson F. Pleasonton 

The alpha decay of 2'9106 was studied by Ghi- 
orso et al.2 by means of the 249Cf(*3C,3n) and 
*4*Cm('60,5n) reactions. Two alpha groups have 
been attributed to the decay of 259104.  The reported 
energies are 8.7'7 MeV (6OVo) and 8.86 MeV (40%). 
The half-life was found to be about 3 s, and decay 
by spontaneous fission was found not to be promi- 
nent. Indirect determinations of the fission branch- 
ing ratio of 259104 were reported by Dubna workers 
to be in the range of 0.06-O.I2.' 

In the present study, 259104 was produced in the 
249Cf(13C,3n) reaction. The average beam energy at 
the center of the Cf,O, target was 71 -5 MeV. Alpha- 
decay and spontaneous-fission events were 
measured during time intervals of 0.2-5.0 s follow- 
ing 5-s bombardments, A combination of helium jet 
and mechanical wheel was used to transport the 
products to the semiconductor detectors. Two 
alpha groups at energies of 8.87 f. 0.02 MeV (about 
40%) and 8-77 ~f: 0.02 MeV (about 60%) weie 
ascribed to the decay of 259104. A total of 69 events 
constituted these alpha peaks, and the half-life 
derived From them was 3.0 -k 1.3 s. These results 
are in agreement with those of ref. 2. 

A total of 22 single fission-fragment events were 
also observed. Large corrections had to be rimade for 
the presence of two interfering spontaneous-fission 
activities; 8 ri-. 2 fission events were attributed to the 
long-lived spontaneous-fission activity from 256Md 
and z5sFm, and 4.8 t 1.2 fission events were at- 
tributed to the decay of 256N~. The number of fis- 
sion events ascribed to 259104 was, thus, 9.2 I 5.2. 
This result corresponds to a fission branching ratio 
of 0.063 & 0.037, which is in agreement with the in- 
directly determined results of ref. 3. From the data 
it was also deduced that the cross section for the 
production of 259104  in the I3C -+ 2d9@f reaction at 
71.5 MeV is about 6 x IO+ cm and that the cross 

section for the production of ''WO is about 8.3 
10-32 cm*. 

X 
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PRODUCTION ACTINIDES AND 
ATTEMP UCTION OF 

SUPERHEAVY ELEMENTS IN THE 
23@U i- *'rCm REACTION 

K. L. Ferguson 
R. L. Wahn' 
E. K. H&t2 
R. W. Lougheed2 
J. M. Nitschke' 
W. Rr3chlie' 

J. V. Kratz4 

M. SchHde14 
K. Summerer4 
G. Wirth' 
G. Herrmann5 
P. Peuser' 
R. Stakemann5 
G. Tittel' 
N. Trautmann' 

Strongly damped collisions between very heavy 
ions might be expected to lead to the formation of 
such highly fissionable products as heavy actinides 
or superheavy elements if such products could be 
formed with low excitation energy and angular 
momentum. In collisions between 6.1-7.5 MeV/u 
238U ions and 238U target nuclei, formation of heavy 
actinides was, in fact, shown6 to be associated with 
low-energy tails of the broad excitation energy 
distributions from the reaction. This reaction was 
also used' in a search for spontaneously fissioning 
superheavy elements. Upper limits found for 
superheavy-element formation cross sections were 

cm2, depending on the assumed half- 
life. Substantial enhancements have been predicted* 
for yields of heavy actinides from reactions bet ween 
23sU ions and target nuclei heavier than 23sU. Conse- 
quently, we have investigated heavy-actinide pro- 
duction and have searched for superheavy elements 
with the 238U -I- 248Crn reaction. 

At the UNILAC a metallic 24sCm target, 7 
m g  ~ ~ r n - ~  th ick ,  w a s  b o m b a r d e d  wi th  
7.4-MeV/uZ3*U ions to a fluence of 3 x lo1' par- 
ticles. Redl ing  reaction products were stopped in a 
copper catcher. Radiochemical procedures were 
used to separate the products into fractions contain- 
ing the actinides and any superheavy elements that 

to 
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fdlnw the chemistry expected for elements 

(and, for the snperheavy-element Factions, coiaci- 
dent neutron multiplicities) were observed for 
several months. These activities were used in the 
calculation of formation cross sections. 

The cross sections for transuranium isotopes 
from the z3sU + z'sCm reaction are shown in Fig. 
2.43. Cross sections for the LTI i- 235U reaction6 
are shown for comparison. The observed increases 
of three to four orders of magnitude from 2'8U -t 
T J  to z3aU -+ "*Cm are even larger than those 
predicted theoreticalfy.* 

108-1 1'3, Alpha and s ~ ~ n t ~ ~ e o ~ s - ~ ~ s ~ o ~  decays 

A h n A 

Fig. 2-43. Cross wction fur the formation of transuranium 
iwLqvpey in tbc t 3 W  4 aLCm reaction nfi 7.4 MeV/u imident energy, 
For comparison, data for the "'u c "'u reaction from ref. 6 arc 
given. Gaussian distributions with Q I- I 2 u forz3'U i- 248Cm and 
a 4- 1.3 u f0r"'IJ + "'U are drawn Eo indicate positron and width af 
the isotope distributions. 

After a counting period of 
etected with the fission- 

multiplicity counter could be attributed to 
superheavy-element decay, Sampks counted in this 
detector correspsnded to any superheavy elements 
that are volatile between room temperature and 
1020T or that form strong bromide complexes in 
solution. Elements that are volatile below room 
temperature were condensed on a cryostat and 
counted with a single surface-barrier detector. Two 
events, with energies of 61 and 4.0 MeV, have been 
detected with this counter but cannot be associated 
unambiguously with superheavy-element decay. 
However, these two events were used to calculate 
the moss S E C ~ ~ O ~ I S  plotted vs assumed half-life in 

Fig. 2.44. This figure is to be regarded as represen- 
ting upper limits for superheavy-element formation 
cross sections. 

It should be noted that our sensitivity to 
superheavy-element production in the Y J  + 246Cm 
experiment was less than was expected because 
target failures limited the total fluence to an order 
of magnitude less than that obtained in the 238U + 
238U experiment.' If these target limitations could 

ORNL-WG 81-12536 

IO-" m' 10' lo' io' w' lo' 
HALF -LIFE l d l  

Fig. 2.44. Upper limits for the production cross section of 
spontanewsly fissioning supcrbeavy elements in the *asU + * W m  
reaction. The three curves refer to samples obtained from different 
separation procedures. 

be overcome, it would be possible to test the deep 
inelastic transfer reaction for production of 
superheavy elements down to the detection limit of 
about cm2. 
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HIGH-§PIN STATES IN Z 32 TO 36 NUCLEI 

R. k. Robinson 
J .  H. Hamilton' S. Ramavataram' 
A. V. Ramayya' 
A. Y. Ahmed' 
A. J .  Caffrey' 
A. P. de Lima' 
E. de Lima' R. Soundranayagam' 
H. Kawakami' Z. J .  Sun' 
€1. J .  Kim 
C. F. Maguire' 
VI. T. Milner H. Yamada' 

R. W. Piercey' 

A. C. Rester' 
R. M. Ronningenl 
D. L. Sastry' 
R. 0. Sayer' 

B. Van Nonijen' 
J .  C .  Wells, Jr.' 

Z. Z. Zhao' 

An extensive systematic survey of high-spin 
states in Z = 32 to 36 nuclei, with particular em- 
phasis on even-even nuclei, has revealed a richness 
of bands that provides information on multiple in- 
dependent and highly collective bands, Information 
is also obtained on single-particle structure and the 
interplay of this structure with the collectivity of the 
nucleus. 

Tnis multiyear program has been carried out 
thus far with beams from the ORNL EN tandem. 
There is now an approved proposal to continue this 
work with the 25-MV tandem at the IIHIRF. With 
the more exotic projectiles and higher energies it 
should be possible to study more neutron-deficient 
nuclei and to study states of higher spins. 

The large amount of accelerator time available 
at the EN tandem made it possible to obtain suffi- 
cient statistics to investigate many weaker side 
bands. Because the beam energies were near the 
Coulomb barrier, few exit channels resulted from 
the fused target and projectile, and thus the gamma 
rays from the nucleus of interest were not usually 
contaminated with reaction products. To further 
reduce the confusion which results when gamma 
rays different reactions are unresolved, different 
projectile-target combinations were sometimes used 
to make the same residual nuclei. For the beam 
energies available from the EN tandem (e&, 
45-MeV I6O), states with spins up to  12 were 
populated. 

The level properties were determined through 
study of the in-beam gamma rays by a variety of the 
standard gamma-ray techniques. Level energies and 
gamma-ray decay paths were extracted from high- 
resolution singles and gamma-gamma coincident 
spectra. Spins were based primarily on angular 
distribution studies, although dependence of 

gamma-ray yields on beam energy was sometimes 
employed as a weak argument. Ambiguity in spin 
assignments was frequently resolved by yf(9) or 
linear polatization measurements. The latter was 
also used to establish the relative parity of states. 
Lifetimes were deduced from Doppler shift attenua- 
tion measurements. 

Although this program has concentrated on 
eveneven nuclei, enough studies have been made of 
the odd-A and odd-odd nuclei to demonstrate that 
these too will be fruitful to pursue inore 
thoroughly. Some results for these three classes of 
nuclei follow. 

Even-Even Nuclei 

A typical example of the level scheme obtained 
from an even-even nucleus i s  given in Fig. 2,45. 
Moment-of-inertia plots of the yrast levels show a 
variety of shapes, some backbending strongly, some 
showing forward bending, and some increasing 
linearly, as can be explained by a variable niomcnt 
of inertia (VMI) picture.6 The B(E2)'s of transitions 
hstwcen the yrast members are enlnaneed over the 
single-particle estimate, but the degree of enhance- 
ment varies strongly. For example, the average 
B ( E )  of the four transitions between thc 8' and 0' 
levels in is 13 spu, whereas for the coircspsn- 
ding tramitions in 74Kr it is 96 spn. The Vdl id t iOn of 
B('E2)'s with spin shows no siiigrilar pattern, as 
demonstrated by the four examples in Fig. 2.46. 

Both the variety of dependences of B(E2)'s with 
spins of the yrast levels and the variety of moment- 
of-inertia plots suggest that the yrast levels, even at 
very low spin in some nuclei, are not $ne to a single 
collective motion associated with the ground-state 
band (gskr). In some nuclei there is strong evidence 
for crossing of the gsb with a band built on an 8' 
level which is attributed to the rotational alignment 
(RAI,) of two ~ 9 1 2  quasi particles. In the case of 
68Ce there are two 8" bacidq, which are presumably 
from RAL of two g 9 / Z  protons and two g 9 / 2  

neutrons. In other nuclei the bard crossing is not as 
evident, but the energy of the higher states is shifted 
by mixing of states d like spins in the gsb and. the 8+ 
band. This could explain, for exannple, the break in 
the rnoment of inertia. 3s observed for 78Kr (Fig. 
2.47'). The fact that the crossing of the 8' band with 
gsb is seen in some niiclei but not in others can be: 
explained by the differences in energies of the two 
$+ states, one depending on the single-particle ex- 
citation pius alignment energies and the othcr 
related to the collective riature of the nucleus. 
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Fig. 2.45. Levels ~f W r .  

dicate that jlsst the opposite is true, that is, the 
ground state is deformed and the 0: state is new 
spherical. 

Odd-parity bands are observed with level spac- 
ing patterns similar to that for the gsb, as shown by 
tfie example in Fig. 2-49. They are attributed to 
RAL of a g9/2 particle and an odd-parity particle in 
either a p l f z ,  &?3/2, o ~ f , , ~  orbital. In 68Ge, for one of 
its three odd-parity bands, the 7- to 5- energy was 
compressed, suggesting that the two participating 

hnaither disturbance of the gsb is attributed to 
coexistence of the nucleus in two shapes, one shape 
in the ground state arid the other associated with a 
law-lying 0’ state which reazlles a niinimum in 
energy around N .= (pig. 2-48). The properties 
of the low-lying states in ’’ ’“$e have been explained 
by band mixing sf a near-spherical band built on 
the 0’ ground state and a deformed band built on 
the 0; statate. In 74.76Kr, the energy-level spacings in- 

.............. 
....................... .......... _. ................................................ . -. ........ 
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Fig. 2.48. Energies of Erst cxeitted B+ states. 

Fig. 2.49. Comparison ofthe gsb and 5- band levelsin 76"7~8'%r. 
The energy of the 5- band head is adjusted to zero. 

quasi particles were not fully aligned in the 5-  state. 
There i s  no definitive evideace in any nucleus of a 
band built on a 3- octupsle stale. 

A limited number of B(E2)'s for transitions be- 
tween members of the odd-parity bands have been 
obtained. These appear to be larger than that of the 
corresponding ground-state member, as shown in 
Table 2.7. 

It has been demonstrated that the five bands in 
68Ge built on e+, 8', 5- ,  6-, and 7- can all be ex- 
plained by a two-~,naasi-garticle-pBu3-Potox model.' 

An even-parity hl =- 1 band with spins alp to !Y 
has teen identi€kd in seven of the nuclei in this 
mass iegim. The members decay principally by bl = 
2 transitions to lower members of the band with 
large B(E2)'s that are cornpimrablle to those of transi- 
tions within the ground-state band. The weakness 
of the transitions betmcen Icvds of the two bands 
indieatcs that there is little mixing of the two bands. 
For cxample, in 76Kr the 5' --* 3' transition within 
the AI = 1 band has a B(m) of 101 spu, whereas the 
transition from this 5' level to the 4' gsb member 
has a B(E2) of 3 L 1 spu. The A I  --= 1 band, call very 
well be charactcrircd as a y-vibrational bawd in a 
deformed nucleus. 

As an example, we show in Fig. 2-50 the lcvels 
obtained for 656a,  Both collective and single- 
particle degrees of freedom can be observed. 'The 
levels can be divided into four bands, each of which 

ing even-mass nuclei. Three of the hands may be at- 
tributed to coupling of a quasi particle in the p3/*,  
fSl2, and gQt3 orbitals to core states. However, the 
energies fox states corresponding to the 4' -+ 2' core 

has level spacing Stlggc§tiVe: of that of the neighbor- 

..~..._._I.__ - 
"se 11- - 9- lei' 6 -* 4 

9- --* 1- 1 16% 4 - 2  
7- - 5- 64% 2 - 0  

11- - 9- 81 I I1 6 - 4  
9- --c I' 90 i- 30 4 + 2  
1- - 5- 130::F 2 - 0  

49 * 11 
59 t 14 
58 t_ 7 
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Fig. 2.50. Levels of 65Cn. 

state are in poor agreement, indicating that the 

spin is increased. An alternate explanation is that 
W a  has a triaxial shape. Possibly the 21/2+ state is 
associated with the coupling of three gg/, quasi par- 
tides to the core. 

Odd-Odd Nuclei 

weak-coupling model may be breaking down as the 3m5** 30045+r 

-p;;1 
The only cases studied thus far are 72,?4.76Br. 

Figure 2.51 shows the results for 76Br. The most 
probable value for Jo is 4. Level spacing indicates 
(1) perturbation due to the Coriolis interaction, 
which produces a staggering effect of alternate 
levels, and (2) the possibility of a band crossing at Jo 
+ 4, the lower-spin levels being members of an 
RAL band with strong Coriolis decouphg of the 
odd proton and odd neutron and the higher-spin 
states being members of a strong-coupled rotational 
band with less Coriolis decoupling. 

1 .  Vandrrbilt University, Nashville. Tenn, 
2. Johns Hopkins University, Bdtimone, hld. 
3. Physics Department, University of Florida, Gainesvilie. 
4. UCC-ND Computer Sciences Division. 
5. Tennessee Technological University, Cookeville. 
6. M. A. Mariscutti, G. Scharff-Cioldhaber, and B. Buck, =%I 

fhys.  Rev. 178, 1864 (1969). 
7. C. Flaum and D. Cline, Phys. Rev. C 14, 1224 (1976). Fig. 2.51. Levels of “Br. 
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ISOMERIC AND HIGH-SPIN STATES OF 9 4 T ~  
AND THE SEARCH FOR Y M S T  ISOMERS 

I. Y. Lee 
N. R. Johnson 
F. K.  McGowan 

G .  R .  Young 
M. W. Guidryl 
S .  W. Yates* 

The discovery of high-spin isomers in nuclei 
near N = 82 (ref. 3) and in the lead region4 has 
prompted intense study of this phenomenon. The 
nature of the yrast isomers in the Pb region is 
understood in terms of particlehole excitation in 
occupied spherical shell-model orbitals. The attrac- 
tivc proton-neutron interaction €or highly aligned 
high-j orbitals lowers the energier; sf these states 
and produces the i~omcrism.~ Detailed spec- 
troscopic studies, such as those6-" of iS2Dyp have led 
to the coxiclusion that the light rare-earth isomers 
also result from the alignment of individual particle 
spins and have little collectivity. 

I n  a search for high-spin isomers in the N r \ ~  SO 
region, we have bombarded isotopically enriched 
76Ge and ' 5 e  targets with 81-MeV "Ne beams arid 
89Y and 93Nb targets with 52- to 63-MeV loB beams 
from Oak Ridge Isochronous Cyclotron. The com- 
pound nuclei 96Mo, 98Mii, 9 9 R ~ ,  and i03Pd were thus 
produced, Two large-volume Ge(Li) detcetors were 
used to rIieasiire the prompt and delayed gainma 
rays, by using the cyclotnon rf for timing. Pive- 
parameter (y l ,  y2, y-y  TAC, yl-rf TAC, and y2-rf 
TAC) coifieidence data were recorded to identify 
isomeric states and to examine prompt gamma- 
gamma and delayed gamma-gamma coincidences. 
While a number of known is0rner5'~ with flI2 > 2 ns 
were identified in isotopes of Ru, I'c, Mo, and Nb, 
no new high-multiplicity isomers were observed. 

In the *ONe + reaction, however, we 
observed a short-lived (f1,2 = 4.5 k 8.6 ns) isomer 
which had not been assigned previously. This 
isomer decays by the emission of three gamma rays 
with energies of 282.9,690.6, and 1373.4 keV and is 
presumably not of very high spin. Lederer et al." 
observed these gamma rays from an isomer with t,,2 

3 ns produced by thc bombardment of 92M0 with 
30-MeV alpha particles. They also determined khat 
this isomer must reside in either 93Ku or 9 4 T ~ .  
HBu5ser et d.'* recently observed a 2.05ys isomer 
in 9 3 W u  but did not report any others. 

To confirm the identification of the 4.5-ms ac- 
tivity, we replaced one ~f the Ge(Li) detectors with 
a small (l.4-crn3) intrinsic planar Ge detector 
(LEPS) to perform an x-ray-gamma-ray coin- 

cidence experiment. 'The gamma rays from this 
isomer were observed in coincidence with the Tc x 
rays, thus confirming the assignment of the isomer 
to 9 4 T ~ .  The ordering of levels (shown in Fig. 2.52) 
which deexeiae the isomer was made ~n the basis of 
the gamma-ray intensities of the prompt and 
delayed gamma-ray spectra (see Fig. 2.53). While 
the 1373-keV gamma ray i s  obviously the lowest- 
lying in the decay scheme, the 283- and 691-keV 
transitions have similar intensities and could occur 
in either order. 

With the assumption that the 1373-keV gamma 
ray represents a transition to the ground state of 
9 4 T ~ ,  our prompt gamma-gamma coincidence spec- 
tra (see Figs. 2.53 and 2.54) allowed us to cotistruct 
an yrast sequencc of transitions in coincidence with 
this gamma ray which extends beyond S MeV in cx- 
citation energy. Again, the level orderings are am- 
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Fig. 2 5 2 .  1,evel scheme of 'TE showing state5 ~w~~~~~~~ by 
the 7'Se(2Wc.,3npy )94Tr reaction. The level and gamma-ray ener- 
gies are in keV Prompt gamins-ray intensities, corrccted for the 
angular distribution effect, are shown in parentheses 
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The anisotropies of the gamma nays of 94Tc were 
determined from prompt gamma-ray intensities 
measured at 0 and 90" re 
tion. Only the IBiS-, 185, 
sitions showe e character. Spectrd conaplica- 
tions in the 6 region did not allow 11s to ob- 

doublet. Because of ~ ~ ~ ~ i ~ ~ ~ ~ ~ e ~  i n  levd x d e r h g  
and the limited angular ~ ~ s ~ ~ ~ ~ L ~ ~ ~ ~ ~ ~  data, we have 
avoided ~ i ~ ~ a r r ~ ~ t ~ ~  speculation on spin and parity 

imply a spin 01 

isomer. In analogy to other U C k i  inn this rel3h-h 
this isomer i s  grsbatdy o f  siagle-pa8 ic'se origin. 

eric transition we 

ENERGY (keV) 

Fig, 2.53. Prompt and ~ e ~ a ~ ~ d ~ ~ i ~ ~  reapct to the ~ e a ~ ~ ~ l ~ ~  
gamma-gamma coincidence speetrs dram the 1373.4-keV gating 
transitian. 

"*hl  wrll, 23x2 

-----T----T----r- 

k N E R G Y  (keVV) 

Fig. 2.54. Prompt gamma-gamma coincidenee spectra Pram 
the 619.1-, 2@32.9-, and 1447.&keV gating transitions. 

biguous in some cases, since intensities are the only 
basis for placement. 'The observation of d% the 
gamma rays from the g 4 T ~  isomer in prompt coin- 
cidence wtib the l$22-keV gamma ray i s  not 
unreasonable considering the resolving time (2+ 
8 ns) of our coincidence system, but it could also 
suggest that the isomer decays be an unobserved 
isomeric transition, as indicate by tfae dasb.xl level 
in Fig. 2.52. Zn our lowenergy spectra we see a 
49-keV gamma ray which decays with a m5-m hdf- 
life, but none of the "Tc gamma rays are observed 
in coincidence with this gamma ray. We must 
therefore conclude that the question of an 
unobserved isomeric transition remains imesolved. 
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suggested by Bohr and Mot tekm6 Since Pedersen 
et al. only determined lifetimes and mean 
multiplicities of isomers formed in various heavy- 
ion reactions, we began a series of experiments to 
identify the specific nuclides displaying isomerism 
and to establish their level struct:tuie. 

In the first experiments, carried out at the 
University of Rochester tandem Van de Graaff, the 
reactions ' §n(,, S ,xn) 5"'Dy and '"e( 'S,xn)' 6-xEr 
were studied at various bombarding energies using a 
recoil catcher apparatus (Fig. 2.55). This permitted 
recording (in spite of very strong prompt-gamma 
background) delayed discrete line spectra coming 
from the decay of isomers produced. Lifetimes were 
measured with reference to the prompt radiation 
detected in the NaI(T1) detectors, On the basis of 
these results, the reactions 141Pr(1'N,4n)151Dy, 
1*4Slp~(1ZC,4n)"52Er, and 144S~n('ZC,3n)'53Er were 
studied using the BNL tandem Vati de Graaff and. 
conventional Ge(1.i) gamma-ray spectroscopy 
techniques, including excitation functions and 
prompt arid delayed gamnna-gamma coincidences 
using dc and pulsed 

The level scheme deduced for Is1Dy is shown in 
Fig. 2-56. Two isomers were found, with spin, ex- 
citation, and B(h2) values of 41/2(-), 4903.9 keV, 
10 +- 3 W.U. and 4912, 6032.1 keV, 0.77 -+ 0.04 
W.U. respectively. The B ( E )  values show these 
transitions are retarded by one OT two orders of 
magnitude with respect to typical collective transi- 

IOmgkm2 %b catcher 

..... __ 

....... ...... -J 
___I__I I____ 

FLIGHT DISTANCE 19.7cm 

FLIGHT TlME"33ns 

a Pb E 3 W  

Fig. 2.55. E x ~ ~ ~ e ~ ~ ~ ~  a ~ ~ ~ ~ ~ u s  weal In (Re ~~h~~~~ 
immer search. The Nal(TI) counters near the target detect 
prompt radiation. which was used to generate "time of forma- 
tion*' signals. The Ge(Li) detectors downstream are shielded 
from prompt radiation and measure delayed radiation emitted 
from nuclei which have recoiled onto the Pb catcher foil. 

OWNI4-E)WC 8 1 - 1 18 1 1 

2263.0 __ 

'5'0y 
Fig. 2.56. Decay SeSreme of "'Dy ~ ~ f l s t ~ ~ ~ ~ ~  from the dann 

cdeeleil in this work. Spin assignments are firm up to the first 
isomer, at 4% keV, and tentative above this point. The figures 
in parentheses indicate the intensity of the gamma-ray transition 
in the 75-MeV "N c "'Pr in-beam experiment, 

tions in the rare-earth region. Indeed, a single- 
particle nature is suggested. A plot of excitation 
energy vs J(J + 1) for the yrast states exhibits an ir- 
regular pattern clustered about a line corresponding 
to a moment of inertia 2 &/kz = 138 MeV-', 18Vo 
greater than the rigid-sphere value. Such a pattern 
was shown by Bohr and Mattelson' to be 
characteristic of the alignment of single-particle or- 
bits along a symmetry axis. 

The decay scheme for "'Dy is seen roughly to 
repeatst, for the states between 27/2(-) and (45/2), 
the pattern found for the low-lying states from 7/2- 
(g.s.1 to 27/2(-). Since the nucleus l:,6Gda2 can be 
regarded as a doubly magic core, it is tempting to 
ascribe the low-lying structure to the three valence 
neutrons in a (vf7& configuration for the states 
from 712- up to 15/2- and to (vf,,2z @ vh9,*), for 
states along the parallel branch up to 21/2-. Break- 



ixig a (?th,r,22),d core pair to (nkll,lzz)J=,o requires 
about 2.9 MeV. Coupling this to the above neutron 
configurations then provides an explanation for the 
repetition of the low-lying pattern above 27/2-. 
Detailed calculations by Cerkaski et al.,'o which use 
an axially symmetric oblate Woods-Saxon single- 
particle potentid with & = -cU.%b and Jd4 = 0.03, 
were found to give rough agreement with the 
observed level structure. The foregoing considera- 
tions and similar ones for 152,143Er (ref. 8) all. point 
bo an explanation of the high-spin isonieas observed 
in terms of single-particle excitations built upon 
spherical cores. 
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K. Geoffroy Y o l ; ~ l g ~ . ~  

A persistent theme of nuclear reseagch over the 
last several years has been the iravestigation of ef- 
fects of Imge angular ~ ~ m e ~ t u ~  on the structure 
of nuclei. Recently the study of high-spin isomeric 
yrast states has been one of the most active aspects 
of this field, Yrast isomers are interesting and im- 
portant f m  mimy rerwons, Their existence often im- 
plies pronounced irregularities in the yrast line md, 
consequently, ~ o ~ e ~ ~ ~ ~ ~ ~  interesting nuclear struc- 
ture effects as a function of spins6 ~ ~ ~ ~ e r ~ ~ ~ ~  the 
isomers can be a powerful aid in spectroscopic in- 
vestigations, making possible studies (sf discrete 
nuclear states to very high spins,8 as well as rndcine, 
feasible accurate determination of static and 
dynamic nuclear moments, which are of great im- 
portance in a clear M n ~ ~ r s ~ n d ~ ~ ~  of their structure 
(see, for example, refs. 9 and 18). 

A major impetus to this field was ~~~v~~~~ by 
the systematic experimental survey by Pecfersen et 
d . ' I  of a large number of nuclei which r e s d t d  in 
the discovery as% an island of is~nier~ near IV = 82 
and z nJ 64" 

Evidence has been presented raf an effective 
proton-shell closure at Z - ~ f  * 1 2 J 3  at las t  for 
neutron numbers not very fax from the N = 8.2 
closed shell. Thus 1*6GOd appxas as a ~~~~~~~~~~~~- 
shell nudeus, and the island of isomers in tbis 
vicinity i s  andogtius to the similar island new 208Pb9 
Recent d ~ ~ a s r ~ e ~  independent partick model 
cdcukatioms 4-i have cast considerable light on the 
characteristics of the ~ ~ g h ~ s ~ ~ ~  is 

angular momenta are generated by 
individual particles but at moderate 
nucleus begins to acquire a net Q 

with a symme&y axis along the spin direction. The 
resulting ~ e ~ o ~ ~ a t ~ ~ ~  energy i s  b l i e ~ e d  to account 
for BL major part of the effective interaction which 
must be introduced into ~ ~ ~ ~ ~ r i ~ ~ ~ ~ e ~ ~ ~ ~ o ~ e ~  
c ~ c i ~ ~ a t ~ ~ ~  at moderate spins. At 

increases. The caiculated deformla 
there is now experimental suppr t91g  arc: larger and 
become important at lower spins the Gd region 
than in the Pb region. Mare ~~~e~~~~~~~~ informa- 
tion at high spin in a variety of nucki near L46 
needed if these C ~ ~ ~ ~ ~ t ~ O ~ ~ ~  are to be fu'urther 

both re&ns. AS in the spherid-s 

hecomes hCEtXSb@y ~ ~ ~ ~ r t ~ ~  i6S 

report here on mi ~ n ~ ~ $ t ~ g ~ ~ ~ ~  of the vast- 
f the N = 83, z = cis nucleus "Tlb 

up to spin about 38. Data from a riaamber of ex- 
periments were used ta construct a kvel 
fox 14*Tb0 ~~~~~a~ experiments ~~~~~~y 
I 4 ~ ~ ~ ( l b ~ , ~ ~ 5 ~ ~  reaction at 127.5 and 155.5 
zm e x p ~ ~ ~ ~ ~ ~ ~ ~ ~  ~~~~~~~~~~~n similar to that of ref. 
11, with the GeTi detcctorrj aad an array of Nal 
detectors s~~~~~~~ from prompt radiation by a Pb 
tunnel. The NaJ axray provided a masure of the 
delayed-gamma ~ ~ t ~ ~ ~ ~ ~ t ~ .  h s ~ ~ s g ~ ~ e ~ ~  ex- 
periments with the same reaction at 154.5 MeV. 

electrons in the range from abowt 
kek from the decay of the: ioome 
a ~ ~ i ~ ~ - ~ ~ ~ ~ ~  Si(I4 detector pixed at 

periments to ~ ~ a r a ~ ~ ~ ~ ~ ~ ~  the 
obtain better g a ~ ~ ~ - ~ ~ ~ ~ ~ ~ a  
C W K ~ ~  out using ~~.~~~~ on and 
151.3-MeV 32S on lznS~. In the latter case ex 
Ey-Ey-time data were collected using four 
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detectors. It may be mentioned that this was the 
first use of a sulfur beam from the ORIC. 

The initial I6O on "*Nd bombardrnet-xt was 
undertaken as a survey to search for high-spin 
isomers by looking for products with delayed 
multiplicity, M,, greater than about 10. The riiost 
promising case was a group of lines having MD 
about 13 and resulting from the decay of an about 
I-ps isomer. The isomer wsas shown to have Z = 69 
from the conversion electron data (via the K bind- 
ing energy) and A = 148 based on excitation func- 
tions and daughter activities, thus completing the 
identification of 148Tb. This assignment has since 
been confirmed by other g r o ~ l p s , ~ ~ ~ ~ '  who studied 
SQIII~ of the lower transitions in '48Tb. 

The level scheme shown in Fig. 2.57 was con- 
structed on the basis of gamma-gamma coincidence 
data. Level ordering is based primarily on prompt- 
feeding data. Ho~ever ,  prompt feeding for levels 
placed above the 5.6-MeV level was very weak 
Thus, above this point, ambiguity remains, and 
ordering is based on other evidence (e.g.* observa- 

OPNL-DtJG 79.20764 

Til2 J" Ea (kevl 

129) _ _  10033 

; I J I J  A - I  

Fig. 2.57. Faaatld Imel scheme of "Vb 
present muits. Level energies are given relativc to the 9" level. 
Placement of transitions marked with solid lines was established 
by gamma-gamma coincidences. Placement of the dashed transi- 
tions is based mainly on energy differences. 

tion of crossover transitions). Spin assignments are 
based on conversion coefficient data (Fig. 2-58) and 
angular distribution data. The half-life of the 
isoiaaer tentatively assigned as I" = 26' was deter- 
mined to be $48 rfr 40 ns from data obtained in the 
3zS + lZQS1l bombardmeiv. The half-life of the I l -  
isomer was determined to be 19.6 3: 1.1 ns, in good 
agreement with otlner measumner7ts.Z0~2' There is 
some evidence for another isomer with 7'1,2 R, 20 to 
40 11s in the decay scheme, possibly the I!W) state at 
4.8 MeV. 
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No direct evidence exists from citker our 
angulau distribution or conversion coefficient data 
concernilig the multipolarity of the 148-keV transi- 
tion. The dclayed yield of 140-kcV gamma rays [30 
k 6 relativc to /,(284) = 1001 aaguec str-ongly 
against an MZ or higher multipolarity. An M2 
assignmetit, which implies a Q 6.5, wou2d require 
1,(148) <, 13. Even if OUT interasity measurements 
were in error, an ilnurshaally large B(M2) 3 W.U. 
would be required to account for the observed half- 
life. The corresponding transition strengths for re- 
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maining possible ~ i ~ ~ ~ i ~ o ~ a r ~ t ~ ~ s ,  deduced from the 
tneasured TI,, of the 7723-lireV level and the 
l4O-keV gamma yield, are B(E1) 3 x IO-* W.U., 

I)  $%I 2.9 x 1 0 - 6  W.U., and B(E2j Q.6 0.08 W.U. 

The tentative placement f the 58- and 82-keV tran- 
sitions parallel to the ]I -key transitions, together 
with the very large El retardation required, argues 
against a n  El assignment for the I4Qb-keV transi- 
tion. Evideiice that the 58- and 82-keV transitions 
are involved in the decay of the 848-n~ 148Tb isomer 
comes froin their identificati n in gamma-gamma 
coincideme with several of e strong lower-lying 
lines ita the “‘Tb spectrum. The coincidence data 
gated by the 14O-keV transition were not of suffi- 
cient  it^ to ~ § t a ~ ~ i s ~  whether these t r ~ n s ~ ~ ~ o ~ s  
were or were not in coincidence with this line. The 
El a s s ~ ~ ~ ~ ~ ~ e I i ~ s  are the only ones consistent with the 
observed 1, for these low-energy transitions. An MI 
or higher ~ u ~ t ~ ~ ~ ~ ~ a r ~ ~ ~  assignment would imply a 
conversion coefficient at least 80 times greater at 58 
keV. The relative ordering of the 82- and 58-keV 
transitions i s  not established. An 

-keV transition cannot be ruled out entirely, 
saild imply an unusually large Petardation 

factor (3 ;i lo5) and require that a porsible 4WlaeV 
hi t ~ ~ ~ ~ ~ ~ ~ ~ o ~  connecting the 7723 and 
ievels have a strength B(&q $) 5 x 10-5 
therefoa e considler the E2 ~ S S ~ ~ I X I X X I ~  as ~ i ~ t ~ t  prob- 
able. 

a s $ ~ ~ ~ ~ ~ ~ ~ e ~ ~  a4 an E3 transition are the most ten- 
tative of those involving the primany decay of the 
issnier, being based entirely on level energy dif- 
ferences and csn the fact that the experimental ag is 
~ ~ n § ~ ~ t ~ ~ ~  with 2 3 -  

~ u ~ ~ ~ ~ t  for the inclusion of the three lew- 
energy El ~ ~ ~ n s ~ ~ ~ ~ n s  (5  -, $2-, and 72-keV) in the 
level scheme is p 
ma9 delayed p a  
scheme without ~ ~ ~ ~ ~ s ~ o ~  of these 1 
sitions predicts too low an x-ray 
inclusion is consistent with the data. 

~~t~~~ the context of the empiricd spheric 
shell-mod& approach af ~ ~ o ~ ~ ~ ~ ~ ~ s t ,  1 2 ~ 2 a  a likely. 
~o~~~~~~~~~~~~ for a spin 26 isomer in ‘“Tb near 7.7 

kcV ~ r a ~ s ~ t ~ ~ ~  to a spin 24 state then could 
gous to the (d5f2-1g7t2-’)6- to (d512-2)4t transi- 

The ~~~~e~~~~~ of the 41 -3-keV garrrrna and its 

ided by the obse 

tion in IA4Snn [.ilihicln has B ( E )  
pared with B(E2) = 0.08 for 
t ~ a i ~ $ ~ t ~ ~ ~ ~ ,  and the 43.8-keV E3 ~ ~ ~ n s ~ ~ ~ ~ n  can be in- 
terpreted n a ~ ~ ~ ~ ~ ~ y  as a ~ r ~ n s ~ ~ ~ o ~  to a [n(hll/2’ e i s 1 2 - ’  

91,f-‘)39,2 V S ~ ~ ]  state, since B(E3) = 5 
€or the 418-keV decay, not very different from the 
B@3) = 36 W.U. for the ‘‘ilPlt” +Af2 transition in 
“’Gd (the “i1312’’ state has a large f,,* x 3- admix- 
t we). 

While this interpretation is appealing, it does 
contradict our (somewhat uncertain) parity 
assignments above spin 18. The deformed- 
independent-particle calculations would suggest 
that a state involving alignment of particle and hole 
angular momenta, such as that suggested above, 
would be extremely unlikely to form an yrast 
state-and in particular an isomeric state. Further- 
more it would seem almost certain that neutron ex- 
citations should be important at such high excita- 
tion energies. These would suggest 
that candidates for yrast states in this spin and ex- 
citation energy region would be states like 

I.@&,*-‘ hl * l t 2 ) 2 1 / 2 , L J / *  

[n(d5/2-’ j211,23)2112 

V ( d , n - ’ 5 , *  A912 i13/2129/2Iu+p+, 

V ( ~ W ~ - ‘  f7/2 i13/1)211t~23/2124,,ZfC) or 

(where the configuration is understood to develop 
continuously into these states as the deformation 
goes to zero). Of these, the most Iikeiy to form 
isomers from the point OF view sf the cdculaiisn 
would probably be the 25’ and the 28- state, in 
disagreement with out level scheme. 
____l___l__- 

1 .  St. Louis University, St. Louis, Mo.; present address: 
South Carolina Electsic & Gas Company, Columbia. 

2. Washington University, St. Louis. Mo. 
3. Present address: Institute of Physics, University of Upp- 

4. Present address: Fusion Energy Division. 
5. Institute for Nuclear Research, Swierk, Poland; visitor 

1977-78 at University of Indiana, Bioramington. 
6. A. Bohr and B. K. Mobtelson, Phys. Scr. IOA, 13 (1974). 
7. K. Neergwd, V. V, Pashkevich, and S. Frauendorf, 

Nud. P”b?ys. M.62, 61 (1876). 
8. ’r. 9,. Khrro, R. K. Smither, B. Haas, D. Hausscr, M. R. 

Andrews, D. Horn, and D. Ward, Phys, Rev. Letit. 41, 1027 
( 1978). 

9. D. Horn, 0. Hawser, T. Faeskrmann, A. B. 
McDonald, T. IC. Alexander. J. R. Beme, and C.  J .  Merrlander, 
Phys. Rev. Lett. 39, 389 (1977). 

IO. 8. Hauser, B. Taras. W. Trautnann, ID. Ward, T. K. 
Alexander, H. R. Andrews, B. Haas, and D. Horn, Phys. Rev. 
Lett. 42, 1451 (1979). 

11. J. Pedersen, B. B. Back. F. M. Bernthal, S. Bjg4rnholm, 
J .  Borggreen, 0. Christensen, F. Faikmann, 3. Herskind, T. L. 
Khoo, M. Neiman. F. Buhlhofer, and G .  Sletten, Phys. Rev. 
Lett. 39$ 990 (1977). 

sala, Box S30, S-75121 Uppsala, Sweden. 



12. P. K l ~ ~ n h i i n z ,  Sym~nmiarm on Plrgh-Spin Phenomena !n 
hrt~lei* Afgonng Mationcl d ahorirtoiy, M W C ~  15 17, 1979, ANL 
PPIY-70-a4, p. 125 (unpublished), 

Ogawva, 7. P h p .  .4.2%, 279 (1979). 
13. P. Kleinheiwz, R.  Wroda, P. J .  Daly, S .  Llmamdi, and M. 

14. K. Natsuyaoagi, 1'. iaplaing, and K Neeegzrd, Ntrd 
Phys. A B T P  753 (1975). 

15. G. Amderssm, S. E. Lapson, G .  Lemder, P. Molkr, S .  
G .  Nilsson, A. Ragnarssan, S. Aberg, and R. kngtsson, Nud. 

16. M. Cc~kaski, J .  D~idek, P. Romej, and Z. Szymanski, 
Nud. Phys. A3XS, 269 (1979). 

17. T. D@ssing, K.  NeergHG. and H. Sagawa, Proc. Intern. 
Conwf nn N U C ~ Q U ~  Behavior at High Angulur .4lornentufn 
(Strashouurg, I9ZCEl.. 

18. 0. Mgusser, M.-E. Mahnkz, J .  F. Shanpey-Schafer. M. 
L. Swanson. P.  Tim?, D. Ward, €1. W. Andrew, and T. P. 
Alexander, Phys. Rev. Leti. 44# 132 (1981). 

19. I, West,-rberg, 1). G .  Sarantitcs, R. Lavett, 4.  T. Hood., 
J.  I?. &.rker, C .  M. Currie, and N. hhllani, Nuel. Instrum. 
A4ePthodr 145, 295 (1977). 

20. R Rxda, M. Bshar, P. i(leinbeinz, P. J.  Ddy, md 9. 
Blomqvist, Z. P h p  293, 135 (1979). 

21. N. C. Stnghd a d  M. W. Johns, C ~ / L  J. Ph,k's 91, 358 
(1979). 

22. J .  Bllomqvist. Syrnpostwn on High-Spm Phenomena m 
N&%ki, A i p n n e  Natamal LaSorulory, March 15-1 7, 1979, ANL 
PWY-79-4, p 155 (unpublished). 

PiqVs. A%b, 205 (1916). 

I .  Y. Lee 
5. A. I?jorth* 
Th . 1 .indhlad* 
L. I,. Wiedingerf 
W. 0. Sayer' 

D. R. f-Iaenn..ri~ 
N. W. Jolnnson 
W. T. Milner 
R. L, Robinson 
G. R. Young 

s. w. YatesJ 

In the gamma-ray decay of c~mpound nuclei 
formed in ~ e ~ ~ y - ~ ~ ~ ~ ~ n ~ ~ ~ ~ e ~  fusion reactions, only 
the low-spin (Z < 30) transitions show up as discrete 
gamma-ray lines; transitions from states with 
higher spin form a continuum. We have performed 
e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ $  on the gamma-ray contiiiuum in o~der  

w p w = -  
ties such as effective nzswents of inertia and feeding 
lifeeimss. Recently B method has been ~ ~ ~ ~ ~ 5 e ~ 6  by 
which it i s  possible to obtain the true collective mo- 
ment of inertia from gamma-ray energy-energy COT- 

relation data. 
Using this method, we haw studied "%a rand 

to determine tI>!,Ckm hi fla-spin (30 c 

"'Ce formed in "*Pd[t"e,4n) and " G p W e , 4 @  
reactions. In the e ~ ~ ~ ~ ~ ~ ~ ~ ~ s  the continuum g m n a  
rays were detected in coincidence by three 12.7 x 
12.7 cm NaI detectors, ad two 25.4 x 25.4 cm NaI 

total-erergy detectors were used fop. reaction- 
channel selection. Data were recorded only when at 
least two small NaI detectors and one large detector 
interccpted gamma rays. By putting a prayper lower 
limit on the total energy, we could exclude other 
reaction channels (such as 5 n  and 6n). Events cor- 
respanding to neutrons were eliminated by using a 
time-of-flight nnethod. In the data analysis the ex- 
perinnenad t w o  dimensional energy-energy spectra 
were first ~ ~ ~ o ~ ~ ~ ~ t o  remove the effects of detector 
response ( S P I C ~  as from the Compton and escape 
events); then a sixktraesion method6 was applied ezs 
extract the corielated s m a .  Figure 2.59 shows a 
spectrum for '**Ba. 

The main featmre of the spectrum in Fig. 2.59 is 
the presence of a valley d ~ n g  the diagonal (ET, = 
Ey2) up to 1.4 MeV. The highest spin state known 
from discrete line spectroscopy' is the 18' state with 
Ey = 0.95 MeV. Therefore the present result 
establishes the collective rotatioiad behavior of this 
nucleus to a region considerably higher than can be 
reached by the discrete-gamma-ray studies. Fur- 
thermore, from the width W of the valley, we can 
extract the collective moment of inertia 

2b,/bi* = 16/W, (1) 

and the nuclear rotation frequency w can be derived 
€ram the gamma-ray transition encrgy E7: 

.fiw = E / 2 .  (2) 
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The moment of inertia as a function of the 
square of the rotation frequency is shown in Fig. 
2.60 for '93a and "'Ce. For both nuclei, we 
observe an initial increasing of the moment of iner- 
tia until = 0.15 MeVZ. This is followed by a 
reduction of the moment of inertia, and afterward 
it stays constant up to 0.4 MeVZ. 
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Fig. 2.60. Collective moment of iwrtia of 126Ba and l%. 
The circular points represent results from discrete-line data; the 
triangular points represent results from present work. 
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BACKBENDING OF THE MOMENT OF 
INERTIA ABOVE THE KNOWN SPIN 

LIMIT iN 19%r 

H. Yamada' M. Herath-Banada' 
A. Ahmedl S. Hjorth2 
J. D. Cole 
M. L. Halbert 
J. H. Hamilton' 
D. C. Hensley 

C. F. Maguire' 
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A possible nuclear shape transition from prolate 
to oblate deformation induced by rotational align- 
ment, which is expected to occur above spin 40, is a 
very interesting subject to be investigated. In the 
near-spherical nuclei "'Dy and IS4Er, the observa- 
tion that the yrast excitation energies increased as 
(&*//a@ Z(1 +- I) above spin I4 has been taken as 
resulting from the alignment of the spins of the tn- 
dividual nucleons. In deformed nuclei such as 15*Er 
and 16uYb, discrete states are known only up to spin 
32. Although the failure of discrete-gamma-ray 
measurements above spin 32 is attributed to the ex- 
istence of many parallel bands built on quasi- 
particle states which smear out the individual gam- 
ma transitions, we expect that discrete-gamma-ray 
measurements can be extended to higher spins by 
using some special angular momentum. filter. 

A special reaction useful for selecting essentially 
only the high-spin population is the partial- fusion 
reaction (PFR) accompanied with emission of fast 
light particles. The reaction mechanism has been 
shown to be associated with peripheral coIlisions.'*' 
The PFR is characterized by a narrow spin popula- 
tion localized neat the critical angular momentum 
(about 63fi) for fusion. These characteristics of the 
PFR provide the following special advantages for 
gamma-ray spectroscopy: (1) Only very high-spin 
states are populated. This dlows one to focus on ef- 
fects associated with this narrow spin window, This 
also implies that few gammadecay paths are in- 
volved, which helps to clean up the continuum 
gamma-ray background. (2) The PFR of 167-MeV 
I4N leads to ay = 31, whereas the complete fusion 
of 200-MeV 'OAT leads to My = 27 only. The PFR 
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populates the high-spin states more efficiently . (3) 
'The distribution in inass of thc evapuratiam residues 
is narrow, as shown in ref. 4, arid a reasonably ac- 
curate miass identification ca~ be made directiy 
from the PFK light-particle energies. (4) The cross 
section for the BFR is relatively large (ahout 500 
mb), and our efficiency for collecting the I'FR 
products is nearly 80V0, iising a forward annular 
telescope. ( 5 )  The often serious p u b k m  arising 
from 1Doppl.e~- shift effects in the gamma-ray 
energics measui-cd by the GeCLi) detector is largely 
avoided with the i m  of I4N, a "light" heavy ion. 

We combined a gamma-iay e i ~ ~ g : ~ - e n ~ r ~  COT- 

relation method5 with the PFW technique, using 
three large collimatcd NaI detectors, a Ge(Li) detec- 
tor, and a forward anndar light-pa tick detector 
telescope. The reaction wed was l 5  tSm[14N,(p, d, or 
t ) x ~ t ] ' ~ ' E r  at a bombarding enwgy of 167 MeV. In 
rig. 2.51 wc shoi;a P gamma-ray energy-energy COF- 

relation map takeil in eoiacidersce with the fast light 
particle.;. In this expeiimelnr we obtained a total of 
about 3 million particle-gamma-gamma coincidence 
events where the moi c usual gamma-gamma cor- 
relation studies with cornpl&z-fusion reactions 
generally reqitire at least 50 million events. But 
because the fast light particle coincidence reyuire- 
meat improvcs the peak-to-background ratio by 
moie than m 01 der sf magnitude, thc qnali:y of thc 
" h ~ ~ ~ ~ ~ . o ~ i i O " - ~ ~ b t r d e Q e n  data is comparalile to 
that obtained with the usual techniqie. The map in 
Fig. 2.51 i s  mainly associated with IssEr, since the 
cross section fer producing 15%r is at Beast two 
times those for producing 1s7.159Er and since other 
reaction channels W C P ~  not observed in the cain- 
cidence Ge(I i) spectra. 

'The map shows valleys and bridges along the 
diagowl, particularly ti:ose irssociated with the 
k n o w  first aad szcsnd back bends in 15*Er near 0.5 
and 0.9 MeV. There is one clear bridge located at 
0.7 MrV, but thcrc arc iao back bends associated 
.;slit$ ' T r  beiwee;~ the first and secotld ones already 
mentioned, We finad that the 0.7-MeV bridge is not 
correlated &ir known I5'Er transitions and kc1 
that this bridge probably is awwciated with either 
"'Er or lJ9Er, although bzck bends have not been 
obser vcd in the odd-,.d nuclei i57,159Er, probably due 
to blocking effects. 

Two featuics of the correlation map are worth 
pointing out. First, a broad accumulation of cor- 

( ' 5 8  E?) 
1st  b.b. 2nd b.b 

E[ I 

- 

t 
1.. 
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0 i .o 
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Fig. 2.61. ~~~~~~-~~~ ~ ~ ~ ~ ~ ~ e ~ ~ ~ ~ y  correlation map ob- 
t a i n ~ ~  itp cotnciae~c.e with PSSB light ~~~~~~~ @, ca, end 0. The 
clear vdky dong the diagond is crossed by bridges, ~ W Q  of 
which arc associated with known back bending in "'Er near 0.5 
MeV (first) and 0,9 MeV (second), Yhere ape additional bridges 
at 0.7, 1.1, and 1 2 MeV. 

related events between 0.9 and 1.4 MeV seen in the 
12"Sn(4aOAr,41a)160Er complete-fusion reaction6 is not 
seen in OUT data, possibly becawe only very high in- 
itial spins are populated. Second, there are likely 
additional bridge structures near I .  1 and 1.2 MeV. 
If these are associated vi th  additional back bends in 
Is8Er, they would be for spins greater than 32fi and 
would suggest that there i s  continued alignment of 
high-j orbitals, in other words, that collective rota- 
tions perpendicular to the symmetry axis continue 
on up to at least kw := 43.6 MeV. 
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LIFETIMES OF ROTATIONAL STATES 
IN ls4Sm 

N. R. Johnson 
R. J.  Sturmz E, Eichier3 
R. 0. Sayer4 

M. W. Guidryl 

D. c '~  Pjensleg, 
N. C .  Singhal' 

~ e ~ s u ~ e ~ ~ ~ ~ s  of the lifetimes of collective 
nuclear states provide detailed information on the 
nuclear shape corresponding to those states. A par- 
ticularly interesting region for such studies is the 
beginning of the rare-earth nuclei, where the addi- 
tion of only a few particles precipitates a rapid tran- 
sition from spherical to deformed structure, with a 
small region of vibrationally soft nuclei lying be- 
tween. In the present work we have made lifetime 
measurements for 4 6 10 in the ground-state rota- 
tiom1 band of the nucleus "*Sm, and we discuss the 
results in the light of the fact that '5aSm lies on the 
deformed edge of this transition region. These 
measurements were carried out by the Doppler-shift 
recoil-distance (plunger) method, The method, ap- 
paratus, and data analysis techniques are 
described6-8 in detail elsewhere. 

Two different experiments were performed. In 
the first, a beam of 145.8-MeV 40Ar ions from the 
Oak Ridge Isochronous Cyclotron was used to pro- 
duce Coulomb excitation in the lsrSrn target, and 
measurements of the shifted and unshifted peak in- 
tensities were made at a series of relatively large 
target-stopper distances to establish the lifetimes of 
the 4' and 6' members of the ground band. The sec- 
ond experiment was carried out with a 152.8-MeV 
40Ar beam, and here we looked primarily at close 
target-stopper separations to determine the 
lifetimes of the 6+, S', and 10' ground-state-band 
members. In both cases, the target was a 0.95-mg/cm2 
metallic samarium foil enriched to 99.54Vo in mass 
154. 

Figure 2.62 shows plots of the corrected ratios R 
for the 4" 2' and 6' --* 4' transitions in '"Sm, 
while Fig. 2.63 shows similar plots for the 6' + 4+ , 
8' -t 6+, and lo' + 8' transitions measured in a 
separate experiment. The ratio R is defined by R = 
fu/(f,, -t Is), where I,, and I, are the intensities of the 
unshifted and shifted peaks corrected for effi- 
ciency, solid angle, feeding from higher states, and 
alignment attenuation effects by the method 
described in refs. 6-8 and embodied in the com- 
puter program ORACLE.' In Table 2.8 we show a 
summary of the half-life and B(E2) values obtained 
from the data in Figs. 2.62 and 2.63, 

L 

O R N ~ - U W C  f3-90ma . . . . . . . .  ...... ___ -.-, ............. 

'54Sm DOPPLER- SHIFT RECOIL-DISTANCE 1 
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Fig. 2.62. Plots OS ratios of snshiPW to s m  of anshifted 
and shifted gamma-ray intensities as a furnction of target-stopper 
separation for the 4+ - 2+ and 6' - 4' transitions in "'Sm. These 
data were recorded following Coulomb excitation of the target 
nuclei with a 152.8-MeV "Ar Beam. 

OPNL-CWG 7.3 - 11517A ..... ---.-. ......... ...... 

1 " ' S m  o w P L t H -  SHIFT RECOIL-DISTANCE 
(Correcled Data ) 

..... I L A . -  ..... 
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I .. L . . L  LA--- 
0 !.ea . 3.75 5 6 3  7 5 0  
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T I M E  OF FL IGI iT  ( P S I  

Fig. 2.63. Plots of ratios of unshifted to sum of anshifted 
and shifted gamma-ray intensities as B function of target-stopper 
separaticsrp for tbe 6' - 4+, 8+ -+ 6+, and lo' - 81' transitiom in 
'"Sm. The data were recorded following Coulomb excitation of 
the target nuclei with a 14.5.8-MeV *OAT beam. 

The results presented in column 6 of Table 2.8 
are suggestive of a rotor exhibiting a slight increase 
(less than 5 % )  in the intrinsic quadrupole moment 
as the collective angular momentum is increased 
from 0 to 18 units. Within the error limits these 
ratios are very near to unity, but the trend as one 
moves to the higher-spin states in 15"Sm is toward 
increasing values for the experimental-to- 
theoretical I?(=) ratio. This trend i s  dso evident in 
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Transition E (kev) Tin (IPS) 
_I__ 

2 - 0  88.89 
4 - 2  184.8 169 fr 10" 
6 + 4  276.9 22.9 f l.Od 

21.2 I 1.1' 
8 - 6  358.9 5.82 * 0.38" 

10-8 430.2 2.37 k 0.18' 

B(D)exp/Nm)rot  

Diamond et al. Weighted 
ref. 11 average 

4.928 0.879 f 0.002' 1 .w 
0.2738 1.21 & 0.07d 0.97 k 0.06 
0.0727 1.46 !- 0.06'' * o.oy 

1.52 + 0.05' 
0.0327 1.57 k 0.lW 1.09 * 0.07 
0.0194 1.60 k 0.12' 1.08 f 0.11 

1 .w 1 .w 
0.94 f 0.03 0.94 ?t 0.03 

0.99 & 0.04 1.02 f 0.03 

1.03 1 0.11 1.07 k 0.06 
1.08 f 0.11 

~~ ~ 

"Total interad conversion coefficient from refs. 9 and 10. 
bWeighted average value from (a,a') experiments of refs. 12-16. 
'Normalized to unity for the 2 - 0 transition. 
&Froin experiment with 152.8-MeV "'AI- beam. 
'From experiment with l45.8-1MeV 'OAr beam. 
FAverage value from the two rneasiarernsnts. 

the weighted averages of our values and thssc of 
Diamond et al.," as shown in column 8. 

The 90-neutron nuclei "ONd, 152Sm, "'GGd, and 
156Dy are known to exhibit considerable eakanse- 
ment of B ( E )  values over thc rotational prediction 
for 6' through 10" members of the g ~ ~ r d - ~ t a t e  
bands. The most frequently applied interpretation 
of this effect is that of centrifugal stretching in these 
a-soft isotones. Thercfore thz piesezt result< on 
I 54Sm suggest a significant increase in nuclear rigid- 
ity arising from adding two neutrons to the N = 30 
nucleus 15zSm. For example, the ratio 
~ ~ ~ ~ e ~ ~ / ~ ~ ~ ~ ~ ~ *  for the 8 --* 4 transition is about 
1.3 for '52Sm but only about 1.09 for 154Sm. 
WQWVLT, our data also suggest that the nucleus 
IJ4Sm is still slightly soft against centrifugal distaa- 
tion when compared with nuclei lying hrther into 
the defmncd region. A detailed account of the 
present work was published recently." 
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MEASIJWEMENTS OF THE REDUCED 
TRANSITION PROBABlLITIES IN 

I52,154(.1S6.1S8.160~ I 36Xe PWQJECTII,$S 

I. Y .  Lee 
T. T. Sugihara' 
E. L. Robinson) 

N. R. Johnson 
M. W. CuidryZ 
R. M. Diamond4 

F. S. Stephens4 

At the beginning of the rare-earth region, the 
nuclei change from nearly spherical to highly 
deformed shapes. The stable gadolinium isotopes 
span this region and are, therefore, very suitable for 
ctudying the transition from lioncollective to collec- 
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comparison with the rotational values derived from 
M(E2, 2' -* W). These results show that the $+, lo', 
and 12' states of 156.155.160Gd follow the rotational 
model, in agreement with the gamma-ray yield 
results. 
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N STATES IN 16'Yb 

L. L. Wiedinger' 
S .  A. Wjorth' 
I .  Y. Lee 

D. K. Haenni' 
N. R. Johnson 
W. K. Luk' 

K. 1,. Kobinson 

The yrast line of rotational nuclei has been 
surveyed rather well up to I = 20 in most cases and 
up to Z = 28 in a few. One finds sudden rearrange- 
ment of  the angular-rKomenturn-carryillg mades in 
the form of the first back bend (I r~ 12) and, in a 
few cases, the second back bend (I 28). It is of in- 
terest to study the yrast and near-yrast region at 
higher spins to see what other rearrangements take 
place. Is pairing depleted after the second back 
bend? Will other particles be rotationally aligned? 
Are shape changes imminent? To try to answer 
these questions, we have worked to study discrete 
lines in rotational bands in regions at or beyond 
I = 30. Techniques more sophisticated than those 
in vogue five years ago are necessary to perform 
spectroscopy nieasurements on the weak transitions 
on a high background in (Hip) measurements. 
We have developed multidetector arrays to en -  
phasize those reactions that produce she high spins, 

At first, five, and then seven, Ge counters have 
been used in our recent measurements. The high 
multiplicities of these reaction products often result 
in three or more Ge counters firing in the coin- 
cidence mode, giving a large number of Ge-Ge pairs 
to be analyzed in order that a level scheme can be 
constructed. A selection of the reaction product is 
performed by requiring that a large total gamma- 
ray energy be detected in two large NaI counters, 
one a 25 x 25 can crystal located below the reaction 
plane and the other a 22 x 30 cm detector placed 
above. The coincidence data are sorted in a 
specialized program4 where the channel number of 
the individual Ge detector is gain-shifted event by 
event on analysis, so that one 2048 x 2048 coin- 

cidence matrix containing all Ge-Ge pairs is at- 
tained. 

A multidetector array containing five Ge 
counters was used to study I6'Yb by the (2ONe,4n) 
reaction at 1107 MeV bombarding energy. Detailed 
spectroscopy on this nucleus had recently beeis per- 
formedS by using the I6Q,3n) reaction. That work 
led to the assignment of the yrast line up to Z = 28 
and five side bands up to Z 23. The yrast line was 
known to exhibit a sharp back bend at *io = 0.28 
MeV [resulting in an angular momentum alignment 
gain ( i)  of 10.M] and a partially completed second 
back bend (up bend) at Ww = 0.41 MeV with 
unknown alignment gain. The side bands uniformly 
exhibited band crossings at tio - 0.35 MeV, 
although the crossings were not completed, and 
thus the gains in alignment are not known. The 
yrast and two of the side bands are shown in Fig. 
2.66. In order to clearly identify the quasi particles 
(q.p.) responsible for the crossings, higher $pia 
states must be known. 

I- i 

A.  ( M e V !  

Fig. 2.66. Plot of I ,  vs hw for the ymst (~~~~~~~~~~ line) 
band in '"Yb, in addition to side bands 1 ~~~~b~ line) and 2 
(solid). The circled points resulted from ORIC work, while the 
others were first assigned in the NRI mrawrements and observed 
also in the ORIC experiment 

The larger P,,, of the *"Ne-induced reaction 
(compared with the l60-inducecd study) resulted in a 
very large increase in the observed intensities of the 
high-spin states, as shown in Fig. 2.67. This allowed 
identification of higher spin states in several. of the 
bands, as shown in Fig. 2.66. Tentative assignment 
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Fig. 2.6%. Relative gamma-ray intensities observed in three 
different m e ~ s ~ ~ e ~ ~ ~  The values are normalized to I .O for the 
4 .- 2 transition. 

of the B = 34 past  state means that one or two tran- 
sitions in the four-quasi-particle band after the sec- 

gain in this crossing will be discussed in the follow- 
ing contribution. 

'The two negative-parity side bands have cross- 
ings at Ao,  - 0.35 MeV, arid our new data 
demonstrate that there occurs an approximately 6.5 
f i  increase in I*, the angular momentum along the 
sotatdon axis. This crossing Erequeency and i value 
agree well with what is expected for the rotation 
alignment of a pair of i,1,2 neutrons, not those in 
the lowest two orbits (call them A and B, i 10%) 
but those in the next two orbits (R and G ,  i 2 M). 
'The AB pair i s  responsible for the first ysast back 
bend, but the A Is blocked in the two side bands, 
since they are composed of it,,, neutron level A in 
c o ~ b ~ ~ a t ~ o e n  with the h,,, neutron levels. The 
characteristic GO, and i for this BC crossing are 0.36 
MeV/& and 6pi, in agreement with the data 
presented here. These calculations were performed 
in the ~ o ~ ~ ~ ~ ~ s ~  of the cranked shell model, as 
discussed by Rertgtsson and Frauendorf6 and by 
Riedinger et da1.5.7 

k ond back bend have been observed. The alignment 

1 .  University of 'Tennessee, Knoxville. 
2. Present address: Texas A&M IJniversity, College Station. 
3. Present address: AFI, Stockholm, Sweden. 

4. H. Ower, University of Tennessee and ORNL. 
5 .  L. L. Riedingcr, 0 .  Andersen, et al., Phys. Rev. Lett. 44, 

6. R. Bengtsson and S. Frauendorf, Nuci. Phys. A327, 139 

7. k. L. Riedinger, iVud Phys. A347, 141 (1980). 

568 (1980). 

(1 979). 

NEW YRAST BANDS IN 162.164Hf 
L. L. Riedinger' H. Ower' 
M. P. Fewell 
J .  S. Hattula' 
I. Y. Lee 

D. R. Haenni2 
S. A. Hjorth4 
N. R. Johnson 

The N = 90 nuclei '""Yb (ref. 5 )  and 15*Er (ref. 
6) both exhibit second yrast back bends at lio = 
0.41 MeV, Theoretical calculations'.' suggest that 
the alignment of h, protons is responsible for that 
crossing, but then an oscillation of the strength of 
this crossing with proton number should be evident. 
To search for this effect in light Hf (Z  = 721, we 
have begun measurements on the virgin nuclei 
162,x64Hf (no known excited states). A muitidetector 
array involving seven Ge counters was used in 
these measurements. The reactions used were 
'4sSm(20Ne,4n) 164Hf a t  114 MeV and 
144Sm(22ZNe,4n) "Wf at 123 MeV. The beam 
energies were varied by use of degrader foils for an 
excitatian function on these previously unknown 
final products. 

The ' W f  data are quite good, rich in side-band 
information. However, only the analysis of the 
yrast line i s  reported here. The first back bend in 
164Wf is quite sharp, similar to 160Yb. After this back 
bend these two S bands are quite similar up to 1 = 
20. The extreme similarity in these two yrast lines is 
surprising, in view of the different IV, Z, and defor- 
mation. The two past  lines begin to diverge at I = 
22, after which the second back bend occurs in 
160Yb but notably not in Y 4 f  (at least up to I = 
28). The close similarities of these two cases up to 
I = 20 suggest chat the divergence beyond I = 20 is 
due to the interaction of the two-quasi-partide 
(9.p.) and four 9.p. bands in the second back bend 
of IdOYb. This interaction is evidently much smaller 
(or absent?) in '"Hf, and so one can view the 
smooth S band in 164Hf as a good estimate of the 
reference two-q.p. configuration to which one can 
compare the four 9.p. configuration of I6"Yb. Per- 
forming this comparison yields an alignment gain 
of 6.7fi in the second backbend, in good agreement 
with the predicted i for h,,, ,  proton alignmenL7 

. ...... ......................................... ... -- . . . . .. . . . .... 
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Our more recent rnwwrernent on IbZWf has 
yielded data not as clean as those for '64EEf (life 
becomes more difficult farther from t!ie line of 
stability) but still of high enongh quality to con- 
struct the yrast band. The dcf0rmation is less (first 
2;' = 284 keV in Ib2Hf, 211 in '*dHf) for 16ZHf, but 
the first back bend begins once ngairi at I - ?23 aiid 
is again quite sharp (see Fig 2.68). In contrast to 
the oscillating nature of the sharynesr of the firs: 
back bend closer to stability in this region, ive 
observe very similar and quite sharp back bends in 
these three nuclei. It is possible that the wme func- 
tions of the ground and S bands imi thcsc nt&i of 
small deformations are sufficiently differeiit in a 
consistent manner. giving sinall interaction a i d  
sharp back bends. This story of uiiiformiiy does riot 
hold, of course, for thc s:cond back bend. 

5 

1 
I 

6 

After the first crossing, t k  S barid of '"Iff i s  
similar to the others at I - 18, but then it rises 
faster than that of 160Yb. The assignrireiits up to the 
862-keV 26' -* 24' transition XI"I fairly definite, and 
the next tramition may bc the 790 keY !inc. a 
doublet with that of 24 -* 22. This terrtative ascign- 
ment would dictate a shmp rccond back bczd 
and woljlld indicate that thc two-q.p.-foiir 4.p. in- 
teraction at t i ~ ,  0.4 MeV i s  decreasirip system- 
atically for Z 2 68, 40, and 72 respectively. Yhc $if- 
ference in ' 9 3 f  and 16*Hf is sttikiag mdr requires 
detailed cranked-shell-model calcnlations to find if 
the alignment of hI , , 2  protons can explain the varia- 

tion. Tbcse calcnlations' suggest that a crossing of 
hg,12 neutrons is also possible at similar frcquepcies; 
such a crossiiig would be expected to be more 
neutron-nambe; dependent, and $8 it is important 
to see which effect can explain these ne-,* data. 

I .  Gniversity of Ttnxessee, Knoxvi!!e. 
2. Prc'Imt addrcss: Texas A&hI University, Collsge Station. 
3 .  Visitor from Ljniversity of Jyvaskyla, Finland. 
4. Fres<i?i adrlrcss: AFT, Stockhols. Sweden. 
5 .  L. I,. Ricdkger, 0. Andersen, et al., Phys. Rev. Leii. 44 

6 .  1. Y. Lec et al., Phys. Ref. Lett. 38, 1454 (1977). 
568 (1980). 

I .  K. Bc~gtsson and S .  Frauendoif, NucI. Phys. A329, 139 

8. A. Faessler and kl. Ploszajczak, Phys. Letf. 7$B, 1 
(1979). 

(1978). 

In thc speciiosropj of high-sph states, therc are 
three types of par& aers to measwe. The frequen- 
cic; of band crossiiigs and the aliqr~rncnt gains 
which result in these crossings are twc such quan- 
tities discussed i n  thc prcvious tvo contributions. 
The third quar3tit-d is the c ~ l l ~ t i v e  jnornent of iner- 
tia. 0 

The total airgular momentum along the x (rola- 
tion) axis, I,, can be niitdzn as thc sum of a part 
froin alignment of qiiasi pal iicles (q.p.1 along the 
rotation axis, i, ard a pact from ~otat10n of the 
iionaligned core, X : 

r, -= i i- I?. 

'lhe rotational angular mcsme~turn can be written in 
t C l i i ; h  7f a collective mokT1eQt of inertia, v~hich 
seems to vary with frequency and can thus be 
pai.amt:rk:! by t k  ertp;~nsii~n 

t ( $ 0  t fl1w'] . I, - i ,ab!,, ~ - 
0 (0 

This is hd f  the usual rffective moment of inertia 
plotted in tkc. back-bending graph, 2 &/f i  = (41 - 
2)&. for an I -.. J - 2 transition. S i ~ h  a plot is 



89 

made for the new data reported by WalusJ on ' T b  
in Fig. 2.69. A large increase in & ( I )  occurs at the 
back bend, since the aligned angular momentum in- 
creases from a very small value in the ground band 
to a rather large quantity in the X band. After the 
back bend, i is approximately constant, and so the 
first term in the above equation decreases with in- 
creasing w, causing the characteristic droop in 

& ( I ) *  The effect of the term in i can be eliminated 
by defining a moment of inertia based upon second 
differences: 

For K = 0 bands, plo is half of the transition 
energy, and so experimental estimates of L J ~ ( ~ )  can 
be deduced from A U A o  for two consecutive rota- 
tional transitions in a band. The experimental 
values for lb6Yb are displayed in Fig. 2.69b. 

In Fig. 2.69a, one can easily observe the dif- 
ferent behavior of the moment of inertia with rota- 
tional frequency in the ground vs the § bands 

I 

1 
20 ......... I !. .__I .................. 

04 on 

2.69. Moments of inertia foe dRc yr& barad in ' T b .  
(u) Plot of &{'' = IJW vs (ffwy; 
@) plot of Sb(*) = dh'dw. 6 md 5 refer to the ground and S 
bands respectively. The data of Walas (reF. 5) are used for the 
states of highest spins. 

While increases constantly with o* in the 
ground band, this quantity is more constant in the S 
band. This is more easily seen in Fig. 2.69b, where 
the parameter expresses this difference: 9, is 
4.5 times larger in the ground band than in the S 
band. In addition, one notices a larger value of 9, 
for the § band by extrapolating to w = 0. 

Figure 2.70 presents a summary of So and 9, 
values extracted from experimental data in this way 
for ground and S bands in a number of light rare- 
earth nuclei. In order to extract reasonable values 
for an §band, one must know experimentally three 
or four rotational transitions after the completion 
of the band crossing. This excludes from this 
systematic representation many back-bending 
cases, especially if the crossing has the nature of a 
weak up bend. 

go 
is larger and .$, smaller for the S band compared 

'The trend for Fig. 2.70 is clear: in all cases 

O R N I  W J G  81-18745 

.-. _. S Band 
G S B  ........... 

. ...... ......... ......... 
88 9 2  96 

M 
0 L I_ I I L - i d  _I_._. i..- 

Figa 2.70, Vdum of the moment of inertia parameters, 9, 
and SI, far Borne Back-bending nuclei. Dark symbols and lines, 
ground-star band,: open symbcrls, S bands. These values are ex- 
tracted from experimental transition energies, as demonstrated 
in Fig. 2.65%. 
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with the ground band. Furthermore, 4 and J1 
values extracted from a one-q,p. band in Is1Yb (ref. 
3) are intermediate to the 0 and two-q.p. values for 
N = 90 and 82 in Fig. 2.70. An increase in the 
number of quasi. particles evidently increases the 
deformation ( So increases) and decreases the de- 
gree to which $ varies with frequency (S ,  
decreases). This is a new correlation which must be 
calculated theoretically from basic models. In a 
loose way, 9, can be viewed as the coefficient of 
the “stretching” term in the moment of inertia. 
This is not necessarily a physical stretching but 
more an increase due to a gradual decrease in the 
pairing correlations, prompted by the nuclear rota- 
tion. The trend shows consistently less “stretching” 
for S bands compared with ground bands. 

Of interest, then, is to extract &o and -57 from a 
four-q,p. aligned band. We observed two rotational 
transitions after the second yrast back bend in 
160Yb, as shown in Fig. 2.68. This leads to one point 
in the vs o2 plot, which of course is insuffi- 
cient for extracting So and SI for this four-q.p. 
band. Studies of higher spins beyond the second 
back bend in lsOYb (and other cases) are important 
for learning the behavior of the collective moment 
of inertia in certain four-q.p. bands at high fre- 
quencies. 

1. University of Tennessee, Knoxville. 
2. R. Bengtsson and S. Frauendorf, Nuci. Phys. A327, 139 

3. I,. L. Riedinger, Nobel Symposium on High Spin States, 
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LIFETIME MEASUREMENTS IN ‘ W y  

M. W. Guidryl 
N. R. Johnson 

I. Y. Lee 
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F. S. Stephens’ 

We have used multiple Coulomb excitation and 
Doppler-broadened line shape (DBLS) methods to 
study the nucleus L62Dy. The Coulomb excitation 

measurements utilized 1-mg/cm* targets and 
595-and 623-MeV lSsXe beams with gamma rays 
detected in coincidence with scattered particles. By 
using multiplicities determined from an NaI array, 
expected systematics, and variation of intensity 
with particle scattering angle and incident energy, 
levels in the ground band have been assigned 
through spin 20 (spins 14-20 were not known 
before). They are displayed in Table 2.10. 

Thick targets were used in the DBLS 
measurements, and gamma rays were detected in 
singles mode, Line-shape fitting yielded the mean 
lives displayed in Table 2.10, and they are seen to be 
rotational within experimental error. These data 
represent another of several examples 
demonstrating the remarkable ability of the rota- 
tional model to correctly predict transition proba- 
bilities at high spin, even when energy levels 
systematically deviate from the rotational model. 

T ( P S I  - - _-.. . ..... . 
I E, (MeV) for I -* I - 2 DBLS’ Rotor 

2’ 
4’ 
6’ 
8” 

1 0‘ 
12” 
14‘ 
1 6’ 
18’ 
20” 

0.0807 
0.1850 
0.2829 
0.3723 
0.4538 
0.527 
0.592 
0.649 
0.593 

(0.7 18) 

3164.9 
187.6 
24.7 
6.18 s.9 k 0.5 

2.1 * 0.2 2 2 8  
1.1 * 0.1 1.07 
0.65 1- 0.07 0.59 

0.37 
0.27 
0.22 

mhpplcr-broadened line shape. 

This behavior can be understood on the basis of a 
Coriolis antipairing compression of energy levels, 
which has only a small effect on transition proba- 
bilities. 

1. University of Tennessee, Knoxville. 
2. Lawrence Berkeley Laboratory, 
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HIGH-SPIN PROPERTIES OF "'Er 

N. R. Johnson 
I. Y. Lee 
L. L. Riedinger' 
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R. S. Simon' 
P. Colombani' 
R. M. Diamonds 
R. D. Hichwa6 
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M. W. Guidry3 
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F. S. Stephens' 
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Robinson' 

In the last progress report from the ORNL 
Physics Division wea detailed our findings on the 
multiple band crossings in I6+Er. Since that time, 
our extensive studies on this nucleus have been com- 
pleted, and all of our results now appear9-l1 in the 
published literature. 

The high-spin states in I6'Er were studied by us- 
ing conventional gamma-ray spectroscopy tech- 
niques following the reactions 150Nd(180,4ny) and 
*64Dy(a,4ny), as well as by measuring the gamma- 
ray yields and the Doppler-broadened line shapes 
following Coulomb excitation with 136Xe ions. 
Based on the results of SpIl these measurements, we 
derived the level scheme shown in Fig. 2.71 In ad- 
dition to the information on the ground, rotation- 
aligned, and y-vibrational bands shown in our last 
report,* this scheme includes two well-developed 
negative-parity bands as well as an even-spin band 
with unassigned parity. These results are in basic 
agreement with those recently reported by Kistner et 
aLl2 

We found the existence of back-bending in the 
positive-parity yrast sequence, the even-spin se- 
quence of the y band, and the odd-spin sequence of 

ORNL-QWG 79-1 5125 

I 
783.1 

4702.1 I 
5G.4 

(197 I 4384.9 I 
580.0 

716.0 

I 

Er 164 
68 96 

!!x!..--.- 3352.1 

i 3079.3 
529.7 

1 1  

(8-1- *,?l63.6 

1985.1 71 19.5 

Fig. 2.71. Level scheme of \@Er determined from Coulomb exciuoa, ""Nd("O,&)''dEr, and Y3y(u,0n)'64Er rcrcllona. 
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the y band. This back-bending behavior of the 
positive-parity yrast sequence is demonstrated to 
result from the intersection of the ground band, 
seen to spin 22', with an evenspin "superband," 
having a large moment of inertia, which i s  observed 
from spins 12' to ?A+. The observed interaction be- 
tween this yrast superband and the y band 
demonstrates that this band possesses only even- 
spin members for I 2 12'. We have found addi- 
tional even-spin (yrare even) and odd-spin (yrast 
odd) superbands whicli possess large moments of 
inertia and lie about 8.5 MeV above the lowest 
superband. The iiiteraction of these bands with the 
y band was observed. Although the evidence is 
weak, the data also imply that the ground-state and 
yrare even-spk harlds intersect at 1 2 4  The 
observed level enezgics and gammamy branchings 
are consistent with the three superbandq having a 
constant 45-keV interaction matrix element with the 
gromaid-state and y bands. The level energies of the 
two negative-parity hands are observed to behave 
differently; namely, the 7- batad behaves like a geed 
rotor while the 5- band exhibits an odd-even stag- 
gering characteristic of a rotation-aligned band. I 3 . l 4  

In fact, rotation-alignment-nndel calculations 
show good agreement with all of the observed prop- 
erties discussed he1e. 

A summary of the B(E2;) values dedi~eed from 
both the Coulomb excitation yields and the 
Doppler-broadened line shape nieasu9-cments is 
given in Table 2 , I l .  We see no strong evidence for 
deviation from a. good rotational picture, contrary 
to the earlier Ihdings a€ Kearns et They 
reported that, for the 12"-+ 1 0  transition, there 
was more than a 38% deviation between experiment 
and theory. Our data in Table 2.11 are consistent 
with a picture of interacting rotational bands with 
an interaction matrix element 9 45 keV. In par- 
ticular, the B(E2) values for the unperturbed 
ground band are in agreement with the rigid-rstar 
relation, that is, with a constant intrinsic 
quadrupole imoimeiit, while the excitation of the y 
band is consistent with the prediction of the rigid- 
triaxial-rotor ~ ~ d d  with asy~nmetry y = 12.7 O. 

I.- ........... 

1 .  Universiiy of Kentucky, T.,er.ingtcn. 
2. Deceased. 
3. University of 'Tennessee, Knoxville. 

Transition 
I - e r  - 2 

-+ 2" 

6' - 4' 
8" - 6' 

10' - 8' 
12' --* PO" 

14' 12' 
16' - 14. 

16' - 14. 

12: - lo: 

14; -4 12: 

~ ~ ........... 

B(h-2; I -  1 -- 2) 
(e . b)' 

____ .̂.-__I_...._ ........... __ ____..._. 

Mean life, T~~~ Doppler-broadened Multiple Codonb 
(PSI line shape excitation Previous work Rigid rotor 

__I -. .~ ......... 

&Q'EIfl$ b-d 

t 0.14" 1.57 

1.73 

3.69 rt 0.18 1.86 t 0.09 1.78 * 0.13* 1.81 
1.46 i 0.09 1.91 It 0.12 1.70 t 0.16 1.96 f 0.12 1.85 

0.8 f 0.06 1.75 k 0.13 1.89 ~t 0.19 1.19 rt 0.09" 1.89 
2.33 * 0.32 1.91 

1.52 4 0.28= 1.93 

y bidnd 
1.5 f 0.7 

1.9 * 0.B" 
1.59 

1.62 
...... . _II_ .......... __ _I .- __ -. 

'Ref. lb--lifetime meilsiirement by a microwave technique. 
'Ref. I5---Doppkr -brswclencd line sbapc riieasurement. 

Turnma ray unresolved from weaker thansition between next two higher members afthe coilcctive band. This quoted R(E2) value 
wips extracted by assuming that the weaker transition from the higher trarsslticsn WRS correctly calculated using a .$(E) value given by 

the rotational rncrdcl. 
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REDUCED MI, E l ,  B, AND M TRANSITION 
s PROBAlBILITIlEs FOR TRANSITIONS IN 

L60-164m 156-16Pc;d AND 

F. K. McGowan W. T. Millner 

Direct E2 and E3 Coulomb excitation of 2' and 

urd by means of gamma-ray spectroscopy. 
Vibrational-like 2" and 3- states were identified in 
each nucleus. The S(EA,O ^c J = A) for excitation ~f 
each state and information on the reduced transi- 
tion probabilities for the different decay modes of 
these states have been extracted from the data. The 
occurrence of a rather low-lying K = 2 y-vibra- 
tional-like band is a systennatic feature of the even- 
A deformed nucki. The observed nuclear structure 
properties of the 2'+ member in '56-'6(DCd and 
L60-1s413y are remarkably similar, namely, the 

~~~~~ -+. 2'1, the large value of 4 = (E2/Ml)"a for 
the 2'+ - 2" transition, and the branching data for 
decay of the 2'" state. Qra the other hand, the K = 0 
vibrational-like states are highly variable, and 
usually the B(E2,O -+ 2) values are at Beast an order 
of magnitude less than the B(n,O -+ 2') values. The 
pairing interaction of the IBA Hamiltonian pro- 
vides a g o d  description of these generd features. 
The displacement of the K,Jm = 0,2+ state above the 

3- statw in 1 3 6 - 1 6 O G d  and 101)-164D. Y. has been meas- 

K , P  = 2,2+ increases with increslsing pairing in- 
teraction, and the B(E2,O .-,. 2) for excitation of the 
K,Jn = 0,2+ state decreases. This behavior seems to 
be a systematic feature of the even-A deformed 
nuclei in the rare-earth region. In general, the in- 
teracting boson approximation (ItSA) m d e l  pro- 
vides a detailed quantitative description of the level 
energies and of the E2 transition probabiMes. In 
s 5 6  '%d the properties of the two excited K = O+ 
bands cannot be reproduced simultaneously by the 
present IBA calculations. These intsuder states are 
presumably associated with other low-lying degrees 
of freedom. Work in the direction to extend the 
IBA model to include other modes of excitation is 

in progress.' 
A microscopic description of octupole vibra- 

tional states explains satisfactorily the general 
features of the distribution of the B(E3) strength 
and the energy intervals w ~ ~ ~ n  rotational bands. In 
particular, the agreement between experimental 
data and the calculations2 pravides"further evidence 
of the strong Coriolis coupling between the states of 
the octupole quadrupIet in the deformed nuclei. 
The Coriolis coupling is of major importance for 
interpretation of the reduced El transition proba- 
bilities for transitions connecting members of the 
octupok quadruplet with K" = t4+ bands. The 
reduced El matrix elements <O* 1 M'(EI;-K) I K*> 
with K = 0 and E. extracted from our 
characteristic feature; namely, the ratio of the El 
matrix element M' with AK = 1 to that with 
AK = 0 is very small (10-' to Extreme caution 
must be exercised in making K assignments for oc- 
tupde states based on experimental B(E1) branch- 
ing ratios and the Alaga-rule prediction. 

1. F. lachello. private communication, 1979, and in Struc- 
ture ~f Mdium-Hmvy Nuclei, 1979, The Institute of Physics, 

2. K. Nem&ard and P. Vogel, NUCE, Pbays. A145, 33 (1970) 
London, 1988. QP. 161-68. 

and private communication. 
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IN P66-170Er 

F. R. McGowm 

The B{E2) values! for the diffferent decay modes 
of the 2" states in 1ss-17aEr are compared with 
theoretical predictions from the IBA model. These 
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calculations were done using the IBA computer 
code2 PHINT. The interation parameters in the 
IBA Hamiltonian were adjusted to fit typically 14 
state energies in each nucleus. In the calculations of 
the transition probabilities, the parameters E2SD 
and E2DD in the E2 transition operator were ad- 
justed to reproduce the experimental B(L2,O -+ 2) 
values for excitation of the 2' mem 
ground-state and y-vibrational-like bands. Values 
of the parameters for the IBA calculations are given 
in Table 2.12. The average deviation between ex- 
perimental and theoretical energies is 8.9 keV for a 
fit to 13 state energies in "OEr. The values of the 
parameters in Table 2.12 correspond to a truncation 
of the total number of bosons to 14. Actually, the 
total numbers of bosons are 15, 16, and 17 for 

166-170Er respectively. To test the influence of the 
truncation OA the predictions, a calculation for 
""Er was also done with the total number of bosons 
truncated to N = 11. The results are in- 
distinguishable from t h ~ ~  for N =: 14. 

The results of the calcthtions are given in Table 
2.13. It is evident from Table 2.13 that the B(E2) 
values for the 2 -* 2 and 2 + 4 transitions from the 
decay of the K , P  = 2,2+ state are reproduced 
reasonably well by the IBA predictions. The break- 
ing of the SU(3) symmetry by the pairing interac- 
tion in the JBA Elanailtonian plays a crucial role in 
giving a quantitative account of the B ( n )  values 
for decay of the K,J" = 0,2+ state to the ground- 
state band. The experinaental R(E.2) values for ex- 
citation of this 2' state are at least an order of 

PAIR ELL QQ E2S I9 E2DD 
Nucleus (keV) ( k e V  (keV) (eW (eb) 

. .. 
16.51 18.33 .- 17.92 0.1478 -0.1156 
21.50 19.20 - 18.80 0.148 -0.1300 

"OET' 1.06 17.08 - 21.23 0.1482 -0.1367 
1.37 14.83 .- 27.28 0.1812 -- 6). 1988 

Z66Era 

t68Er.? 

170Erb 

.... ..... .- ... ._____ 

*Total number of bosons truncated to 84. 
bTotal number of bosons truncated to ! I .  

'"Er 2,2' 785.9 0,O' 
0,2- 
0,4' 

0,2' 1159 0,a. 
0,2+ 
0.4' 
2 3  

'6% 224 821.1 O,O+ 
0,2' 
0,4* 

0,2' 1261 0,O' 
1 7 %  2.2. 934 0,W 

0,2+ 
0,4' 

0,2+ %o 0,w 
0,2* 
0.C 

0 
80.5 

265 .o 
0 

80.6 
265.0 
785.9 
0 

79.8 
-264~ 1 
0 
0 

78.6 
260 
0 

78.6 
260 

~ 

2 86) t- 0.16 
5.39 k 0.29 
0.42 t 0.04 
0.084 i 0012 
0.0% 1 0.020 

0.45 f 0.09 
2.62 + 0.16 
4.17 + 0.29 
0.28 k 0.03 

< 0.13 
2.w I 0.12 
3.68 F 0.26 
0 22 t 0.03 
0.16 t 0.02 
0.28 * 0.06 
0.95 I 0.15 

2.80 
4.27 
3.27 
0.084 
0.132 
0.29 
2.75 
2 62 
3.97 
0.24 
0.047 
2.04 
3.25 
0.20 
0.27 
0.47 
1.01 
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magnitude smaller than the B(m) values for excita- 
tion of the KJ' = 2,2+ state and thus provide a 
coniprehensive test of the XBA predictions. 

The TBA prediction of the B(E2) for excitation 
of the K,,P = 0,2' state in I6*Er is consistent with 
the upper limit of the B(E2,O + 2) for excitation of 
a state at 1261 keV 11276 keV from the (n,y) reac- 
tion]. An extensive test of the IBA predictions for a 
complete set of states with J <  6 below 2 MeV ex- 
citation in 168Er from the (n,y) reaction and for the 
B(E2) branching ratios has already been reported by 
Warner et aL3 The IBA model provides a detailed 
quantitative description of the level energies and of 
the E2 transition branching ratios. One feature 
pointed out by Warner et id. in the predictions and 
in the data is the dominant strength of transi- 
tions from the p-vibrational-like band to the 
y-vibrational-like band compared with those to the 
ground-state band. This feature appears to be pres- 
ent in the decay of the 2" state at 1159 keV in 93. 
However, the B@2) for the 373-keV transition in 
166Er is 6 tirases smaller than the HBA prediction. 
Discrepancies" of this magnitude were also observed 
in the comparison of the experimental and IBA- 
predicted B ( B )  values for corresponding decay 
modes of the K,J" = +state at 1517 keV in "*Gd. 

In general, the I Hnodel provides a detailed 
quantitative description of the level energies and of 
the E2 transition probabilities for decay of 2' states. 
'The displacement of the K,J" = 8,2+ state above the 
K,P-  2,2' increases and the 8 ( 2 , 0  -+ 2) for ex- 
citation of the K,P  = 02' state decreases with in- 
creasing pairing interaction in the IBA Wamil- 
tonian. This characteristic feature occurs in several 
even-A nuclei iaa the rare-eath region ( I s 6 -  

160-164Dy, and 166-L70Er). A. knowledge of 
values provides a more comprehensive test 
IBA model predictions than branching rati 
[relative A(E2) values] do. 

-~ 
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COULOMB EXCITATION STUDY OF 

Ph. Hubert] C. Rouletz 
H. Sergolle* P. Colombani2 
J. M. La Grange* 

181,184, l86W ISQT'lpES 

J. Vanhorenbeeck3 
N. R. Johnson 

Multiple Coulomb excitation is a well-adapted 
technique for the study of collective properties in 
rare-earth and actinide nuclei excited to high spin. 
Were, we have applied the method to the transi- 
tional nuclei Ls2,184,1*6 W by using a 340-MeV "Kr 
beam from the ALICE accelerator in Orsay. 

Deexcitation gamma rays intercepting a Ge(Li) 
detector at 22" to the beam were measured in coin- 
cidence with Kr projectiles scattered into two silicon 
detectors positioned at 93 and 122". The extracted 
gamma-ray yields were then compared with the 
theoretical calculations performed with the use of 
52 and E4 matrix elements in the Winther-deBoer 
code.' The summary of B(E2) information given in 
Table 2.14 shows that the three nuclei '**W, '*'W 
and 186W behave in a rotational fashion, at least up 
to spins of 10 or 12 in their ground bands. A com- 
plete account of this work appears in ref. 9. 

An interesting point arises in the comparison of 
the behavior of the vast  lines of '82*'*J,L16W with 
those of all the known tungsten isotopes of mass 
188 and lighter, Ml of the latter group show either 
back-bending or up-bending, whereas the mass 182, 
184, and 186 tungsten nuclei give no indication of 
such up to spins 10-12. 

Pertinent to the above consideration is the re- 
cent work of Faessler et aLIo They have carried out 
microscopic calculations and find that the back- 
bending effect in this region i s  in every case pri- 
marily due to the i13,2 neutrons (not the hsIz pro- 
tons). They point out that the occurrence of back- 
bending in la0W but not in '**W is probably 
associated with changes in the Nilsson energy levels 
as a result of variations in hexadecapole deforma- 
tions. However, it is interesting to consider the 
possibility that L*2W may back bend at somewhat 
higher spin. The case here is somewhat analogous to 
that of l s z O ~  and I E 4 0 s ,  which show back-bending at 
spins of 10" and 14' respectively. It would thus seem 
of some importance to attempt the excitation of 
higher spin states in LB2*'*4*L*6W by the use of heavier 
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l l tW 2 
4 
6 
8 

10 
12 

1#4W 2 
4 
6 
8 

10 

186W 2 
4 
6 
8 

10 

"Ref. 5. 
bRef. 6. 
'Average v d m  from ref. 7 and 8. 

0 0.84 1 0.011" 0.84 
2 1.16 f O.Q8* 1.20 
4 1.32 * 0.07 1.32 
6 1.47 f 0.10 1.38 
8 1.49 f 0.12 1.42 
10 1.11 t 8.2R 1.44 

0 0.76 f 5.QIc 0.16 
2 1.03 9. 5.07b 1.08 
4 1.18 k 0.08 1.20 
6 1.51 f 0.13 1.25 
8 1.82 f 0.34 1.29 

0 0.68 t 0.01' 0.68 
2 1.93 f 0.59* 0.97 
4 1.15 I 0.59 1 .w 
6 1.19 f 0.11 1.12 
8 1.17 * 0.30 1.15 

projectiles. 'rhis should give some clarification on 
how the addition of neutron pairs shifts the critical 
i,,,, (9/2 + [624]) orbital with respect to the Fermi 
levels in these nuclei. 
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1 
1.00 1 0.01 
1.00 f 0.06 
1.06 f 0.08 
1.05 f 0.09 
0.77 f 0.20 

1 
0.95 * 0.07 
0.98 f 0.57 
1.20 * 0.10 
1.41 f 0.26 

1 
0.96 f 5.169 
1.07 .t 0.09 
1.06 f 0.10 
1.02 t 0.26 

ETATION OF THE 21-ns ISOME 
AS ( ~ I a j I p ) '  FROM A G-FACTOR 

MEASrnEMENT 

S. A. Hjorthl 
J. R. Beme @. Roulet2 
D. K. Maerani 
Felix E. Obenshin 

I. Y. Lee 

Noah W. Johnson 
G. R. Young 

The first back bend found in many deformed 
nuclei in the mass region A = 150 to 208 i s  ex- 
plained as an alignment of a pair of neutrons 
(see, e .g , ,  Stephens3). However, pdAished level 
schemes of 19Q-196 Hg rand 19'Pt exhibit 3 low-lyirng 
isomeric 18' level, while the 12' level ia shown at 
somewhat higbcr excitation."' Such a level se- 
quence does not arise naturally in the ( v & ~ , ~ ) ~  con- 
figuration, and the first 1Q' level in 19Q-1961%g and in 
"'Pt has therefore been explained as a (nh, 

A measurement of the nuclear g factor 
should easily distinguish between these possibilities 
in a model-independent way. This is true because 
the g factor for a nh,, , ,  excitation is close to unity, 
whereas the g factor of an i ,312 neutron is about 
-- 0.2. 
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In the present experiment, 94-MeV 'W ions 
from the Oak Ridge Isochronous Cyclotron were 
used to produce laoHg nuclei in a 0.11Cmm-thick 
annealed foil of rs'Ta which was mounted in a 
target chamber between the pole tips of a magnet. 
Pulse heights from three Ge(I,i) detectors (located 
at 0 and at k 135 ") and the times relative to the 
cyclotron beam bursts were stored in list mode on 
magnetic tape. The time of arrival of a beam burst 
was obtained from a device9 containing a thin 
plastic scintillator inserted in a path of the beam. In 
this way, data were recorded in the same detector 
geometry for the three field settings B = 0 and B = 
k2.0 T. 

En the measurement with no magnetic field the 
time distributions observed in all three detectors are 
consistent with a purely exponential decay. By fit- 
ting the time distributions with an exponential 
decay curve plus a constant background, we obtain 

= 2 I 3 2 ns for the isomeric state in 'OOHg. This 
value agrees with that of 24 rt 3 ns reported by 
Lieder et aL5 

In measurements with fjeld up and field down, 
the time distributions were fitted with an expression 
of the form 

I&8) -- N(B 4- 
AzPz[cos(B - ru ,b  - d)]jexp(- At) , 

with nearly the same values of the angular distribu- 
tion coefficient A z 3  karrnor frequency q, and 
beam bending angle 6. The beam bending angle was 
calculated to be 8.5" by using the measured 
magnetic field strength along the beam path. The 
norrnaliwd decay spectra were used to form the 
ratio 

upon which final fits to coL were performed for the 
two cases R = -t- 2.0 T. As shown in Fig. 2.72, good 
fits corresponding to g = - 0.21 rt 0.02 with A I = 
0.18 for B = 4-2.0 T and A 2  = 0.16 for 
B = - 2.0 T were obtained. The main contribution 
to the experimental uncertainty in the g factor 
comes from the normalization procedure. The 
uncertainty produced by the fitting procedure and 
the corrections due to diamagnetic screening and 
Knight shifts are much smaller. 

The only seniority 2 excitations that can he 
responsible for a low-lying 10" level in 19MHg arise 
from the (dzI ,,2)-z and { ~ i , ~ / ~ ) *  configurations. The 
widely differing values of the gyromagnetic ratios 

QRML-DWG 80-10643 

100 99 80 70 60 50 40 30 20 io 0 
1 (ns) 

Fig. 2.72. Spin rotation ratio R(%) in W3g  as a function of 
time relative ta the center adthe prompt peak. The figure dtspfays 
the data for field up and Ficld down as solid round and triangular 
symbols respectively. The curves are fits to the data described in 
the tcxc. The data for t = 30 ns are affected by prompt events and 
are excluded from the fits. This is indicated by open symbols in the 
Figure. 

for these two configurations (cf. the discussion 
above) let us uniquely establish the configuration of 
the isomer as ( ~ i ~ ~ , ~ ) ~ .  

In the previously accepted level scheme of I9OHg 
the 214s isomer was identified5 with the IO+ state at 
2468 keV, and the structure of the state was con- 
sidereds to be (nhl,12)-2 based on the half-life and 
the small 10+-to-8+ level spacing. The spacing be- 
tween the 12' and 10' levels of the (vi1312)z con- 
figuration should be considerably smaller than the 
spacing between any pair of lower spin ( ~ l i ~ ~ , ~ ) ~  
states, while in the previous level scheme the 
li2'-to-l0+ spacing is more than three times the 
8+-to-10+ spacing. Our result is most easily 
understood if a 12' state exists very close to the 1W 
state, with the 12"-to-10' transition SO low in energy 
that it has no1 yet been observed. The 21-ns isomer 
should then be identified with this 12' state rather 
than with the IO+ state. Further, both the energies 
and spins of the levels in the yrast band above spin 
lo4 should be adjusted to accommodate this 
unobserved Iow-energy transition. 

Using the value B(E2;lZt --t lo*) = 2921 ezfm* 
rnea~asaired'~ in "*Hg and the 21-ns half-life deter- 
mined in our work, we estimate the energy of the 
12+-t-10' transition in I9OHg to be 12 Lev. Such a 
low-energy transition could easily have escaped 



98 

detection in previous work. Also, using the 
B(E2;10" -+ 8') value from lasHg, we estimate the 
half-life of the 10' state in l9Wg to be shorter than 2 
ns, supporting our suggestion that the 10' state is 
not the isomer in '"Iig. Furthermore, in nearby 
isotopes of platinum and lead the (vi13/2)2 isomerism 
is well established, with the 12"-to-10* spacings 
ranging between 3.1 and 60 keV. It is likely that the 
same type of isomer exists in the mercury isotopes. 

In conclusion, our measurement of the g factor 
of the 21-ns isomer in 190Hg clearly demonstrates 
that the isomerism is due to the vi13/2 orbital. The 
result is contrary to the commonly accepted assign- 
ment of the isomer as  IT^^^^^)-^. Further, it suggests 
the existence of a hitherto unohserved 12+ level close 
to the 10" state. Similar situations are likely to e i s t  
in 192-196Hg and in lQ4Pt. 
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COULOMB EXClTATLON OF STATES IN 
1-931r AND A TEST OF THE PARTICLE- 

ASY MMETIRIC-RIGID-RBTOR-MQDEL 
DESCRIPTION OF THESE STATES 

F. K. McGowan 
I-Y. Lee W. T. Milner 
M. W. Cuidry' C. Roule12 
R. M. Diamond' 
J. X. Saladin4 

N. R. Johnson 

F. S. Stephens) 
A. A. Hussein' 

The Os and Pt nuclei are in the shape-transition 
region (prolate-to-oblate shape transition). Several 
different collective models have accounted for 

properties of their lowest-lying states with varying 
degrees of succcss. These models range from the 
asymmetric rigid rotor through various rotation- 
vibration models about triaxial and axial shapes to 
the gamma-unstable model and the interacting- 
boson-approximation model. 

Lee et aL5 Coulombexcited the ground-state 
band up to J" = 10" and the y-vibrational-like band 
up to s" = 8" in 192-L96Pt with '"Xe projectiles. The 
observed gamma-ray yields imply B(E2) values 
which follow the asymmetric-rigid-rotor-model 
predictions. This contradicts microscopic collective- 
model calculations of potential energy surfaces 
which predict considerable y softness (shallow 
deformation potentials). An analysis6 of unique 
parity spectra based can high-j negative-parity or- 
bitals in adjacent unstable o d d 4  nuclei with the 
rigid-triaxial-rotor-plus-particle model reveals y 
values in the range 20 O < y < 35 O. 

We have observed Coulomb excitation of states 
Ir up to J = 17/2 with 617-MeV lS6Xe ions 

from the SuperWILAC and I@-MeV 'OAT ions 
from the ORIC. At the University of Pittsburgh, 
Coulomb-excitation measurements from the reac- 
tion (a,a') have been done with the EN tandem. 
Figure 2,73 shows the states from Coulomb excita- 
tion of l9IIr with ' O A r  ions and the gamma-ray tran- 
sitions from the decay of these states. The backscat- 
tered 'OAT ions were detected in a solid-state annular 

in 191.193 

Fig. 2.73. Level diagram of states and trnnsitions observed by 
Coulomb excitation of lr% with I6b-MeV *Ar ions. 
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detector which extended from 154 to 171 ". Gamma 
rays in coincidence with backscattered 40Ar were 
detected in three Ge(Li) detectors located at 8, = 0, 
5 5 ,  and 90" with respect to the ion beam, 
Isotopically enriched targets 1.0 mg/cm2 on 20yin. 
Ni (0.51 x m) were prepared by sputtering with 
the SPUTTERBELL (focused-ion-beam sputtering 

ost of the states in Fig. 2.73 are grouped 
into two rotational-like bands based on the 31'2' 
ground state and the 1/2" first excited state. 

The original motivation of this experiment was 
to test the particle-as~~meeric-liigid-rotor-model' 
description of the positive-parity states in L91.L931r. 
In the meantime, lachellos has suggested that 
dynamical supers ymmetries may be present in the 
level spectra of complex nuclei. This suggestion was 
based on the analysis of the energy-level spectra of 
the pair of nuclei '92Pt anid I9'Ir, in which the states 
of the combined system of bosons and fermions can 
be simultaneously classified within the same group- 
theoretical framework. 

So far, we have compared the experimental 
gamma-ray yields with the predictions of the 
particle-asymmetric-rigid-rotor model. The 
Coulomb-excitation yields are calculated using 
the program of Winther and deBoer. For the input 
of the program, we use the experimental level 
energies and a set of theoretical €2 matrix elements. 
The latter were obtained from calculations using the 
particle-triaxial-rigid-rotor-model programg The 
deformation parameters t: and y were adjusted PO 
give the best agreement between theoretical arid ex- 
perimental excitation energies. The average devia- 
tion between experimental and theoretical energies 
is 30 keV for a fit to 14 state energies in lPIIr with 
E = 0.168, y = 24.5 O, and E(2 +) = 200 keV. These 
parameters are very close to those for the A - 1 
core 1 9 0 0 s ,  namely, E = 0.157, y = 22.0", and 
E @ + )  = 187 keV. This choice of deformation 
parameters in the. calculations reproduces the B ( B )  
values deduced from light-ion Coulomb excitation 
of the 512" and 7/2+ members of the 3/2+ band and 
the 1/2' and 3/2" members of the 11'2' band. The in- 
put to the calculations of Coulomb-excitation pro- 
babilities involved 20 states and 120 E 2  matrix 
elements. Thirteen of these E2 matrix elements were 
fixed by results deduced from light-ion direct E 2  
Coulomb excitation and nuclear spectroscopic in- 
formation for the decay modes of these states. The 
remaining E2 matrix elements were taken from the 
particle-asymmetric-rigid-rotor-model calcula- 
tions. 

Figure 2.74 shows the compafjson between the 
experimental and calculated results from Coulomb 
excitation of 19'Ir by IWMeV 40Ar. The garnrna- 
ray yields for transitions within the rotational-like 
band based on the 31'2" ground state are presented 
in Fig. 2.74 relative to the gamma-ray yields for the 
7/2+ -+ 3/2+ transition. The summation implies the 
sum of the yields for each transition observed at 
8, = 0, 5 5 ,  and 90". The overa agreement of the 
particle-asymmetric-rigid-rotor-model predictions 
with the experimental results is quite good. Figure 
2.75 shows the comparison between the experimen- 
tal and calculated results for the transitions from 
decay of the K,,J,n = 7/2,7/2+ state at 686.3 keV. 
Again the particle-asymmetric-rigid-rotor-model 
predictions are in good agreement with the data. In 
fact, the model prediction of d 2 [nk2)/n[lM1)]''2 = 
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Fig. 2.74. Comparison of the experimental gamma-ray yields 
with the predictions of the p a r t i e l e - i s y m g t e t r i c - ~ ~ ~ - r ~ t ~ r  model 
for transitions within the rotationall-like band based on the 412' 
p u n d  state of I9l1r. 
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Fig. 2.73. Comparison of the experimental and caleulnted re- 
sults for the ~ r a n s ~ t ~ ~ ~ s f ~ ~ ~  thedecay oftbe ki/* = 7/2,7/2+ state 
at 686.3 keV in IO%. 

- 1.05 for the 7/2 -+ 5/2 transition gives an ex- 
cellent account of the observed angular distribution 
for this transition. The agreement between the ex- 
perimental gamma-ray yields and the model predic- 
tions is satisfactory for transitions within the 1/2' 
rotational-like band and for transitions between the 
1/2* and 3/2+ rotational-like bands (not shown). 

The states observed from Coulomb excitation of 
193Jr and the gamma-ray transitions from thc decay 
of these states are nearly identical to the results 
from 19*Ir. 
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COULOMB EXCITATION OF ROTATIONAL 

QUADRUPOLE MOMENT 
STATES XN *.'Am AND GROUND-STATE 

C. E. Bemis, Jr. 
F. K. McGowan 
J. L. C. Ford, Jr. 

W. T. Milner 
R. L. Robinson 
P. H. Stellson 

Precision Coulomb-excitation measurements on 
a series of even-Z-even-A targets which spanned a 
major portion of the actinide deformed region 
(230 Q A Q 252) were performed and completed 
during the period 1970-75. '-* These previously 
reported measurements were used to systematically 
determine transition moments and equilibrium 
deformations from analyses of the excitation pro- 
babilities within the ground-state rotational 
bands'-3 and to investigate the nature of higher- 
lying states of vibrational-like character for these 
nuclides.* Measurements for the odd-A target 
*43Am were completed with those of the even4 
targets, but a comprehensive analysis for 243Am was 
not performed at that time. The results of the com- 
plete analysis for 243A1~ are included here. 

The spectrum of 17-MeV 'He ions scattered 
from an isotopically pure target of '''Am at a 
laboratory angle of 150" is shown in Fig. 2.76. The 
target, about 30 pg/cm2 of *')Am on a target back- 
ing of 1.27 x lO--'-cm-thick Ni, was prepared using 
an electromagnetic isotope separator. The experi- 
ment was performed at the Oak Ridge EN tandem 
Van de Graaff using a split-pole magnetic spec- 
trometer equipped with a position-sensitive propor- 
tional detector in the focal plane. Further ex- 
perimental details may be found in ref. 2. 

In addition to the elastic scattering from the 
5/2- ground state and the inelastic scattering from 
the previously known 7/2- and 9/2- ground-band 
rotational states, two additional inelastic peaks at 
excitation energies of 162.3 and 238 keV are ob- 
served. We have assigned these unknown states in 
243Am as the 1112- and 13/2- members of the 
5/2-[5235] ground-state rotational band, as in- 
dicated in Fig. 2.76. These states may be Coulomb- 
excited via two-step E2 processes in a manner 
similar to the excitation of the 4' members of the 



0RNL-DwCe'-''699 elements. The calculations were performed with the 
semiclassical E2 coup led -ch~e l s  code of Winther 
and de h e r ,  modified to include El, E3, and E4 ex- 
citations. Our calculations included all possible 
reduced E2 and E4 matrix elements connecting the 
observed 5/2-. 7/2-, 9/2-, 11/2-, and 13/2- 
members and the unobserved 15/2- and 17/2- 
members of the ground-state band. The calcula- 
tions were performed in the "rigid rotor" limit ap- 
plicable to a pure rotational spectrum, as justified 
by the convergence of the rotational energy expres- 
sion and the magnitude of the fourth-order term, 
B = - 3.72 eV, and its comparison with the second- 
order term, IWAI = 6.0 x Absence of E2 ex- 
citations to states of differing single-particle 
character, as would be promoted by the particle- 
rotational coupling or Coriolis interactions, also 
justifies the use of the "rigid rotor" relationship, 
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Fig. 2.76. Elastically and inelastically senttered 17-MeV 'He 
ions from a43Am at a taboratory rngle of 150'. Peak poaitionb for 
observed members of the 5/2-[5231] ground-state rotational band 
are Indicated, together with those expected from the first few 
members of the unobserved 3/2 [521f'] band 

ground-band rotational states in the actinide even- 
even nuclei. A two-parameter linear least-squares 
fit to the energies of these rotational states, I = 5/2 
through 13/2, with the rotational energy expression 

E = Eo + A[I(I  -t l)] + B[P(I + l)y 

yields rotational energy constants A = 6.17 keV 
and B = - 3.72 eV. The small magnitude of the B 
term, comparable to that for neighboring even-even 
nuclei, indicates that these states are not noticeably 
Coriolis-admixed with other states of different 
single-particle character. These configurations in- 
clude the 3/2-[521 t] and ?/2-[514 51 states known5 
in 243Am at band-head energies of 267 and about 
933 keV respectively. Excitation of members of 
these bands was not observed in our experiments 
above a detection limit which corresponded to a 
transition probability, B(.E2,5/2- * I), of $7 x 
lo-' e2bZ, approximately 0.5 times the single-particle 
transition probability. The expected locations for 
the first few members of the 3/2-[521 t] band are 
also shown in Fig, 2.76. 

Experimental excitation probabilities for 

which specifies all intraband reduced matrix 
elements in terms of the intrinsic electric multipole 
moments, Q n o ,  of order A. 

The experimental excitation probabilities for the 
ground-state band are adequately reproduced by 
the calculations when only E2 excitations are con- 
sidered with an intrinsic quadrupole moment of 
12.02 * 0.09 eb. Although E4 excitations are a 
feature of' Coulomb excitation in the actinide region 
and may be observed in competition with two-step 
€2 processes, our results are consistent with Q,o 
0. The even-even actinides near neutron number 
N = 148 also exhibit this effect.* Our experimental 
reduced transition probabilities, B(E2,5/2- +. I), 
for the excitation of the 712- and 9/2- axe 6.89 k 
0.10 e2bz and 2.38 & 0.04 ezb2. 

An estimate6 of the ground-state spectroscopic 
quadrupole moment for z43Am, 4.9 eb, was made in 
1956 from observations of the optical hyperfine 
structure. From our Coulomb-excitation ex- 
periments, we deduce a somewhat smaller ground- 
state spectroscopic quadrupole moment of 4.29 & 
0.03 eb by using the projection relation 

3K2 - I(1 + 1) 
=; Q20 ( I  + 1)(21 + 3) 

with the intrinsic quadrupole moment Q z o  = 
12.02 k 0.09 eb. Further details of these ex- 
periments on 243Am are being prepared for a brief 
publication. 

members of the ground-state rotational band were 
determined relative to the elastic scattering peak 

cross sections to extract the transition matrix 
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PRECISION MASS MEASUREMENTS 
UTILIZING BETA END POINTS 

D. M. Moltz 
I;. T. Avignone 111' 
19. G. Ritchie' 

K. S. Toth 
H. Noma' 
B. D. Kern2 

One of the more fundamental measurements in 
nuclear spectroscopy is the determination of total 
energies and energy distributions for particles emit- 
ted in radioactive decay. At ORNL, we have been 
involved in a systematic study of alpha-decaying 
nuclei in the medium-weight mass region with 65 Q 
Z < 82 (see refs. 3 and 4 for summaries of this 
work). The investigation has yielded both half-life 
and alpha-decay-energy information for proton- 
rich nuclides far from stability. These energy data 
are useful not only for comparisons with mass- 
formula predictions but also for obtaining estimates 
of nuclear masses. If the alpha-decay energies can 
be connected via a series of fl+-decay energies to a 
stable nucleus, then one has ground-state masses 
for extremely neutron-deficient isotopes. At the 
present time, the amount of such beta-decay data is 
rather sparse. To remedy this situation we have 
begun a program involving the piecise meas- 
urements of /3+-decay end points for isotopes rnass- 
separated at the UNISOR facility. 

To account for spectral distortions caused by 
solid-state detectors, a basic Monte Carlo ap- 
prCsachS,6 has been successfully used to predict 
gamma-ray and negatron spectra. Additional work, 
however, was necessary to extend these calculations 
to positron spectra, which are further distorted by 
sum interferences with the annihilation radiation. 
Corrections were calculated with the Monte Carlo 
technique for 15 allowed positron spectra with end 
points ranging from 2.5 to 10 MeV. The detector 
dimensions, 1.6 em in diameter and 0.7 cm thick, 

used in the calculations corresponded to those of 
the intrinsic Ge detector in our possession. The ma- 
jor effect of the annihilation radiation interference 
(Bo) was to shift the end point up in energy from 
182 keV at 2.5 MeV to 204 keV at 9 MeV. The shift 
was fitted by the quadratic polynomial 

dE, = 0.1572 -+ O.0ll5E0 - 0.OOO7EO2, (1) 

where E, is the correct end point energy. 
A stringent test of bo%h OUT fitting routine of the 

Kurie plots and the Monte Carlo calculations was 
performed by measuring the *'Si end point. 
Silicon-27 was produced in the Z'AI(p,n) reaction 
with about 11.4-MeV protons accelerated in the 
Oak Ridge EN tandem and then transported to 8 

beta-gamma coincidence station by a helium-jet 
system for analysis. A continuous coeanting- 
collection cycle was utilized to measure both singles 
and 511-keV conicidence spectra of the ground- 
state-to-ground-state decay. The singles sp-3 bL rum 
gave an end point of 3983 +. 11 keV, and the coin- 
cidence spectrum yielded an end point of 3980 9 30 
keV, where the errors are strictly statistical. Ap- 
plication of Eq. (1) results in a positron distortion 
correction of 191 keV, which when subtracted 
yields 3792 and 3789 keV for the final end points 
for 2'Si, in excellent agreement with the accepted 
value of 3787.0 1 1.3 keV.' 

end-point measurements, we 
selected the light rubidium isotopes, our choice be- 
ing predicated on the ease of extracting rubidium 
from the UNISQR integrated-target ion source and 
on the availability of direct mass measurements,' 
which could then be used as a check of our 
measurements. Thus '%b, "Rb, and were prs- 
duced in 6n~62Ni(20Ne, pm) reactioizs induced by 
*"Ne ions acce1era:ed in the OWIC. Coincidence 
measurements were made with the intiirlsic Ge 
detector arid a Ge(k.i) gamma-ray detector; singles 
spectra were accumulated simultaneously in a 
multispectrum mode for half-life information. 

An example of our data is given in Fig. 2.77, 
whcre we show a Kurie plot of the singles /3' spec- 
trum for '6Rb. Since the separator ion source pro- 
duces n0 krypton and strontium and since does 
not emit particles, the measured spectrum is com- 
pletely attributable to '6Rb. 'The end point deduced 
from these data was 4582 +- 11 keV. End points 
deduced from spectra in coincidence with the an- 
nihilation radiation peak and the 2" -+ 0' (424-keV) 
76Kr transition were 4585 k 40 and 4584 % 42 keV 
respectively. The agreement between the coin- 
cidence and singles data indicates that there is no 

To begin our 
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beta decay to the "%r pound state. Because the 
4" I+ 2' ~ ~ ~ 2 - ~ ~ ~  '%r transition was not seen, most 
of the decay must proceed to the 424-keV 2" level, 

Rb ground state is probably 2", as sug- 
gested in ref- 9, After correcting the end point by 
using Eq. (I) and taking into account the 424-keV 
g ~ ~ ~ ~ ~ - ~ e ~ ~ ~  energy, a QEc, value of 5835 f 42 
keV was obtained. 

For ?Rb, it was possible to deterrnine end points 
in coincidence with five different gamma rays in 
77Kr These measurements, together with the singles 
end point, yielded a QF c, of 5102 k 25 keV. This 

value agrees with one earlier measurement, 5180 k 
390 keV,'O but not with another, 4882 r4 150 keV." 

In Fig. 2.78 we compare the 7aRb singles spec- 
trum with the one gated by the supposed 2' + 0" 
455-keV '*Kr gamma ray. It is evident that the end 
points differ by much more than 455 keV. Although 
the singles statistics in the high-energy portion of 
the spectrum are extremely poor, we were able to 
deduce an end point of about 6060 keV; this energy 
is to be compared with that derived from the spec- 
trum gated by the 455-keV gamma ray, namely, 
3150 k 110 keV. The indication is that the earlier 
proposed decay scheme (see, e.g., ref. 12) is incor- 
rect and that the 455-keV gamma ray is probably 
not the 2' -+ ground-state transition. Recent un- 
published work of ReMiield and Moore13 supports 
3ur data. They suggest that a O+ -+ o* isospin- 
forbidden beta transition connects the %b and 
78Kr ground states. Their more accurate end point 
for this transition is 6221 +- 20 keV. 

Table 2.15 summarizes the '%b, "Rb, and 7nRb 
electron-capture Q values and compares mass ex- 
cesses deduced from indirect measurements (present 

.......,........ ORIL-(YIG m-rn43  I ...... _I 
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Fig. 2.78. Positron spectra observed in the decay of 'JsRb. 
(u) Gated by 455-keV gamma ray; (6) singles data. 
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Deri~ed Pb mass excess, -66908 It 22 -65134 f 39 -63265 k 205 

67076 f 64 I 65037 ~t 105 -QQ658 t 151 
mass excessL 

measurements 
Difference from direct 168 - 91 - 2597 

-"Ref. 13. 
"This work. 
'Ref. 1. 
"Elased on data in ref. 14. 
'Ref. 8. 
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work and refs. 13 and’14) with values derived from 
direct mass measurements.’ Note the large 
discrepancy, about 2.6 MeV, for A = 76. It is not 
clear at this time where the problem lies. One possi- 
ble explanation could be that the 76Kr mass has been 
measured“ only indirectly by observing delayed 
protons from ”Kr decay. 

We plan to examine the 76Rb and 76Kr question 
further and also to extend measurements to ”Rb. 
Our efforts will then be directed toward the utiliza- 
tion of a new apparatus which couples a Me gas-jet 
system to the existing UNISOR ion source (see 
description elsewhere in this report) to begin end- 
point investigations in the rare-earth region. 
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IDENTIFICATION OF 144Tb AND 14STb; 
LEVELS IN THE N ;= 81 NUCLEUS 1 4 5 ~  

K. S. Toth 
C. R. Bingharn2 

1). c. Sousa’ 
A. C. Kabler3 

D. R. Zolnowski’ 

For the past several years we have been making 
a systematic study’ of the decay properties of nuclei 

around the N = 82 shell to learn more about their 
low-lying levels, states whose structure should be 
describable in terms of a single-particle formalism. 
In particular, we have investigated5 isomerism in 
ls5GQ and 14713y and have examined their levch and 
those of other N = 81 nuclei as a function of Z .  The 
nucleus 145Gd is especially interesting, since there is 
evidence now that 146Gd exhibits properties 
characteristic of a doubly magic nucleus. States in 
14’Gd have been studied via 14JGdm decay5 and in- 
beam gamma-ray experiments.6 These studies, 
however, have identified only two excited states at 
energies below 2.3 MeV, while one would expect, 
on the basis of shell-model predictions, a greater 
density of levels. 

To obtain more information concerning “’Gd, 
we undertook a search for L45Tb in concert with our 
decay studies7“ of neutron-deficient holmium 
isotopes made in bombardments of 14‘Sm. [Ter- 
bium nuclides are produced copiously in 
144Sm(loR,axn) reactions.] Ions of ’OB3+ were ac- 
celerated in the Texas A&M University cyclotron 
and used to bombard targets of samarium oxide 
enriched in “‘Sm. These targets consisted of oxide 
layers deposited onto thin aluminum backing foils. 
In two separate experiments, the energies of the ‘OB 
ions extracted from the cyclotron were about 101 
and 129 MeV. However, because the particles first 
were intercepted by the aluminum foils, the max- 
imum energies incident on the target were about 96 
and 125 MeV respectively. Incident energies were 
further varied by using additional aluminum ab= 
sorbers. The overall energy range covered in the two 
experiments was from 75 to 125 MeV. 

Figures 2.79 and 2.80 show portions of gamma- 
ray spectra (about 200 to 1200 keV) measured at 96 
and 125 MeV respectively. The %-MeV ‘OB energy 
was the lowest one investigated where the gamma 
rays eventually assigned to “’Tb were clearly 
observed. In Fige 2.79, ”5Tb transitions are Rakkd 
by energy only; other peaks that could be identified 
are labeled by isotope as well. The evidence that 
these gamma rays do in fact represent ‘“Tb decay is 
as follows: (1) the strongest transitions, at 257.6, 
537.1, 572.4,987.7, and 11W.7 keV, were all found 
to be in coincidence with gadolinium K x rays; (2) 
each of these transitions was also observed to be in 
coincidence with three or more of the others; (3) the 
relative intensities of these transitions remained ap- 
proximately constant as the bombarding energy was 
varied between 96 and 125 MeV; and (4) each tran- 
sition wa5 found to decay with essentially the same 
half-life, namely, 38 -s 3 s. 
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Fig. 2.79. Portion ofa gamma-ray spcctrum obtained in %MeV '% bombardments of '44Sm. The spectrum represents the first 30 s 
of counting accumulated fgllowing I-min irradiation cycles. Transitions assigned to 14'Tb are labeled by energy only. Other gamma-ray 
peaks in the spectrum that could be identified are labeled by energy and isotope. 
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Fi. 2.80. Portion of a gamma-ray spectrum obtained in 125-MeV '% bombardments of '"Sm. The spectrum represents 20 s of 
counting accumulated following 20-s irradiation cycles. Tranbitions assigned to I4'Tb are labeled by energy only. Other gamma-ray peaks in 
the spectrum that could be IdentitEd are labeled by energy and isotope. Note the 742.9-keV gamma ray, which IS assigned to the decay 
of 'J4Tb. 
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The observed 14’Tb gamma rays were placed in a 
decay scheme as shown in Fig. 2.81. The 27.3- and 
748.7-keV states were known’ from IrSGdm decay; 
the other four excited levels were proposed on the 
basis of our singles and coincidence gamma-ray 
measurements. The first three levels in 14’Gd repre- 
sent (see, e.g., ref. 5 )  the s I f 2 ,  d3,2, and hl l12  neutron 
hole states, while the next highest state, 1014.9 keV, 
is probably due to the df2 neutron orbital. The re- 
maining levels shown in Fig. 2.81 (together with 
other so-far-unobserved states) can be accounted 
for by the coupling of these neutron hole orbitals to 
the 1579-keV 3- and 19’71-keV 2”  level^^,'^ in the 
Ir6Gd core. 

2382.2 

im.3 

4272.6 

1045.0 

748.3 i 4 /  - 2 

depopulate a 13/2 state at 2302.0 keV and a 15/2 
level at 2432.8 keV respectively. In our decay work 
these transitions were nct observed, Thus the spin 
of the 145Tb parent is likely to be 5/2’ rather than 
11/2-. 

The spectrum measured at 125 MeV is shown in 
Fig. 2.80. Once again the 14§Tb gamma rays are 
labeled by energy, whilc other identi€iiable peaks are 
labeled both with energy and isotope. One of the 
latter peaks, 742.9 keV, is assigned to tlne new 
isotope 144Tb. The assignment is based mainly on 
two facts: (1) the gamma ray i s  in coiizcidence with 
gadolinium K x rays and (2) its energy corresponds 
to the knownIL 2’ (first excited state) --* 0’ (ground 
state) transition in 1446d. In addition, the gamma 
ray was first observed at a log energy of 114 MeV, 
approximately 20-25 MeV above the threshold for 
the production of 14’Tl(l. The difference is close to 
the expected increase in energy needed to evaporate 
another neutron in this proton-rich region of the 
periodic chart. A decay analysis of the 742.9-keV 
gamma ray yielded a half-life of 5 I 1 s for 144Tb. 
We were unable to observe the 959.3-keV 3- -+ 2’ 
and 1001.4-keV 4’ -+ 2’ Id4Gd transitions.” The in- 
dication is that the spin of 144‘I’b is 1, as is the case 
for the other N = 79 doubly odd i s n t s ~ e s .  

I 
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23.9 rn 

3 4  + 
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Fig” 2.81. Proposed s4sTb decay scheme. 

From the systematics of neighboring N = 80 
isotones, the ground-state spin of 14’Tb is most like- 
ly 5/2+,  since the isotones 14’Eu through Ij9Pr all 
have 5/2’ ground states. In addition, the isotopes 
14’Tb and “9Tb have the same spins and parity. An 
11/2- spin might also be a possibility, since in 14’Tb 
and ‘49Tb these proton orbitals are both low-energy 
isomeric states. It is unlikely that the lr5Tb species 
we observe is 11/2- for the following reason, In the 
work of ref. 6, two intense transitions of energies 
equal to 1553.5 and 1684.1 keV were observed to 
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A rather regular behavior as a function of 
neutron number is observed for the reduced widths 
of alpha-decay transitions which connect ground 
states of doubly even isotopes. These s-wave tran- 
sitions have reduced widths that are largest for 
parent nuclei with a few nucleons beyond a closed 
shell and then decrease as the next shell is ag- 
proached, In contrast, the s-wave widths of 
186~18**190~192Pb have been reported6 to behave 
anomalously. Their widths were fou 
by a factor of 30 between Is6Fb (N = 
( N  = 110) instead of decreasing i 
neutron number approached 126. 'This unusual 
behavior has not been reproduced by theoreticd 
calculations. ' e 8  

In ref. 6 the alpha-decay branching ratios were 
obtained by comparing alpha-particle and K x-ray 
counting rates. The determination of an electron- 
capture-plus-positron (E.C. -I- fP) decay strength 
from K x-ray intensities entails a number of correc- 
tions. To obtain more reliable alpha-branching 
ratios, we undertook the investigation of the E.C. 
+ decay properties of these neutron-deficient 
lead nuclei. 

The isotopes la2Pb, r9QPb, and "VBP were pro- 
duced in ' * O ~ ( ] * ~ , ~ ~ ~ ~  reac s by bombarding a 
WIOl target, enriched in to 92.6%, with *w 
ions accelerated in the Oak Ridge Isochronous 
Cyclotron. Reaction products were mass-separated 
by using the UNISOR on-line facility, collected on- 
to an automated tape system, and transported to 
counting stations for radioactive assay. Singles rand 
coincidence gamma-ray data were accumulated 
simultaneously with two large-volume Ge(Li) deEec- 
tors. Also, the production yields for L92Pb and "'Tb 
were large enough to allow us to obtain conversion- 
electron data by using a Si(Li) detector. With these 
data, E.C, + /3+ decay schemes were constructed. 
For the determination of branching ratios, singles 
gamma-ray and alpha-particle spectra were mcas- 
ured with the Ge(Li) and Si(Au) detectors placed in 
calibrated geometries. The alpha-decay strengths 
were calculated from the measured intensities of the 
alpha groups of 188~ 1 9 0 ~ L 9 2  Pb. The E.@. + 
strengths were obtained from the intensities sf pro- 

minent gamma-ray transitions utilizing the pro- 
posed decay schemes. The alpha-decay branches 
were then determined from the two decay strengths. 

The IPTb and IT"' investigations are now com- 
plete (see refs. 9 and 18 respectively). Herein we 
discuss our initial IssPb data and then consider the 
partid alpha htilf4ives for all three nuclei within the 
frmewsrk of alpha-decay-rate systematics for 
elements with Z >, 78. 

bombasding energy was used to 
produce the A =I 188 isobars. 'The alpha spectrum 
was dominated by the single group know to belong 
to lseFb alpha decay. Its energy was determined to 
be 5980 -t- 5 keV, in agreement with earlier meas- 
urementsSi i-13 In the gamma-ray spectrum, thallium 
K x rays were found to be down in intensity by fac- 
tors of about 18 and 20 with respect to mercury and 
gold K x rays. This small pr uction yield for lsaPb 
is due probably to an increased amount of charged- 
particle emission from the neutrog-deficient com- 
A OUR^. system added to the poorer efficiency of the 
separator ion source €or lead. as compared with the 
other two elements. The low yield accounts for the 
fact that only two gamma rays of about equal inten- 
sity, 185.0 and 758,2 keV, could be definitely 
assigned to the E.C. -e- jY decay of ISaPb. (The re- 
maining gamma rays are mainly due to the decays'' 
of lsaT1, 's8Efg,  and I**Au-) The two transitions were 
assigned to lanPb bemuse they were seen in coin- 
cidence with thallium K x rays and because they 
decayed with a half-life of 22 4 2 s, in agreement 
with ~ ~ b ~ ~ s ~ ~ d  vatues.'1,12 In both the 192Pb and 
"Tb E.C. -t- decay schemes there are two strong 
transitions: (I)  192Pb (ref. 9) 1195.4 ( E l )  and 167.5 
(&dl f k2) $rev and (2) lS0Pb (ref. 10) 942.2 (El) 
and 158.2, (MI I-=) keV. These transitions con- 
nect 1' and 1- levels, respectively, with the 2- low- 
spin isomeric base stares in Ig2TI and I S 0 ' T l .  We 
therefore suggest that the ""Rb 758.2- and 
185.0-keV gamma rays represent the analogous El 
and I -t- ~2 transitions in "'TI. 

The ' V b  and *soPh decay schemes are displayed 
in Fig. 2.82, togetheP with a p a t i d  scheme for l*cPb 
which shows the proposed placement of the 758.2- 
and 185.0-keV transitions. 'Flak placement is in ac- 
cord with the fact that the two garnnna rays were not 
observed in coincidence with one another. Their 
total intensities per 180 E.C. -+ decays, indicated 
in the figure, were determined by assuming no other 
gamma transitions proceeding to the base state and 
a direct E,C. -t p feeding of less than 1?h io this 
level (based on a logft value greater than 8.5 for a 
unique first-forbidden beta transition), With these 
assumptions, the ~ ~ ~ a - b r ~ n c h ~ n ~  ratio was calcar- 
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Fig. 2.82. Decay sehcmes for s v T b  ([ref. 9) and W'b (ref. 1(8) shown together with the proposed partial scheme for l**Pb. 

lated to the (22 t- 71%. If other transitions to the 
base state exist, then this ratio would be smaller. 
From the intensity of the Ka, x-ray peak, the alpha 
branch was deduced to be about 15%. This lower 
vdue has a large uncertainty; it may, however, in- 
dicate the presence of unidentified gamma-ray tran- 
sitions. Several small peaks were found to decrease 
in intensity with time in a manner that could tag 
them as being due to '*aPb decay. Their weak inten- 
sities, however, precluded the possibility of deter- 
mining their half-lives accurately. Also, they could 
not be observed in coincidence with either the 
thallium K x rays or the 185.0- and 758.2-keV tran- 
sitions. If they belong ta '**Pb, then their contribu- 
tion could make the ca!culated and experimental K 
x-ray intensities in better agreement with one 
another" 

In discussing alpha-decay rates, we will consider 
them within a theoretical context so that relative 
probabilities can be obtained. In the formdism" 
used, a reduced width, dZ9 is defined by the equation 
A = d2P/h, where A is the decay constant, h is 

ck's constant, and P is the penetrability factor 

calculated for the alpha particle to tunnel through a 
barrier. 

Decay energies and partial half-lives are needed 
to compute alphadecay reduced widths. In Table 
2.16 we compare these quantities €or L88.190.192 Pb as 
obtained in our current investigations with data 
reported in refs. 5, 11-13, and 16. Large discrepan- 
cies can be noted in the case of the 1s8Pb and 19QPb 
alpha branches. The new branches increase the cor- 
responding widths by factors of 7 and 4.5. Con- 
trastingly, our width for 192Pb, 0.04.9 MeV, is much 
less than the value 0f 0.W4 MeV calculated from 
the earlier data. Were the discrepancy is due 
primarily to the fact that the nuclide's half-life is 
3.5 min, rather than 2.3 min as reported by Le 
Eeyec et al." and used in ref. 6. 

Figure 2.83 shows s-wave reduced widths for 
nuclei with 2 from 78 to 100 plotted as a function of 
N. One sees the regularity of the reduced widths as a 
function of neutron number with the extremely 
sharp break at N = 126. This discontinuity has 
been shown to be a shell-structure effect. A less pro- 
nounced minimum is also observed for the subshell 
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Fig. 2.83. Reduced w i d t h  for s-wave alpha tnndions plotted 
as a function ofNfor istplopeo with2 from 78 to IW. The dashed 
Line connects widths for 186,1WW3192Pb calculated fromeaslier data 
(note that the Is6Pb value is an estimate). The open points for Z = 
82, connected by the full line, are widths for 'ea.'w*'y2Pb calculated 
from our experimental results. 

closure at N = 152. The reported lead anomaly is 
indicated by the dashed line in Fig. 2.83, which con- 

Pb widths calculated from the 
earlier data summarized in Table 2.16. The widths 
nects the 186.168.190.192 

for 1811.190.192 Pb computed from our data are shown 
by the open points. It is clear that, in contradiction 
to the conclusions made in ref. 6, they have a 
dependence on N which is similar to that observed 
for other elements. 

To verify this contradiction, the present study 
needs to be extended to ''Tb and to the recently 
identifiedI3 new isotope I8*Pb. (Note that the * T b  
width listed in Table 2.16 and shown in Fig. 2.83 is 
based6 on an estimated rather than a measured 
alpha branch.) Given the low production yield for 
lS8Pb in irradiations of "OW, it would not be 
practical to investigate 184*1n6Pb with the same (or a 
similar) target-projectile combination. Instead, we 
plan to utilize 4eCa beans from the 25-MV tandem 
to produce the two lead nuclides in ('OCa,4n) reac- 
tions on 148s150Sm. For completeness we will also ob- 
tain data of better quality on the E.C. + f3+ decay of 
lBBPb by producing the isotope in the *'2Sm(40Ca,4n) 
reaction. 

1. University of Tennessee, Knoxville. 
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Current Earlier 
Isotope Property investigations' data Reference 

5112 ( 5 )  
3.5 ( I )  
5.7 x 10-5 (10) 
o.OQ9y.::: 
5577 (3 
1.2 (1) 
9.0 X IO-' (20) 
Q 09c1+0.036 . 4 . 0 2 6  

5980 (5)  
22 (2) 
0 . 2  (7> 
0.114%::11 

511ob 
2.3 (5) 
6.9 x BO-s (24) 
0.094 

5580 (10) 
1.2 (2) 
2.1 x 10-3 (7) 
0.021% 8:;  

$980 (IO)" 
26.5 (15)' 
3.3 x 10-a (11) 
0.01 52.g: 

6320 (20)' 
8 (2Y 
4.8 x 10-z~ 
0.028 

16 
I1  
6 

11 
11 
6 

11 
12 
6 

11 
11 
5 

. 

for k91Pb, IPoPb, ""Bb are taken from ref. 9, ref. 10, and the present study 
respectively. 

'Other value: 5069 (30) keV (ref. 11). 
"Other values: 5975 (15) keV (F&. 12) and 5990 (15) KeV (ref. 13). 
dother valm: 26 (2) s (ref. 11). 
m e r  value: 6332 (10) keV (ref. 13). 
'Other value: 4.79 (5) s (ref. 13). This half-life yields a d* of 0.0047. 
%sthate from expected (ref. 11) cross sections for the production o f  Is6Ppb in heary- 

ion-indlPad reactions. 
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Fig. 2.84. P0rfri0~1 of the periodic chart under ~ ~ ~ ~ ~ ~ ~ ~ ~ : ~ ~ ~ ~ "  
Dots mark isotopes we bare identified, while cross-hatched squares 
represent nuclei whose level structures we have investigated. 
Missing squares for lutetium, hafnium, tantalum, tungsten, and 
rhenium indicate isotopes which have a01 been identified as yet. 

N = 82; EVIDENCE P; 
A SMELL CLOSURE AT Z = 64 

K. S. 'roth 
C. W. Bingham' 

w, M. carter* 
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In the study of riuclei far from stability, radioac- 
tive decay becomes a major mechanism with which 
to obtain nuclear structure information. The pro- 
gram described here deals with the investigation of 
short-lived nuclei near the IV = 82 closed shell. 
Highly neutron deficient isotopes were produced in 
compound-nucle'ar reactions by bombarding en- 
riched rare-earth targets with energetic heavy ions 
ranging from 'OB to 'ONe. Product sraclei knocked 
out of the thin targets by the incoming projectiles 
were thermalized in helium gas. The products were 
then pumped out of the reaction chamber together 
with the heliiim and transported through a Teflon 
c ~ ~ ~ ~ ~ a r y  to a shielded area suitable for gamma-ray2 
x-ray, and alpha-particle counting. 

The program has been t ~ f ~ f o l d  in purpose: (1) 
the study of alphadecay energies aard partial alpha 
half-lives for elements with 64 < Z d 76 and (2) the 
investigation of low-lying levels in nuclei around the 
N -- 82 ciosed shell. Figure 2.84 shows the region of 
the periodic table being studied. Solid squares in- 
dicate beta-stable nuclei, squares enclosed in heavy 
borders represent alpha-active nuclides, and cross- 
hatched squares s ow the nuclei whose level struc- 
tures we have investigated. The intent has always 
been to obtain particular pieces of in€ocmation con- 
cerning specific nuclei. However, due to the wide 
range of nuclides involved, result has been the 

accumulation of half-life and decay-energy 
systematics for neutron-deficient nuclei with 144 < 
A < 172. A total of 27 new isotopes have been iden- 
tified; these are marked by dots in Fig. 284.  Much 
of the work lras been ~ummarizcd recently in three 
review ast i~ les .~  ' Herein we discuss thesc portions 
of our data which indicate a shell closure at Z = 64. 

The first evidence for a closure at gadolinium 
(2 = 64) came from an examination of alphadecay 
energies in the rare-earth region. For a given de- 
ment, alpha-decay energies increase with decreasing 
neutron number. Disco~rthnuities in this monotonic 
trend appear at 154, 128, and R4 neutrons as a con- 
seqnence of the shell closures at 152, 126, and 82 
neutrons respectively. In an analogous way the 
energies for a given N increase smoothly with in- 
creasing atomic number. In the rare earths, 
however, a plot of E* vs N (see Fig. 2.85) reveals a 
discontinuity at Z = 64; while the normal spacing 
between adjacent even-Z nuclides is about 0.5 MeV, 
the difference between dyspiosiurn ( Z  -= 66) and 
gadolinium is about 1,l MeV. The inczeased gap 
shows the additional stability of the 2 = 64 con- 
figuration. 

Another set of results which relates to the Z = 
64 closure deals with alpha-decay rates, In alpha 
decay, half-lives for transitions between ground 
states of double even nuclei are taken to represent 
unhindered decays. The reducd widths (or transi- 
tion probabilities) of these so-cakd s-wave alpha 
decays are considered to be standard. They exhibit 
regular trends as a function of N and Z .  They are 
largest for iiiiclci with two or four particles beyond 
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ORNL-DWG 80-9415 even-even nuclei. The calculations showed a signifi- 
cant dip at Z = 64 between the g,,, + d,,, and hll,2 
proton orbitals. However, the data available at that 
time indicated7 a general constancy in widths with a 
dramatic reduction at "ODy (Z = 66). Our in- 
vestigations of alpha-decay rates showed that the 
' W y  alpha-decay branching ratio was in error; it is 
36% rather than 18% as earlier data had indicated. 
Eased on new e ~ ~ ~ ~ ~ e n t a ~  data the alpha-dwy 
rates for N = 84 nuclei show {see Fig. 2.86) that the 
experimental alpha widths agree with the calcula- 
tionsg and that a shell closure exists at Z = 64. 
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Fig. 2.86. Reduced widihs for N = $4 evm-A nlph emitters. 
80 82 84 86 88 BCS calculations of Machrlane et ai (ref. 7) are also shown. 
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Fig. 2.85. ~ l ~ ~ a - ~ e c n ~  energies plotted as a function of neu- 
tron a~mber for isotupes in the rare-earth region. Only even-Z 
elements have been labeled and their points connected. 

a closed shell. After a sharp minimum at the shell, 
the widths increase once agaia in value as the next 
closure is a ~ ~ r ~ a c h ~ ~ .  The trends can be under- 
stood in terms of the shell model; namely, the pro- 

e for the formation of an alpha 
particle i s  related to t e ~ ~ a g ~ ~ t u ~ ~  of the s i d e -  
particle wave firnciions at the surface.. For closed 
shells these states are inore tightly bound, and the 
result is a sharp decrease in the alpha-decay rate. 

The ~ ~ s c ~ n t ~ n ~ ~ ~ ~  in alpha-decay energies at 2: 
= 64 mentioned above was reproduced by calcula- 
tions' which used the BCS method to take into ac- 
count correlations between protons outside the Z = 
50 sheU. 'fie authors also utilized their wave func- 
tins to calculate alpha reduced wi 

, 

The first 2' states in a group of singly closed 
even-even nuclei lie at approximately equal excita- 
tions. If, however, one nucleus of these is doubly 
magic, then this excitation energy becomes substan- 
tially higher. Energy systematics for the lowest 2+, 
4+, 6+, and 3- states in N = 82 isotones ("'Te to 
'Wy)  are summarized in Fig. 2.87. Information 
concernirrg L46Gd and **8By levels is taken from our 
data on the decay of ' T b  and I4Wo and from re- 

gamma-ray work {see, e.g., ref. 8). 
General trends in Pig. 2.87 are that the 2+, 4+, and 6" 
states, up to IJ4Smt increase gradually in energy as 2 
increases, while the 3- level drops precipitously. At 
146Gd, the 3- is the first excited state, while the 2' ex- 
citation increases sharply from its energy in "*Sm. 
In 14*Dy the 2+ level drops in energy and, once 
again, is the first excited state. Its excitation of 1677 
keV i s  close to the 2' energy in "'Srn, namely, 1660 
keV. The unusually high energy of the 2" level in 
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Fig. 2.87. Systematics of fOW-!yhg 2’. B’, 6, and 3- Bevels in 
doubly even h’ 82 nuclei. 

lr6Cd and the fact that its first excited state i s  3- 
provide additional evidence for a closure at Z = 44. 

Based on three different types of experiments 
there is iiow a compelling indicatiola that 64. protons 
represent a closed configuration. This progress 
should stimulate new shell-model cakulattioras in 
this mass region wherein an N = 82 plus Z = 64 
core is assumed rather than the usual N = 82 plus 
2 = 50 closure. 

I .  University of Tennessee, howille. 
2. UNISOR. oak Ridge, Tenn. 
3. Eastem Kentucky University. Richmond. 
4. K. S. Toth. “lnv,ostigatian of Nuclei near N = 82 and 

2 = 64 via Radioactive Decay of High-Spin Isomers,’’ Symp. on 
High-Spin Fhenomena in lVudei, Argoane National Laboratary, 
March 1979, ANE report No. ANL-PHY-79-4 (October 19791, 
p. 413. 

5. K. S. Toth, “ a - k a y  Studies in the Lead Region,” Int. 
Symp. on Future Directions in Studies of Nuclei Far from Slabil- 
ify, Vanderbilr University, September 1979, Nmth Hollandd, 
1980, p. 71. 

6. K. S. Toth, “cr-Decrpy Systematics for Elements with 50 < 
Z < 83.” Sixth lap. Con5 on Atomic Masses, Michigun S m e  
University, September 1979, Plenum Press, New York, 1980, p. 
409. 

Rev. 134, B11% (1964). 
7. R. D. Macfarlme, J .  0. Rasmusen, and M. 

8. P. J. Daly et al., 2. Phys. 173 (1980). 

ENERGY LOSS AND GGLING OF 
7.3-MeV-PER-NUC 84Hr IONS 

R. L. Hahnl 
K. S. Tobh F. Plasil 

R. L. Ferguson 

A preliminary discussion of energy-loss 
measurements by time s f  flight for %.3-MeV/amu 

“Kr ions traversing foils of nickel, aluminum, and 
titanium was presen.ted previsus1yn2 In particular, a 
discrepancy of about 20% was noted between the 
data and the calculated energy losses of Northcliffe 
and S~hilling.~ Detailed analysis of the data has 
yielded vdues of the stopping powers and straggling 
parameters for 84Kr in these materials.‘ 

~~~~@~~~ Powers 

Stopping powers, S(B, are usually extracted 
from energy-loss measurements done with thin 
foils. In such a foil, AE i s  small, so that one expects 
S(E) to vary slowly and linearly with energy about 
some mean energy, E,: 

dE/dX E S(@ = S@,) + b(E - E,). (1) 
The energy loss, AE, occurring in the foil is then ob- 
tained by integrating Eq. (1) over the thickness of 
the foil, from 0 to M ,  so that 

S(E,) (AE/ARa)[ %b M/tmh(”/zb AI?)], (2) 

where the mean energy in the foil is E, = Et - 
%&E?. For a thin foil, the term in square brackets, 
[q, is about 1, so that 

S(E,) = m/M. (3) 

Bimbst et a1.I have extended this method Ita thick 
foils and large energy losses of up to 80 MeV by 
arguing that Eqs. (1) and (2) should apply to any 
energy regime where the stopping power varies 
linearly with energy; for the beams that they con- 
sider, they show that F = 1, SO they use Eq. (3) to 
evaluate S(E,). If, however, Eq. (1) represents only 
the linear term in a Taylor expansion about E, and 
if the energy Boss is large, so that higher-order terms 
in E - E, cannot be neglected, then Eqs. (2) and (3) 
will in general not be valid. 

To test these ideas, we have used Eq. (3) to ex- 
tract S(E,) values from our data (for the s4Kr 
energies used, b = -0.012 and F Q 1.001). These 
derived data are shown in Figm 2.88. For Ni, S(E,) is 
seen to change slowly, $31110, as E, changes from 
7.20 to 4.39 MeV/amu. Figure 2.88 also compares 
the derived stopping powers with the values 
calculated after Steward6 (St.) and by Hubert et al.’ 
(H.F.). The fatter calculations are, in the main, 
based OII the average trends of S@,) vs E deter- 
mined by Birnbot et d.5 but take into account the 
variations with energy of the effective-charge 
parameter, which reflects changes in the charges on 
the projectile and target atoms. 
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Fig. 2.88. Stopping powem, S(E,,), decked from t k  energy- 
loss data. Calculated values are derived from Steward (St., ref. 
6) and Hubert et ai. (H.F., ref. 7). 

It is seen that both St. and H.F. predict slow, 
linear variations of S(Eo) with energy that do follow 
the general trends of our data for nickel. However, 
fluctuations in our data points and the error bars 
assigned to them do not allow us to choose between 
the N.F. and St. predictions. We stress that the 
quality of the data in Fig. 2.88 is not very different 
from that presented in ref. 5 .  Thus we conclude that 
while the approach of Bimbot et al. of using Eqs. 
(1)-(3) appears to be reasonable for absorbers in 
which large energy losses of 1-2 MeV/amu occur, it 
is not obvious that precise values of S(Eo) can be 
derived from such measurements. It appears that 
the heuristic value of using Eqs. (1)-(3) lies in com- 
piling and comparing data for different projectile- 
target combinations and in generating stopping 
powers’ for beams and energy regions for which no 
measurements have as yet been done. 

Straggling 

Beam straggling, which is due to the statistical 
nature of the slowing-down process, was shown by 
Bohr* for light ions to vary with the square root of 

either the absorber thickness or the energy loss. 
More recent treatments9 have considered the case of 
heavy ions, taking into account the addtional facts 
that the stopping power, the charge distribution 
(charge straggling), and the charge-exchange cross 
section all change as the energy of the ion decreases 
in its passage through the absorber. Schmidt- 
Bocking and Hornungg have derived a semiem- 
pirical formula for the straggling, 

(4) 

where AE is in units of MeV and K is a normaliza- 
tion constant. As noted above, the value of n 
should equal 0.50; its value in ref. 9 is 0.53, ob- 
tained from a fit of Eq. (4) to data for $1 
MeV/amu C1 ions slowing down in argon-methane. 
To plot data for different ions in the same absorber, 
Schrmidt-3ocking and Hornung’ defined a reduced 
straggling parameter 

112 , (zpl,.”;”Z T 

so that 

ad(keV) = K(hEk)ZT1’2. (6) 

For energy losses from less than 1 to 60 MeV, they 
found K = 14 for the gaseous absorber argon- 
methane. 

Table 2.17 lists the straggling parameters 
measured in the present work. We note here that the 

Foil A#?? (MeV) uzb (MeV) ( I C  (MeV) 

None 0 2.72 f 0.41 
Ni 19.15 f 0.14 3.62 f 0.16 2.39 

45.8 4.68 3.82 
73.5 5.79 5.11 
87.0 6.03 5.38 

129.3 7.28 6.75 
159.4 7.78 7.29 

Ti 95.2 5.42 4.69 

a AE =: measured energy loss. 
ut = measured total straggling, as full width at half mu- 

imum, including effects of beam spread and detector resolution. 
u = net straggting. 
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observed straggling, even for energy losses as large 
as 129 and 159 MeV, is 28 MeV. The-? 3~ data thus 
indicate the magnitude of the beam spread to be ex- 
pected when solid absorbers are used in nuclear 
physics experiments with energetic Kr ions. 

The net straggling data of Table 2.17 have been 
compared with Eq. (4). The stopping powers used 
in this comparison were interpolated from the 
values calculated by Hubert et a!.' Figure 2.89 
presents the data plotted in terms of ded, Eq. (5); 
the line in the figure represents Bq. (6). It is seen 
that Eqs. (4)-(6) fit the data very well, with I I  -T 

0.50 and with K = 45 k 1 and 4.0, respectively, for 
Ni and Ti (the data for AI are iroi included in the 
figure because of the observed nonuniformity of the 
foils). However, we note that thc ded parameteriza- 
tion of ref, 9 does not adequately rake into account 
the variation with absorber, ZTt since the Ni and Ti 
data do not fall. on one universal curve. 

c -4 

AE I M a V )  

where ~1 is the measured net straggling. The curves are calculated 
from ared = KZYa E"'. For Ni, K = 45; for Ti, K = 40. 

These ~ x p e r ~ ~ ~ ~ t a ~  results on energy losses, 
stopping powers, and straggling and the corn- 
parisons made with theory not only are of interest 
in terms of the physics of electronic: stopping but 

xe very pertinent to considerations of the use of 
beam degrader Soils at accelerators. 'The discrepan- 
cies between the Northcliffe and Schilling3 predic- 
tions and the data for ions as heavy as 04Mr are 
noteworthy becaiise of the widespread use of the 
N.S. tables in nuclear physics experiments. 

1 .  Chemistry Division 
2. R .  L. Hahn, K. 5. Toth, K. L.  Fcrguson, and F. Plasil, 

Phys. Div. A91nu. Prog. Rep. Dec. 31, 1978, ORNL-5498, p. 68 
(June 1979). 

3 .  L. C .  Noiilidiffe and R. F. Schilling, Nucl. Dnta AT, 233 
(1970). 

4. R. L. W;lhn> IC. S. Toth, R I,. tierguson, and F. Plasil, 
Nucl. fnstmm. Methods 180, 581 (1981). 

5 .  R. Binrboi, 5. Della Negra, D. Gardes, M. Gauvira, A. 
Flcury, and F. HiaSert, Nucl. Iwrrurn. Merhods 153, 161 (1978). 

6. P. G. Steward, University of California report No. 
11CRL-16127 (1958) (unpublished). 

7. F. Hubert, A. Fleury, R. Binbot, and D. Gardes, A m .  
Phys. (Paris) SS, 6 (1980). 

8. N. Bohr, .I;. Don. Vidensk. Selsk Mat.-Fys. Medd. 18, 
No. 8 (194E). 

9. €3. Schmidt-Bocking and H. Mornung, Z .  P'hys. A286, 
253 (1978). 

TIHE WXp, as)  "lbj AT 

J. Rapaportl c. A. GOUM~EI~ '  

T. Taddeucci' D. IEoren 
@. Gaarde2 E. Sugarbaker5 
C .  D. Go0dwan3 T. G. Mastersd  
C. C. ~ o s t e r ~  D. I,ind5 

128, 160, .4N 

In the last few years, a ntambcr of authors6 have 
attempted to express the n ~ c l e ~ ~ i - n u ~ l e ~ n  interac- 
tion at intermediate energies in terms of an effective 
nucleon-nucleon interaction in DWIA. Using phase 
shifts derived from free nucleon-nucleon scattering 
they have developed energy- amd momentum- 
dependent effective t matrices for the issscalar, 
isospin, and spin-isospin components of the interac- 
tion including knockout and exchange. The present 
experiment was undertaken in order to test this 
energy and q dependence. 

The 1*C(p9 n )  I2N reaction was studied at incident 
proton energies of 120, lad), and 200 MeV. Angular 
distributions were measured out to about 35 '. The 
measurements were made using the beam swinger' 
at the Indiana University Cyclotron Facility. Ex- 
citations leading to the ground (J" = I+ ,  T = 1) and 
0.96-MeV (J" = 2+, T = 1) states of I2N were in- 
vestigated. Transition densities were calculated 
using Cohen-Kurath' wave functions. Theoretical 
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cross sections were calculated with (anw) and 
without distortion (upw) (Le., V = W = V, = Q). 
The ratio M(E, 4) between onw and upw can be con- 
sidered as a measure of distortion effects, which are 
dependent upon both energy and momentum 
transfer. 

The transition density for the 0' - 1' excitation 
is known to involve only a spin density. Further- 
more, the ratio I t",8f: 1 is almost constant for small 
q in the energy range 1 -200 MeV. Hence it is ex- 
pected that the cross section for this GT transition 
should be nearly independent for small 4 transfers. 
This can be seen in Fig, 2.90, where upw(q) deduced 
by dividing the experimentally measured cross sec- 
tion by N(E, q) is plotted vs 4. For small 4, one sees 
that apw is essentially the same for the 120-, I@-, 
and 200-MeV data, It can be shown that the cross 
section extrapolated to q = 0 can be related to the 
GT beta-decay matrix element. 

- 

t 

- O W *  70  (CKWFI 
M 10961 

AJ " 1 '  A J * 2 *  

A 1 . l . l . l . l  
01 0% 12 o* 0 8  I2 

, I . - L I - . L . .  

q (fm-'1 

Fig. 2.90. Plane-wave cross sections far the '*C(p,n) "N 
pound and 0.96-MeV states calculated from the measured cross 
sections at 12.0, 160 and 200 MeV. The solid lines represent 
D WBA 70 plane-wave calculations using Cohen-Kurath wave 
functions. The AJ = 2 PW calculation has been multiplied by 0.5 
(see text). 

The fact that the plane-wave cross sections for 
different E are essentially the same for a given q is 
in excellent agreement with the predicted E and q 

almost independent of E for q <, 1 fm-'. The 
measured cross sections are in excellent agreement 
with DWBA 70 calculated cross sections using the 

. dependence of t,,, which shows6 that t&E, q) is 

Cohen-Kurath wave functions and the predicted 
strength of for. 

Similar results are also shown for the 0 -+ 2' 
transition to the 0.96-MeV stale in 
transition, in@hSiOn of the isovector-tensor interac- 
tion is very important. This transition can proceed 
by either L = 2, S = 0 or L = 2, S = 1. Calcula- 
tions indicate that S = 1 dominates. Note that the 
calculated cross sections using the Cohen-Kurath 
wave functions had to be multiplied by a factor of 
0.5 to get agreement with the data, 
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RCW FOR ISOBARIC ANALOCS OF MI 
STATES AND GIANT SPIN-FLIP 

~ ~ ~ ~ ~ ~ ~ ~ E S  IN THE 2oaPb( p, n) 

D. J. Horen IVI. B. Greenfieldz 
C. D. Goodman' J, RapaportJ 
C. G. F0sterI D. E. Bainums 
C. A. Goulding' E. Sugarbaker3 

asterson3 F. Petrovich6 
W. 6, Love' 

The 2 o s ~ ~ ~ , ~ ~ 2 0 * B i  reaction has been studied at 
MeV using the beam swingera at 

the Indiana University Cyclotron Facility with a 
70-m flight path. 'The 0' time-of-flight spectra were 
dominated by two nearly degenerate resonances 
with E, = 15.6 MeV and E, = 15.2 MeV (IAS), 

to haye L = 0 angular distribu- 
V resonance was identified as the 

giant GT resonance, since the ratio of its cross sec- 
tion relative to that of the IAS at 160 MeV was 
enhanced by about a factor of 2 over the ratio at 
120 MeV. This is in excellent agreement with the 
predicted9 increase in the ratio 1 Vm/V, 1 * between 
120 and 160 MeV. 

The observed location of the GT resonance is in 
good agreement with predictions made by Ikeda.l0 



However, the observed strength represents only 
about NVo of the sum rule and has triggered several 
theoretical efforts to explain this. 

The spectra at 4-5” are dominated by a peak 
corresponding to E, = 21.5 MeV. Since the cross 
section for exciting this resonance tracks with that 
of the GT as a function of E,, this resonance can be 
classified as an E, = 1, S = 1, T = 1 excitation (Le., 
isovector spin-dipole). The width of this resonance 
is r = 10 ? 3 MeV, and it could be composed of 
components with J” = 0-, 1-, and 2-. These results 
can be used to predict the energy of excitation of the 
spin-dipole resonance in *08Pb. 

Additional weak resonances were observed at 
E, = 2.8, 2222, and 24.6 MeV, The 2.8-MeV 
resonance was found to behave as an L = 1, S = 1 
excitation and is probably a J” = 2-, h9,2i13,2-1 
proton-particle-neutron-hole state. The 22.9- and 
24.6-MeV resonances have L = 0. The former is 
thought to be the IAS of previously 
M1 states in *08PB. 

These results have been published. I f  
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RVATPBN OF GIANT PARTICLEHOLE 
RESONANCES IN ’*Zr(p,n)’ONB 

D. E. Bainum’ 
J. Rapaport2 C. C. Foster) 
C. D. Goodman3 

D. J. Horen 

M. B. Greenfield‘ 
C .  A. Goulding4 

The Indiana University beam-swinger facility5 

the reaction 9QZr(P,n)90Nb at E, = 120 MeV, At 
small angles (i.e., 8 = Oo), the time-of-flight spectra 
are dominated by the IAS (E = 5.1 MeV) and giant 
Garnow-Teller (GT) (Ex = 8.7 MeV) resonances, 
which have L = 0 angular distributions. Another 
peak at Ex = 17.9 MeV is found to be described by 
an L = 1 angular distribution. 

The cross section of the GT resonance relative to 
that of the IAS resonance in the 120-MeV spectra is 
enhanced by about a factor of 5 with respect to the 
same ratio observed6 at E, = 45 MeV in accordance 
with theoretical predictions.’ Love’ and Petrovich’ 
have shown that the effective nucleon-nucleus in- 
teraction can be expressed in terms of nucleon- 
nucleon interaction. Of the various components of 
the latter, they’ have shown that at small momen- 
tum transfer (i.e-, q =: 0) the isovector interaction is 
dominated by the central isospin (VT) and spin- 
isospin (ifvr) terms, whose magnitudes are a func- 
tion of E.’,. In the energy region E, z= 100 to 300MeV 
(at q =: Q), ifaT is nearly flat, while V, is decreasing. 
Hence one expects to observe an enhancement of 
transitions which proceed by a u - u  T-T interaction 
over those which proceed by T’T in this energy do- 
main. 

The results have been published.8 Important 
findings were: (1) The total GT strength represented 
only about 4,00010 of the sum rule (i.e., ZGT = 
3(N - a. (2) An L = 1 transition was observed at 
E, = 17.9 MeV. 
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ENERGY SYSTEMATICS OF THE GIANT 
GAMOW-TELLER RESONANCE AND 

A CHARGE-EXCHANGE DIPOLE 
SPIN-FLIP RESONANCE 

D. J. Horen J. RapaportS 
C. D. Goodman' T. TaddeuccP 
D. E. Bainum2 E. Sugarbaker6 
C. C. Foster' T. Masterso$ 
C. Caarde3 S. M. Austin7 
C. A. Goulding' A. Galonsky' 
M. B. Greenfieldd W. Sterrenburg' 

We have used the beam swingerB at the Indiana 
University Cyclotron Facility with protons of inci- 
dent energy between 100 and 200 MeV to study the 
energy systematics of the giant Gamow-Teller 
resonance and an L = 1, S = 1 resonance. The 
neutron flight paths were 60-70 m, and data were 
taken at 2.5" intervals out to about 15'. Targets 
studied included 90,92*942r, 1'2-'16Jz4Sn, 169Tm, and 
208Pb. Neutron time-of-flight spectra at 4.3 O for E, 
= 200 MeV (near a r n a ~ ~ i m u m ~ . ~ ~  in the differential 
cross section for L = 1) are shown in Fig. 2.91. At 
this energy the IAS i s  only weakly excited. The loca- 
tions of the GT and L = l resonances (and IAS 
where observable) are indicated in the figure. 

energy differences between the giant GT and L = 1 
resonances, respectively, and the IAS. The energies 
of the GT (and IAS where observable) resonances 
have been determined from 0 spectra and those for 
the L = 1 from the 4.3 O spectra. The uncertainties 
for EGT - EIAS are less than 0.4 MeV, and those for 
EL., - E1,, are estimated to be 1 MeV. As can be 
seen from Fig. 2.92, to first order both energy dif- 
ferences can be represented by linear functions of 
(N - Z)/A which have about the same slope. We 
find the energy differences in MeV: 

. In Fig. 2.92 we have plotted vs (N - Z)/A the 

EGT - E,,, = -30.O(N - Z)/A + 6.7, 

- Elm = -33.O(N Z)/A + 13.6. 

The energy differences for and lzrSn are in 
good agreement with calculations of Gaponov and 
Lyntostanski," who have used the theory of finite 
Fermi systems with a spin-isospin constant of go' = 
1.0. However their predicted values for the Zr 
isotopes are high by about 2 MeV. The calculated 
energies for the 1AS resonances agree well with ex- 
perimental values. Hence the discrepancy between 
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Fig. 2.92. Plots of E,, - -ElAs and E,,,, .- Eras (N - 
Z )  /A. 

the calculated and measured EGT - EIAS for the Zr 
isotopes indicates a problem with the calculated 
values of EGT. 

A striking feature in Fig. 2.92 is that the values 
of EL=, - EIAs for the three Zr isotopes lie about 3 
MeV above the curve formed by the other elements. 
Since at present there are no detailed calculations of 
an L = 1, S -- 1 resonance available for the Zr 
isotopes, one can only speculate as to the reasons 
for this. One reason might be that the distribution 
of strength among the J coniponents for the Zr 
isotopes differs from that for other elements. Or 
possibly it is because there are fewer particle-kole 
pairs which can participate in the Zr isotopes, which 
would have the tendency to give a greater weighting 
to the higher-energy transitions which make up the 
collective state. 

This work has been published.I2 

1 .  Indiana University, Bloomington. 
2. Emporia State University, Emporia, Kans. 
3. The Niels Bohr Institute, Copenhagen, Denmark. 
4. Florida A&M University, Tallahassee. 
5. Ohio University, Athens. 
6 .  University of Colorado, Boulder. 
7 .  Michigan State University, Fast Lansing. 

3. C. D. Goodman et al., IEEZ Trans. Nz~cl. Sei. NS-26, 

9. D. E. Rainum et al., Phys. Rev. Lett. 44, 175i (1980). 
10. D. J .  Horen et al., Phys. Lett. 95 
1 1 .  Yu. V. Gaponov and Yu. S. Lyutostanski, Yud. Fiz. 16, 

434 (1972) [Sov. J .  Nucl. Phys. 15, 270 (1973)]; Yud, A z .  19,62 
(1974) [Sov. J.  Nucl. Phys. 19, 33 (1974)j 

12. D. J. Horen et al.. Phys. Lett. 99 

2243 (1979). 

EXClTAT16)N OF GIANT RESONANCES BY 
INEI s NG OF 

V S’ 

F. E. Bertrand J. Tinsky? 
E. E. Gross 

J .  R. Wu2 R. I,iljestrand5 

D. K. MrDani~.ls~ 
D. J. Horen L. w. swens0n4 

Giant multipole resonances, the ~o-~al led  “ncw” 
giant resonaiiccs, have been stsidied using inelastic 
scattering of electrons and a wide variety of 
hadrons. While hadionic p i o k s  provide clear ex- 
citation of giant resonance peaks, positive iden. 
tification s f  the resonance multipolarity is often 
lacking. This comes about &ice angular distribu- 
tions from inelastic hadron scattering are often not 
strongly characteristic of momentum transfer. The 
use of 200-400 MeV protons for giant resonaim 
studies offers several advantages OWCT probes 
previ~~slgi used. ’rhe most notable advantage lies in 
the clearly characteristic angular distribution shapes 
far rneiglnboring momentum transfers. For example, 
according to DWBA calculations, the difference 
between a “pure” L = 2. giant resonance and an 
I, = 2 i- 4, even for as little a$ 18 - 2 W 0  t - 4 
EWSW depletion, is very large. Another interesting 
aspect of 2mO-h4eV pi oton inelastic scattering i s  the 
very large small-angle cross section predicted for 
Coulomb excitation of the giant dipole resmancp. 
(GDR). Although it is assumed that the GDR is ex- 
cited in inelastic proton scattering, direct e* idence 
for GDW excitation has heretofore not been pis- 
vided. Furthermore, at forward angles spin-flip ex- 
citations, such as M1 states, may be observed. 

Protons of 200 MeV frorn the TRIUMP ac- 
celerator were inelastically scattered from about 
68-mg/cm2 targets and detected irn the focal plane 
of the MRS, a broad range iiragnetic spcctrograph 
faciltiy.* ‘Typical spectra covered an excitation 
energy range of about 4.0 MeV for a single field set- 
ting of the spectiogiaph. We have measured the 
spectrogiaph response and beam quality at LCCO 

degrees usiiig a redeaccd-intensity beam and find no 
spurious background that would affect our results. 
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At the smallest angles studied, observations were 
made using blank target frames; no deleterious 
kackgrotand was observed. The energy resolution 

keV (FWHM), although 
some data 893. bv-lying states were taken with about 

keV ~~~~~~~ resolution. Measurements were 
e every 2"  between 4 and 20". Our meas- 

urements of p r ~ t o n  scattering cross sections from 
hydrogen wing a CW, target agree to within 5% 
with ~ ~ ~ $ ~ - § ~ ~ ~ ~ ~  values.' 

Data have heen obtaine f o ~  60Nj3 90Zr, lZaSn, 
'O*Pb, and z 3 s T i ,  Figure 2.93 shows spectra from 
yQZr and '"Sn at angles which should provide max- 
imum CFOSS sect ions €OK L = 1,2, 
The broad peaks which are obv 
~ ~ c ~ ~ ~ ~ ~ o ~ ~ " ~ ~ ~ ~ ~ ~  c4:*nkinua arise from exitatioae of 
various ~~~~~~~~~~~~~~~ giant resonances. 

At 4", a. large peak i s  observed which is located 
at the excitatkn enevgy of the GDR. The solid curve 
showai on the 4 data i s  the QDW shape and energy 
from (y,n$ ~ ~ ~ ~ ~ s ~ ~ ~ ~ ~ ~ t ~ , *  with ~ a ~ ~ ~ t u ~ ~  fitted to 
ow data. The QjDR accounts for virtually the entire 
observed peak at 4".  The e x ~ d e n t  agreement be- 
tween the (y,ra) am1 @JI') spectra provides a clear 
~ e ~ ~ ~ ~ t r ~ ~ ~ ~ ~  of inelastic proton excitation of the 

R cross scctinams at 4"  me 21 * 5 
rnb/sk and 25 -t 4 mb/sf, respectively, for 9QZs and 
lzOSn. The CMR is Iocated at nearly the Same energy 

BA ~ ~ ~ c ~ ~ a ~ ~ ~ ~ s  indicate that 
the CFMR cross section. is at least an order of 
magnitude smaller than that of the GDR at 4". 
Since the E4 CIO~S section drops rapidly with in- 
creasing angle, the EO cross section becomes 
increasingly more important at larger angles. 

An htencstixig aspect of the 4 ' ''2% spectrum i s  
the presemxx of a nariow peak at 9.1 k MeV. This 
peak is not observed in ~~~~~~~~~~~ spectra. We 

at this peak may arise from excitation of 
MI states in 9oZr. Recent @*e') ~ ~ ~ s u ~ e ~ e n & s 9  
repurt iW1 states bcacated at 9.371, 9.M?, and 8.233 
MeV in "*Zz1. In ~~~~~~o~~~ a state tentatively iden- 

8s has k?eera observed1@ at 8.3 rfr 0.4 MeV 
@,n) reactim of 9 F Z ~ .  The cross section ob- 

~ ~ ~ ~ s ~ ~ ~ ~ ~ ~ ~ ~ t l  * for tbe isobaric 
slate i s  about 4 mb/sr, which 
p') cross section of about 118 

nnb/sa., in good a~~~~~~~~ with our ~ ~ ~ ~ ~ e ~ e n t  of 
'7.2 f 2.0 mb/sr. Tt i s  cl that we have not shown 
conclusively that the 9,1 e?! peak arises from ex- 

.h 
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Fig. 2.93. Spectra from idastic scattering of -MeV pro- 
tom from "Zr and ""Sn. The multipolarities shown for the 
resonances are discussed in the test. The dashed line shows the 
shape and magnitude assumed for the nuclear continuum 
underlying the resonance peaks. 
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citation of an Ml state. However, considering the 
poor resolution of the @,p') and @,n) meas- 
urements, the agreement among the three measure- 
ments certainly provides strong suggestion of an A41 
assignment for the peak. No similar state is seen in 
our lnoSn 4"  spectrum, nor has an Ml state been 
reported from other measurements on I*OSn. 

The 8 and 10" spectra shown in Fig. 2.93 were 
obtained at a maximum for the L = 2 angular 
distribution for poZr and IzaSn respectively. The 
solid curve, taken from the shape and location of 
the GQR a s  determined f rom ( a , a ' )  
measurements,1Z provides excellent agreement with 
the present data. In the 42" spectra, broad peaks 
seen somewhat less clearly at 8 and 10 " are observed 
at 25 k 1 and 27 k 1 MeV in '"Sn and 90Zr respec- 
tively. The widths (FWHM) of the peaks are, 
respectively, 8 f 1 and 9 * 1 MeV for '*OSn and 
90Zr. We interpret these peaks as arising from ex- 
citation of the 3da GOR (B). 

Figure 2.94 shows angular distributions for the 
GQR and GOR peaks. The uncertainties shown on 
the measured cross sections arise mostly from the 
uncertainty in the assumptions made for the shape 
and magnitude of the nuclear continuum under- 
lying the resonance peaks. The comparisons on Fig. 
2.94 show that the GQR cross sections are well 
described by the L = 2 DWBA calculation. The 
sensitivity of our results to higher-multipole con- 
tributions in the GQR peak i s  shown by the dashed 
curve, which results from a mixture of only 5Vo of 
the L = 4 EWSR with the L = 2 angular distribu- 
tion. Clearly, the GQR peak contains very W e ,  if 
any, contribution from excitation of a 2kio E4 giant 
resonance. This statement only indicates that there 
is no major L = 4 strength within the GQR peak 
shown in Fig. 2.93. A 2/io E4 resonance may be 
many MeV wide and thus may escape detection in 
the present experiment. 

From the DWBA calculations we derive an 
EWSR depletion for the GQR of 3 0 % 1  P 8 in 90Zr 
and 35% f 6 in IZ0Sn. These values are low by 
about a factor of 2 when compared with valuesx3 
from other inelastic reactions. 

The measured angular distribution for the peak 
labeled E3 in Fig. 2.93 agrees with the L = 3 
DWBA calculation and does not agree at all with 
the L = 4 or L = 2 calculation. These results pro- 
vide definitive evidence for the existence of the 36a 
giant octupole resonance. Within the limitation 
discussed above, our results for the OOR, when 
compared with the DWBA calculations, yield 14% 

L = 2 -  

QRNL-DWG 81-5586 

L L." -1 

a 

GOR 
\ E X = 2 7  MeV 

\ 

\ 
\ 
\ 
\,- L=4 

\ 

Ex =43.2 MeV 

- L=2+5 70 L.4 

Fig. 234. Angular distributions for the GQR and COR som- 
pared with DWBA sa!sulaUons(solid anid dashed crsmes). 

~t 3 and 18% f 4 T = 0, E = 3 EWSR depletion 
for IzoSn and 90Zr respectively. 

1. Further report of this work to be published in Physirs 
Letters. 
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GIANT MULTIPOLE RESONANCES FROM 
INELASTIC SCATTERING OF 152-MeV 

ALPHA PARTICLES1 

F. E. Bertrand 
G. R. Satchler 
D. J. Horen 

A. D. Bacher' 
G. T. Emery3 
W. P. Jones3 

J. R. Wu2 D. w. ~ i i w  
A. ven der Woude'l 

Giant resonance spectra have been measured for 
zosPb, I2OSn, 90Zr, 58Ni, and P6Ti using inelastic scat- 
tering of 152-MeV alpha particles. In addition to 
some low-lying states, the spectra were analyzed to 
yield separate peaks for the giant quadrupole 
resonance and giant monopole resonance, except in 
'6Ti, where no evidence was found for a giant 
monopole resonance. The results for the monopole 
resonance when compared with distorted-wave 
Born-approximation calculations show that about 
1OQ% (&20%) of the T = 0, L = 0 energy- 
weighted sum rule is dep€eted for nuclei with A > 
90. For 58Ni, only 40% of the monopole s u m  rule is 
found. The excitation energy of the giant monopole 
resonance follows the systematic trend -88 x 
MeV. The data are also compared with folding- 
model calculations using Tassie transition densities 
and an effective interaction derived from ehstic 
data. Good agreement was obtained for low-lying 
quadrupole and octopoie excitations, but this 
model yields considerably too little cross section for 
the monopole resonance. This probably indicates a 
deficiency in the Tassie-model breathing-mode 
transition density. 

- .- 

1. Summary of published paper, Phys. Rev. G 22, 1832 

2. Bell Laboratories, Naperville, Ill. 
(19801. 

3. Indiana University, Bb~mingtOn. 
4. Kernfysisch Versneller Instituut, Groningen, The 

Netherlands. 

THE FISSION PROBABILITY OF 239U 
AT HIGH EXCITATION MEASURED WITH 

THE 23W(~,JHef) REACTION' 

F. E. Bertrand 
E. E. Gross 
D. J. Horen 

J. R. Wu2 
J. R. Beene 
C. E. Bemis, Jr. 

W. P. Jones3 

The fission probability of 239U has been 
measured as a function of excitation energy using 
the 2S8U(a,3Hef) reaction with E, = 152 MeV. m e  
3He spectrum in coincidence with fission exhibits a 
broad peak near the incident beam velocity. The fis- 
sion probability has been measured over a wide 
excitation-energy range for 239U and is found to 
agree with that obtained from the *W(rz,j') reac- 
tion. These measurements indicate that the par- 
ticle is produced predominantly near the beam 
velocity and behaves as a spectator, while the 
neutron is transferred to the target, forming a com- 
pound nucleus. The wide range of excitation 
energies which can be investigated in a single experi- 
ment, without appreciable interference from other 
reaction processes, makes the (q3He) reaction 8 
useful tool for fission probability measurements. 

1. Summary of paper to be published in Physical Review. 
2. Bell Laboratories, Naperville, Ill. 
3. Indiana University Cyclotron Facility, Bloomington. 

FISSION DECAY OF THE GIANT 
QUADRUPOLE RESONANCE IN 358Ui 

E. E. Gross 
J. R. Beene 
C .  E. Bemis, Jr. 

F. E. Bertrand 
D. J. Horenr 
J. R. Wu2 

W. P. Jones3 

We have measured the fission probability of 
''W excited by 152-MeV a-particle inelastic scat- 
tering. The excitation region studied extended from 
threshold to 30 MeV. Alpha particles scattered 
from an 800-pg/cmz 23*U foil at 11.5 O lab [a max- 
imum in the giant quadrupole resonance (GQR) 
angular distribution] and at 17.5" lab (a GQR 
minimum) were detected in bE (3500 p) - E (5000 p) 
Si surface-barrier telescopes. Both telescopes 
subtended angles of 1 ' horizontally and 2" verti- 
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cally. Coincident fission fragments were detected in 
position-sensitive gas proportional counters. One 
fragment detector was centered on the 238U rccoil 
direction (74" lab for alpha particles scattered at 
11.5 O lab) and subtended 25 " horizontally and 1 O 

vertically. The second fission-fragment detector 
was located antiparallel to the 238U recoil direction 
and subtended a 25% larger solid angle. 

Triple coincidences between two fission frag- 
ments and inelastically scattered alpha particles 
were recorded simultaneously with prescaled alpha- 
particle singles. A giant resonance peak appeared in 
the 11.5 " lab alpha singles spectrum located at 1 1 .O 
MeV with a width of about 5 MeV (FWHM), which 
we attribute to the GQR. The GQW was unobserved 
in the 17.5" alpha singles data. In the triple- 
coincidence alpha-particle spectrum at 11.5 ", we 
observe an enhancement of the fission probability 
at 10.4 MeV with a width of about 1.5 MeV 
(FWMM), while no such enhancement is evident in 
the 17.5 O triple-coincidence data. 

Due to the unique nuclear alignment properties 
of fission induced by inelastic alpha-particle scat- 
tering, our coincidence measurements are only sen- 
sitive to fission of the K = 0 component of the 
GQR in the deformed z3aU. Here, K i s  the projec- 
tion of the nuclear spin I (I = 2 for GQR) on the 
symmetry axis of the nuclear density distribution. 
The unique alignment in our experiments, with the 
recoil axis taken as the axis of quantization, cor- 
responds to tn = 0 in the plane-wave limit. We 
deduce a fission probability for the GQR of 0.25 B 
0.10, while that for the underlying nuclear con- 
tinuum i s  found to be 0.21 +- 0.08. Thus the GQR 
shows no special inhibition or preference for fission 
decay over that for the nuclear continuum or giant 
dipole resonance (rj/r 20%). Our fission proba- 
bility measurements and deduced properties of the 
238U EO and E;! resonances rare best understood 
under the assumption of preservation of the K 
quantum number during the fission process. This K 
preservation has not been observed in cornyound- 
nuclear fission studies. A possible inference from 
this contrasting behavior is that the quadrupole 
oscillation, which is strongly and directly excited in 
the present reaction, might couple lliore directly to 
the fission mode of the nucleus than do the niore 
complex states excited in compound-nuclear reac- 
tions. 

1. Summary of published paper: Ph.ys. Lett. 99B, 213 (1981). 

2. Bell Laboratories, Naperville, 111. 
3. Indiana University Cyclotron Facility, Rloomington. 
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F. E. Obenshain 

R. L. Burman4 
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M. J. Leitch4 

M. A. Moinester' 

The reaction TI+ t- d .+ p c y represents the 
simplest pion absorption process which can occur; 
hence the reaction has been of great interest in 
studies of pion-nucleon and pion-nucleus interac- 
tions. It has also been suggested that the reaction 
may be used to probe the high angular momentum 
components of the deuteron ground-state wave 
function and to test conservation laws through the 
method of detailed balance. As a consequence of 
these diverse and fundamental phenomena, the 
reaction has been intensively studied for nearly 
three decades. 

Accurate measurements of the energy depend- 
ences of the reaction angular distribution and total 
cross section are of particular importance in 
understanding the mechanisms associated with this 
reaction. As experimental technologies and techni- 
ques have improved, more preeiss: determinations 
of the integral and differential cross sections have 
been made at many energies. The advent of higher- 
quality and higher-intensity pion beams provided 
by the low-energy beam line at LAMPF has led to 
the present study of the n+ - d reaction. We report 
new measurements at 20-, 25-, 30-, 3 9 ,  40-, and 
65-MeV pion beam energies and thus extend our 
previous work6 to higher and to lower energies. 

The present status of the n+ +- d -*- Zp total- 
cross-section data unde 200 MeV is summarized in 
Fig. 2.95. Our new high-precision incasurements 
confirm the general trend of the earlier measure- 
ments. Also shown on the figure are t h e e  calcu- 
lations which all fa& in different ways to 
quantitatively account for the entire excitation 
function. This disagreement between theory and ex- 
periment has spurred us to extend our measure- 
ments up to and beyond the 3/2, 3/2 resonance, 
thereby providing an entire excitation function by 
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POSITIVEPION-NUCLEUS ELASTIC 
SCATTERING AT 20 MeV 

F. E. Obenshain M. Hamm* 
F. E. Bertrand N. w. Ha* 
M. Blecher' M. J. Leitch' 
R, L. Burman2 M. A. Moinester' 
R. D. Edge3 €3. M. Hreedom' 
K. Gotow3 R. P. Redwine' 
E. E. Gross J. R. Wu 

We have measured positive-pion-nucleus elastic 
scattering at 20 MeV from the targets 'T, l60, 
40Ca, 9oZr, 120Sn9 and 2oeBb. These measurements 
were performed at the low-energy pion (LEP) chan- 
nel at the Clinton P. Anderson Meson Physics 
Facility (LAMPF). l?ie data presented here are the 
first measurements of the elastic scattering at such a 
low energy, and they may be compared with earlier 
measurements at 30, 40, and 50 MeV to obtain a 
rather complete description of the ,energy and mass 
dependence of the scattering in this low-energy 
region. At higher energies the pion-nucleus interac- 
tion is dominated by the strong absorption occur- 
ring near the II - N  resonance, but at the lower 
energies the mean free path is much longer, and the 
pion interaction may extend into the nuclear 
interior. 

The angular distributions shown in Fig. 2.96 
were obtained with plastic scintillator detectors. At 
this energy and for our targets, the elastically scat- 
tered pions are easily resolved from the nsnelasti- 
cally scattered ones. To ensure identification of the 
pions in the forward direction, an event required 
the detection of the pion and a subsequent decay 
muon within the same detector. All of the angles 
shown in Fig. 2.96 were obtained by moving the set 
of ten detectors twice, keeping the two at 90 and 
100" fixed. The momentum spread in the beam was 
2%, and no substantial improvement in the quality 
of the data was obtained by reducing the momen- 
tum spread to 1%. 

The absolute cross sections were obtained using 
the number of incident pions measured with a a-p  
dE/dx detector. The detector counted the number 
of muons resulting from pion decays in the beam 
line and was calibrated at a reduced beam intensity 
by a direct counting of the incident pions. 

The data shown in Fig. 2.96 were analyzed with 
a nonlocal optical-model potential in the t-matrix 

=t ' 
0 M 100 150 206) 

PION LA.BORATORI ENERGY (+ANI 

Fig. 2.95. Total cross sectbn for the reaction R+ + d -c p + 
p betow 200 MeV. The present measurements are indicated by 
.ct . The calculations are those of Chai and Risha (ref. 7), a e o n  
(ref. 8), and MaxweIl, Weise, and Brock (ref. 9). 

the efforts of a single group. Hopefully, such a set 
of data will be more consistent than the present 
assembly of data and allow a more convincing test 
of theory. 
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8. I. T. Cheon, Phys. Lett. WB, 342 (1980). 
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South Carolina, Columbia. 
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0 20 40 60 80 100 120 140 160 180 
loo 

formulation. The f matrix is 

where E, k are the on-shell energy and momentum, 
q9 q' are the off-shell initial and final momenta, and 
ao,l are the range parameters for the dV interaction 
(we take then to be equal). The s- and p-wave 
parameters bo and ba were varied in order to obtain 
a minimum in xz. A variation of the range 
parameter a from about 300 to about 700 does not 
significantly change the values of bo and bl ob- 
tained. The formulation becomes the same as Kis- 
slinger's for a - m. Table 2-18 shows a comparison 
of the real and imaginary parts of bo and b1 for a = 
500 and infinity for each of the nuclei studied. 'The 
curves shown in Fig. 2.% are those obtained from 
the minimization of x2  for the case a = 5W and 
with an appropriate set of nuclear parameters taken 
from electron scattering. The statistical errors 
associated with each data point are approximately 
the s i x  of the symbol used. 
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In Fig. 2.97 we show a plot of the parameter 
Im bo as a function s f  energy for each of the nuclei 
I6O, 40@a, 90Zr, and 208Pb. The values at 30,4Q, and 
50 MeV were taken from previous As can 
be seen from the figure, the absorptive s-wave 
parameter increases rather dramatically at 20 MeV 
compared with the other three energies. The curve is 
a theoretical predi~tion.~ It i s  thought that this ef- 
fect is related to the pion-nucleus penetrability at 
this energy. 

Stricker, Carr, and McManusL0 have determined 
the parameters far an optical-model potential from 
pionic atom data and from pion elastic scattering at 
50 MeV. The energy dependence of the potential 
parameters was determined by interpolation. The 
curves" shown in Fig. 2,98 were calculated for our 
20-MeV data with the opticalmodel parameters so 
derived. As may be seen, the comparison with the 
data is quite good and lends credibility to both the 
experimental and theoretical method. 

I .  Virginia Polytechnic Institute and State University. 
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3. University of South Carolina. 
4. Instrumentation and Controls Division. 
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6. Massachusetts Institute of Technology. 
7 .  M. Blecher et d., Phys. Rev. C 2@, 1884 (1979). 
8. B. Preedom et al., Phys. Rev. C 23, 1134 (1981). 
9. E. Auerbach, D. Fleming, and M. Sternhein, Phys. Rev. 

10. K. Srricker, J .  Cam, and H. McManus, Phys. Rev. C22, 

11. W. McManus, private communication. 
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Fig. 2.37. The &sorptive s-wave st~eaprtb Im b. is s b m  o$ Y 
fnection of energy for 'W, 'Oca, 'OB, and *-Pb. The curve is a 
theoretical calculation taken from ref. 9. 

ELASTIC SCATTERING OF n+ AND FROM 
4eCa AT 64.8 MeV 

F. E. Bertrllnd 

S .  H. Dam'** 
R. D. Edge' 
B. M. Preedornl M. Blecher5 
M. Hammf K. Gotow' 

R. L. Burman' 

R. P. Redwine3n4 
M. A. Yates3 

E. E. Gross R. cariini3 

Me A. Moinester6 

Elastic pion scattering in the energy region be- 
and 100 MeV is of partiuuk interest since 

that region provides a transition from a weak to a 
strongly resonant interaction in the pion-nucleus 
system. The measurement of both n* and n- 
distributions is important for several reasons. Cross 
sections for single charge exchange can be predicted 
from r[+ and n- elastic scattering moss s ~ t i o m , ~  and 
a comparison of these for N = 2 targets may lead 
to information about the off-shell behavior of f ie  
trN interaction.* Also, data from scattering both 
charged pions in this energy region should provide 8 

Fig. 2.98. The datsl sMm are $be as in Fls;. 2.96. The 
curves were calcdatd according t~ the mode1 of Stticker. Carry 
and McManus (refs. 119, 11). 

stringent test of ~ ~ o ~ ~ - n u c ~ e u ~  scattering theories, 
particularly with regard ts the comect ~~~~~~t of 
the Coulomb part of the ~ ~ t e ~ a ~ ~ o ~ ~  This re 
presents the results for n* and n- scattering from 

V. Also presented are attempts to fit 
these data with a first-order ~ ~ ~ n ~ ~ ~ ~ ~ ~ o ~ ~ ~ ~  op- 
tical modele 

The data were taken using the Bkentennial 
Speclrometer at the law-energy pion (LEPJ chan- 
nel' of the Clinton P. Anderson b s  A!arnos 
Physics Facility (LAMP!?). This s ~ ~ ~ ~ ~ l e ~ ~  * 

double-focusing, broad-range de 
pions are momentum-malyzed by t 
and are detected by a helical wire chamber** placed 
at the focal plane. A second wire chamber placed 
above the first provides angle ~ n ~ ~ ~ ~ ~ ~ o n  us 
reduce background. The event signatan 
by a coincidence between a small sci 
placed between the target and the x-y ~~~~~~~~~g 
slits, a large scintillator (SI) mounted after the 
second wire chamber, and a y-axis ~~~~~~~~ to 
the bend plane of :he magnet) signal from either 
wire chamber. The relative normalization of the in- 
cident beam flux was accomplished using a pion- 
decay monitor." TWQ scintillators placed at rn 
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angle of 7 "  from the beam were used to detect 
muons from decaying beam pions. 

The experimental results are shown in Figs. 
2.99-2.101. An analysis of these lhas per- 
formed using a coordinate-space code developed by 
Gibbs, Gibson, and Stephenson. l 2  'This code utilizes 

are 12.8 and 3.7 respectively. 

relative momenta before and after the interaction, 
and ts, and b, are the complex s- and p-wave 
strength parameters. Since there is considerable 
evidence indicating that strengths determined from 
free pion-nucleon phase shifts cannot adequately 
describe the low-energy pion elastic scattering data, 
the strengths have been treated as Bee parameters in 

a phenomenological nonlod Kisslinger t ~ n d r i x  
which in momentum-space notation can he written as follows: Woods-Saxon distribution 

&) = , 

the present study. 
The nuclear matter density i s  taken to be a 

M e ,  4 
1 -k exp""""'" (21 

(k* i- d ) Z  
t(q, q', E )  II___---.----- 

(a* 4- q*)(ca* + q'*) 
{bokz  ' '((q * as')} ' (l) N(c, 0) is the normalization, c is the hJf- 

In this expression, a i s  an off-shell parameter 
describing a vertex nonlocdity in the pion-nucleus 
interation, k and E are the on-shell pion momentum 
and energy, Q and q' are the local pion-nucleon 

density radius, and i s  the diffuseness. The body 
geometry parameters c and a for 40Ca were initially 
determined by choosing a set which, when con- 
voluted with a proton charge radius of 0.81 fm, 
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Fig. 2.101. Modified opticel-m&l fits (we text) to the r' and 
r' data with an off-shell puameter Q -400 MeV/ c an$ diffuseness 
n=Q.51 fm, for best-fit radiiasindiated. 'Thecorrcsgonding x 2 t E  
are 4.5 for TI-' and 1.5 for f i  . 

gave the same sms radius as determined from elec- 
tron scattering and also reproduced the electron 
scattering form factor out to several minima. The 
geometry for the matter distribution thus obtained 
was c = 3.63 fm and a = 0.51 fm, which differs 
slightly from the c = 3.68 fm and a = 0.58 fm used 
at lower energies." However, both sets of geometry 
parameters give equally good fits to the lower- 
energy data. 

The initial attempts to fit the data were per- 
formed using the above geometry while searching 
internally on the strength parameters bo and 6, fox 
various values of the off-shell parameter a. 
However, it was found that the model was unable to 
give reasonable fits to either set for any value of CY 

with the geometry derived from electron scattering. 
The poor fits obtained with this geometry are 

presumably indicative of the need to include addi- 
tional effects in the optical model, some of which 
can be mocked up by a change in the radius of the 
~ o o d $ - $ ~ o n  density distribution. 

- 

Representative fits for the best-fit geometries 
for LY = 500 MeV/c are plotted in Figs. 2-99 and 
2.100. The radii corresponding to these fits are 3.92 
fm for n+ and 4.12 fm for e. Note that even the n' 
radius is some 8.3 fm larger than the original 3.63 
fm, a strong indication that higher-order effects wi l  
play an important role in adequately describing 
these data. The difference in the n- and n+ radii, 
however, is disturbing and difficult to explain, since 
the target is an N = Z nucleus and the coordinate- 
space fitting code explicitly takes into account the 
Coulomb part of the interaction. Thus there should 
be no large charge-dependent effects, not even in 
higher-order terms. 

In the solution of the Klein-Gordon equation, 
the second-order potential terns, If& and VMVc + 
VcVN, are normally estimated to be small compared 
with VN + Vc and hence are omitted. Since thefirst 
term contributes P' terms from the first-order 
potential and the second term is charge-dependent, 
the code was modified to include these terms in 
order to determine their effect on the best-fit 
geometry. The radii needed to fit the data are still 
considerably larger than the value derived from 
electron scattering, and the radius difference be- 
tween rr' and n- persists. Figure 2.1011 shows the fit- 
ted angular distributions corresponding to the 
representative CWE of a = MeV/c for the 
modified version of the model. 

Neither the n' nor the n- data presented here can 
be fitted with a phenomenological first-order op- 
tical model unless the nuclear matter geometry is 
allowed to vary from the geometry determined from 
electron scattering. Good fits to the n- data and 
reasonable fits to the n+ data can be obtained for 
values of c, the Woods-Saxon radius parameter, 
that are considerably larger than that expected from 
electron scattering. This is not to be interpreted as a 
true reflection of the nuclear matter density but 
rather as an indication of the need to include 
higher-order ternis in the model. The poorer fits for 
the n+ data axe apparently due to the fact that the n" 
angular distribution exhibits more structure in the 
s-p interference region, making it more difficult for 
the model to simultaneously reproduce this region 
and the diffraction minimum. 
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the figure, the angular distributions exhibit con- 

le structure for the heavier targets but not 
for 12C. 

The structure observed is a result of several dif- 
ferent aspects of the pion-nucleus scattering. At 
smaller angles a contribution from Coulomb- 
nuclear interference is observed. For the n- the in- 
terference is constructive, and for the n+ it is 
destructive. The data for I2C show the s- and 
pwave interference minimum near 70". For the 
heavier nuclei this effect becsmes less pronounced 
due to the strong diffraction minima which begin to 
emerge. 

In Fig. 2.103 we show the optical-model com- 
plex s- and p-wave strength parameters obtained 
from the fitting procedure. The lines in the figure 
were obtained from predictions of the impulse ap- 
proximation. 

ELASTIC! ~~~~E~~~~ OF GAT 

F. E. Obenshain M. Hamm2 

M. IBlecBaer' M. J. Leitch' 

R. D. Edge3 B. M. Preedom3 
K. Gotow3 W. lp. Wedwin& 
E. E. Gross J. W. Wu 

F. E. Bertrand N. w. ~ i 1 1 4  

R. L. Burman' M. A. Moin&ei' 

Angular distributions for the elastic scattering 
of positive and negative pion b e m s  from '*e, '"Ca, 
3oZc, and 208Ppb have been measured' with the 
~ ~ ~ ~ n t e ~ ~ ~ ~ ~ ~ ~  Spectrometer (BCS) at the low-energy 
pion channel of thc Clinton f. Anderson Meson 
Physics Facility. The data and analysis presented 
here are preliminary and represent a continuing 

to measure the elastic and inelastic 
cross sections for n%esoms on a series of core 
nuclei used in many theoretical investigations. 

The scattered pions were detected by a vertical 
drift chamber located near the f m d  plane of tfie 
BCS. Relative beam flux normalization for each 
ngle and target was obtained by detecting decay 
muons from the pion beam in two scintillator 
tdesccpes ~~~~~~~~ at ilxl angle with the beam less 
than the Jacobian peak angle. 

The data for the four targets we shown in Fig. 
with preliminary optical-model fits with 

a Kisslinger patentid. Standad nuclear parameters 
from dtxtrrsar scattering data were used, and varia- 
tions of the mass density radius did not significantly 
improve the quality of the fits. As may be seen from 
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D. Shapka R. L. Parks' 
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The energy resolution obtdnable with heavy 
ions is frequently limited by effects due to the 
energy loss and straggling within the target. A win- 
dowless gas-jet target offers many advantages for 
heavy-ion measurements, and such a target has 
been designed for the split-pole spectrometer at the 
25-MV tandema Figure 2.104 presents a schematic 
of the device, The gas (inlet pressure A) enters from 
the bottom and flow through a convergent- 
divergent Eavd nozzle. Approximately 90Vo of the 
gas flow i s  recaptured by the 2,54-cm-diam first 
pumping stage, which is pumped by a 7O-)-liter/s 
mechanical pump. The majority of the remainder 
of the gas is pumped by the l4@liter/s second-stage 
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F i .  2.102. Data from efpstic scattering of WMeV n* and =- from "C, '*C., "Zr, and **'Pb. The cwes are optical-model fits with 
a Kisslinger potential. 

mechanical pump through tubing 7.62 cm in 
diameter. The first two pumping stages are con- 
nected to a recirculating system so that the captured 
gas can be reintroduced to the inlet line. The inci- 
dent beam and reaction products pass through two 
sets of diffsrential pumping slits (indicated only 
schematically in Fig. 2.104). These slits are pumped 
by a third pumping stage-a 2500-liter/s cryopump. 
The two differential pumping slit systems lead to 
the scattering chamber vacuum pump (a 
1400-liter/s cryopump), which serves as the fourth 
pumping stage. The exit slit system can be varied 
between 0 and 60" to permit angular distribution 
measurements. The beam-defining apertures are 
located just before the scattering chamber and are 
small enough so that the beam passes cleanly 
through the differential pumping slits to eliminate 
scattering from these slits. 

The inlet pressure Po is varied to change the 
target thickness. If this pressure is 760 torr (Nt), 
then the observed pressures in the four pumping 
stages are about 6,0.2, <W3, and torr respec- 
tively. These pressures are determined by the 

available pumping speeds and the design of the 
Laval nozzle, which is the heart of the gas-jet 
system. The above pressures were obtained with a 
nozzle which produces a target thickness of about 
20 &cm2 for a nitrogen target and a mass flow 
through the system of approximately 120 torr- 
litersjs. 

A typical Laval noz7.k used in the present design 
is shown in Fig. 2.105. Figure 2.105a shows a cross 
section perpendicular to the tong axis of the nozzle. 
Figure 2.10% is the view looking down into the exit 
opening-a 1.27- by 2.54-mm rectangular aperture 
which narrows in one dimension to a 0.254-mm- 
wide throat. Such a nozzle produces a foillike sheet 
of gas whose smallest dimension is along the beam 
axis and which has larger extensions perpendicular 
to the beam. The most significant parameter of a 
Lava1 nozzle is the ratio of the area of the exit of the 
nozzle to the area at the throat. This ratio, together 
with the characteristics of the gas, determines the 
values €or the Mach number, M, and the ratios 
PIP,, p / p 0 ,  and T/To of the pressures, densities, 
and temperatures of the gas flow at the exit and in- 
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let of the nozzle. For the nozzle shown in Fig. 2.105 
(area ratio 5) ,  a nitrogen jet will be produced at the 
exit of the nozzle such that M = 3.2, P/Po = 0.022, 
p / p o  = 0.064, and T/T, = 0.33. As the ratio of the 
nozzle exit to throat increases, the Mach number 
also increases, while the pressure, density, and 
temperature ratios all decrease. 

The nozzle shown in Fig. 2.105 should produce 
a homogeneous target approximately 7 mm high, 
2.5 mm wide, and 1.25 mm along the beam axis. 
Although the gas jet is designed to mount on the 
scattering chamber of the split-pole spectrometer, 
we have been testing it with a solid-state counter in 
a scattering chamber at the ORNL EN tandem, 
Figure 2.906 i s  a photograph of the test stand. The 
two cryopumps mounted on the top and bottom of 
the apparatus are visible, as i s  the large mechanical 
pump (at the extreme left of the figure) which 
pumps the first and second stages of the gas jet. The 
variation of the target thickness for nitrogen as a 
function of the inlet pressure is shown in Fig. 2.107. 
The circles show the calculated pressures, while the 
triangles result from energy-loss measurements us- 
ing the solid-state counter. We have obtained a 
target thickness of 15 yg/cm2 with this nozzle 
(shown in Fig. 2.105) and about 30 yg/em2 with 
another with a larger throat. The capabilities of the 
present pumping system will apparently place an 
upper limit on the usable target thickness of 50 

Further tests on the gas jet are in progress. A 
more thorough study of the target thickness and 
h o ~ o g e ~ ~ ~ t ~  will of necessity have to wait until the 
apparatus is mounted at the spectrometer. 
However, the promise of the gas jet for nuclear 
physics research i s  indicated in Fig. 2.108. This 
spectrum is due to the scattering of a 30-MeV l6O 

yg/cmz. 
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Fig. 2.106. Test stand of the gas-jet apparatus at the ORNL EN tandem. 

1 

beam from a target consisting of nitrogen w i t h  a 
loh Kr admixture. The energy resolution of slightly 
less than IVo is limited by the resolution of the 
solid-state counter. The solid angle was kept small 
so that kinematic broaden; tig would be unirnpor- 
tant. The solid angle to be used with the spec- 
trometer will be at least 1.5 msr. The symmetry of 
the peaks, the absence of containiriant peaks, arid 
the low general background level indicate the at- 
tractiveness of the gns jet as a target. 

Fig. 2.107. Target thickness for the nozzle design of Fig. 
2.105 and Ni gas as a function of the inlet pressure Po. The 
nrcles and triangles are values which result from calciilarions 
arid energy-loss measurements respectively. 

c__I..--. I__ -.... __I___ ..__ _I ___ ..-- 

1. University of  Virginia, Chatlottesville. 
2 .  J .  L. C .  Ford, Jr., J .  Gonia del Cainpo, J .  W. Johnson, 

13, Shapira, J .  E. Weidlcy, S. T. Thornton, and R. L. Parks, 
Pkys. Div. Annu. Pmg. Rep. Dec. 31, 1978, OKNL-5498 (June 
1979), p. 45. 



I32 

I O 0  2 3 3  3OC 400 

CYSNNEL U iEA0ER 
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Microscopic then1 etical treatments of nuclear 
reactions, including those for heavy ions, invariably 
desci ibc the reaction effects in tetms of rnatrin 
elemernts betwecn statcs of specified nuclear spin 
orientation. 4 complck experimental description of 
these reactioiis thus requires a knowledge of the in 
itial spin alignmeiit and the change in spin align- 
ment as a result of the reartion or iiiteraction. In the 
usual case, especially for heavy-ion reactions, ex- 
periments are performed on ari elisemble of ran- 
domly oriented target nuclei (unpolarized) with un- 
polarized beams and generally with pslariiation- 
independent measurement techniques. The 
theoretical descriptions must then be summed or 
averaged over all possible spiri directions, in an ap 
propriate fashion, to facilitate compazison with ex- 
periment. Potentially iriij~ortarnt details of the reac- 
tion mechanism, which might form crucial points of 
compaiison. arc thus lost. 

For dcfor rnsd targets or projectiles (i.e., those 
which have static equilibi ium deformations like the 
rare-earth deformed nuclei); even macroscopic 
dexriptions of nuclear reactions WQUld predict 

largc differences in results for differiiig initial spin 
orientations, since the orientatioii of the symmctry 
axis of the mclear density disriibution. IC, is ortcn 
identical (K  = I). I'he subtle interplay between the 
attractive nimclear forces a n i  icpudsive Couloinb 
force, both of which govern the dynamics and 
results of hcavy-ion reactions with deformed I eac- 
iion partners. are thus a funciiofi of the oiientation 
of the nilclear symmetry mi$. Examples of these ef- 
fectc have been : epoi led for the sub-Coulomh fu- 
sion' of I6O with 148-154Sm and for the fusion-fission 
reactionsz of 3zS with 14a.1'4Sm. A!thoiigh the effects 
of target defor niation were dewanstrated in the 
above cxanrples, thc true effects due to  the orienta- 
tion of the nuclear symmetry axis were masked 
because the experiments were performed using un- 
polar bed targets. 

We are working to d c d o p  a p ~ l a r i ~ e d  rare- 
e a t h  target assembly for use in the reseaich pro- 
gram at the MHIRF to investigate both static and 
dyfiamic target defoimation effects in heavy-ion 
rcactions. The asscmbly is bawd on the use of the 
gas ;et target rccently developed at ORNL to enable 
ntlclcai reaction studies to  be performed at high 
rewlution with gaseous tarset material$ I'he 
spatially we!l-debined target (supcrcsonic gas jct) is 
provided by a Lava1 convergence-diveTEcnce nozzle 
which exh=iusts directly into the differcntially 
pumped targct chamber. The initial development is 
ba$ed on a "seeded" jet of lslEu ( I  = 5/21 and/or 
'53Eu (J - 5 / 2 )  target atoms entrained in a n  inert 
carrier gas of nitrogen. Polarization is acconi- 
plishcd via depopulation optical pilmping with 
pelarized remnant laser photons. I his polarization 
technique, called LINUP (Baser-induccd nuclear 
polai ization), has been previously applied to optical 
spectroscopic studies of spontaoeous-fission 
isomerism5 atid is being used in studies of short- 
lived isorliers among the francium nuclidesm6 
Europium is a particularly favorable case for op- 
tical p~nrnping,~ and our isevelopmcnt is based oil 
the plimping of the entire upper state hyperfine- 
siructiire multiplet for one of the 8 S 7 / 2  * Y ~ P , , ~  9 / 2  

resonance transitions with polaritcd light. I'hkse 
allowed iransitioiis (T - 5 to 6 ips) occur at 
wavelengths in the region 4594 to 4661 A and will be 
excited with a broad-band CW dye laser (output 
line width ahout 30 GHz) operated with one of the 
cournariii dyes and pwngcd with the UY output 
from an argon-ion laser. A schematic of the 
assembly is shown in Fig. 2.103. 

We have performed extensive optical pumping 
calculatinns for this system by solving the complete 



I33 

high-resolution heavy-ior~ beam froan the 25-M”v’ 

elastic Coiilcrinb and nuclear scattering and sub- 
Coulomb k‘usi~n experiments sinziBar to i hose of 
refs. J and 2 but pcrfori~~ed a5 ii function of tine 
orientation of the target nuclear symmetry axis. 

We note that the use of Lisers in the prod~cciiorr 
of polarized beanas and targets, and i n  nucknr 
physics in general, is becoming increasingly i nrpor-  
tam, ’ 1 . 1 2  We envision the laser-pumped polarized 
target assembly used for cstlier suitabfe target 
species illat are as amenable to optical pumpirig :IS 
the Eu case described above. 

tandem Van de QrIlaff and isxcllde elastic and in- 
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Yig. Z.lcIy. Schematic of the laser-pumped polanted-treet 
assembly based on the ORNL supersonis gas-jet target. 

set of coupled differential rate equations to obtain 
the detailed time evolution of the coupled I c J 
density matrix, using the computer program 
RATESe9 The nuclear density nialrix is projected 
from the coupled matrix. The rate equations in- 
clude both ground-state and excited-state relaxa- 
tion, laser output line width. and Doppler absorp- 
tion profile effects. 111 the near-collisionless reginie 
expected for the operating conditions of the gas jet, 
ground-state relaxation effects are unitnportant, 
and excited-state relaxation does not alter the speed 
at which the ultimate alignment conditions are 
reached. We have also considered the effects of 
“radiation as a limitation to the 
target thickness/degree of nuclear spin orientation. 
Under operating conditions, we expect an approxi- 
mately WYo nuclear spin polarized target with an 
Eu target thickness in excess of lo” atoms/cmz. ‘In- 
itial nuclear reaction experiments with the polarized 
target assembly, when fully developed, will use 
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The spin spectrometer, pictured in Fig. 2.110, is 
a new type of gamma-ray detector system consisting 
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Fig. 2.110. Spin specbromtcr after assembIj at $he Flolifieid facility. [he  detector array is shown with one half opcn to reveal the 
spherical reaction chamber within the cavity. 

of 72 individual NaI detectors arranged in a closely 
packad spherical shell that surrounds the source of 
r a d i a t i ~ n . ~  'I'he instrument wac designed and built 
at Washington University for the Holifield facility. 
The specialized electronic circuitry for it was 
designed and built at OKNL. 

The spectrometer electronics provide on an 
event-by-event basis, for each detector that tiles. 
the pulse height, time of firing, pulse width, and an 
identifying tag. From thcse data one can obtain the 
following basic information for each event: (1) the 
coincidence fold and thuc the gamma-ray 
multiplicity, ( 2 )  the pulse-height distribution of the 
gamma rays in each detector and thus the gamma- 
ray energy spectra, (3) the total pulse height and 
thus the total energy carried off by gamma rays, (4) 
the identification of pulses due to neutrons, (5) the 
identification of pulses due to detection of a gamma 

ray and a neutron in the same detector, (6) the time 
relatioirships of the gamma rays in a cascade, and 
( 7 )  the at9gular correlations of the gamma rays in 
each cascade. In a typica! experiment the spin spec- 
trometer electronics are triggered by one or morc 
auxiliary gamma-ray or particle detectors in 01 der 
to select the events of interest for that measure- 
ment. 

Detector Elements 

Each detector unit contains a tapered prism of 
Nal PolyscinS niaterial of length 17.6 cm 
hermetically sealed in an aluminum can with walls 
of 1-mm thickness. The prism is viewed through a 
glass window at its large end by an RCA-4522 
photomultiplier tube operating at about -1900 V. 
On the average the pulse-height resolution i s  8.6% 
for 662-keV gamma rays and 6.3% for 1332-keV 
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gamma rays. It does not change significntitily for 
c01mting rates up  to 50 
tinrc tesoiution i s  2.1 n HM and 4.9. n s  FWTM 
Qfrrl? width at tenth maximunil. 'This is suffjcient to  
distiaiguirln, by time of Dighi herween gamma rays 
and aboui 95% of the ncutrons in an evapoaatron 
speitruxn of temperature 3 MeV" The pulse-height 
response was found to be lincaa from 60 kcV to 2.75 
MeV arid to deviate from linearity only slightly at 
4.43 M e V  (ku plus Be source) arid 6,83 MeV (Cm 
plus "C source). ?he stability of the 1332-keV pulse 
height as a function of coutiting rate i s  satrqfactory 

per second) for lrlost of 

tube bdse are proper By adjusted. Different samples 
of the same tobe typc exhibit different stability 
charscteriskics; n selection Goan among I5 extr;t 
tabes w a ~  made to replace the least stable  one,^. 

(les;s than I "a up to 40 
the Units, I7rQYided k h  e ~ W U T  cont~ols on [he 

The ~ ~ ~ ~ ~ ~ ~ 9 ~ ~ ~ t ~ ~ ~ i ~ r  ariode signal IS t h t  
amplified by a fast przampZifecr of gain 10. Otie of 
the preaniplifies outputs is shaped to ~ ~ ~ r o ~ ~ ~ ~ a ~ e ~ y  

18.1 about 1W ns, F W T M  about 2uQ 
ns), delayed by 240 ns, arid then fed iritc? a charge- 
integrating ADC. The secoud outpiit is used to trig- 
ger a frornt-edge constant-fract ion tinning 

and a second rear-edge 
e to 3 second pulse arriving 

in the range from less than t4 xis $0 160 xis after the 
first pulse. The time difference between the two 
cliscriinlnators produce5 a fixed-amplitude pulse, 
the width O S  which is a rneasuie of the time dif- 
ference between the two pulses arising from the 
same detector. 'This pulse is digitized via another 
clmarge-integriaeing ADC. After at1 adjustable delay 
(20 to 31eo ns), the front-edge CF'TD output is used 
to  stop a time-to-digital converter ~TDC) and set the 
corresponding bit in a strobed gated latch. In addi- 
tion to  the 72 bits far the NaI derectors, 16 hits for 
auxiliary dctectors can be set in the gated latch. The 
two sets trf 72 ADGs and one set of 72 TCXs ate im- 
plemented in a CAMAC system. 

The information nianagenient and data acquisi- 
tion occur via the event tiandlcr,6 a programmable 
CAMAC basccl controller which sclects events that 
meet the user's criteria, places them in a suitable 
format, and transmits them to the on-line corn- 
puter. The computer program in turn may apply 
further selection, buffering, and formating before 
the events ate rccorded permanently. It may also 
provide for on-line sampling of the data. Data from 

the auxiliary detectors may be processed by addi- 
tional CAMAC: modules and interfaced via the 
same event harirller. The t ime required For digitizing 
the signals and tranmitting them to the computer 
l i m i t s  the data acquisition to about 3 
secorid. Tlai:; has not been a limiting factor in the 
overall dat;a rate for ariy of the four experiments 
carlied out thus far, 

'The i ~ l 1 ~ ~ ~ ~ t u ~ $  high voltages are furnished by 
computer-controlled power supplies. The high 
voltages are iriitially set by reference to a disk file. 

All detecrors are operated with thc Same pulse- 
height dispcrsion and the saiyie t ime dispersion m 
order to minimize the everic processing tirne. The 
trriiiorm-gain requirement is met by ~ o ~ ~ ~ ~ u ~ e r ~ ~ e ~  
adjustment of the pbototube voltage 011 thc basis of 
spectra from a gamma-ray source. A peak-search 
routine determines the locatjorns of the selected 

voltage is adjusted, as required, 
d gain. $'he time dispersion wa5 

nnsde i ~ ~ i f o r m  for each cletector by m a m d  adjust- 
ment oi each 'I'DC unit. The time dispersion and 
timing resolution me checked automatically by 
another progtam, easing data from a source with 
co inden t  gamma says. At present the C 
rhreshold adjustments are matiual, bur provr 
for computer control has been made. 

The spin spectrometer is located on beam line 
C-14 and can receive beam from the ORZC' alone or 
with bo1 h accelerators coupled. 'The beam transport 
i s  accomplished without collimators in the vicinity 
of the instrument so as tn reduce background radia- 
tion, The bemi i s  delivered to the target nondisper- 
sively in order to minimize the spot s i x .  The 

I width of the ORTC beam (typically il W E  fi 
IS acceptable for nearly all of the ex- 

periments co [item plated with the spin spectrometer ~ 

Thz nondispersive condition is achieved by a focus 
halfway through each of the two bending magnets. 
This focus can be monitored easily in BSM1, which 
has a remotely driven phosphor-collimator 
assembly, but no such apparatus exists in the other 
switching magnet, BSM4. Calculation? show that 
the required crossover halfway through this magnet 
can be obtained by focusing on viewer 4 at the en- 
trance to RSM4 and then reducing the current in the 
previous quadrupole (Q4) by 8%. 

With this procedure a well-defined spot about 4 
to 5 min in diameter has been obtained on target 
with many different beams from the ORIC. 11 is im- 
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portant that the OWIC cxtractioii system be op 
t imi id  for minimani energy spread of the beam. 
To reduce the target spot size to about 3 to 4 ~ n m  
and io clean up the stray wisps of beam scmctimes 
obscrved, R 4.8-mm-diam collimator is placed at the 
crossover poiirt in BSMl . 

Diirinq the summer of 198! the spectrometer 
will be inovcd to the adjacent beam linc, C-15, 
which can receive beam both from the 25-MV 
tandem directly and froin the OKIC. Transport 
from the ORIC will be more complicated than 
before, requiling four bending magnets. A 47 O 
b c d  is required in t i l e  lace magnet. which is rated 
for a maximum K - ME/qz  of 121.5 for this radius 
of curvature After a lengthy series of calciilations, 
a set of focus conditions was found that S C E ~ S  

capablc of producing a suitable small spot 011 the 
target. Very careful adjustment of quadrupole cur- 
iects will be required to achieve this focus. 

In view of the extremely high sensitivity io  gam- 
ma rays and laeutrons of such a large mass of NaI, a 
series of tests was made to evaluate backgiOunds. 
Times of flight with respcct to the cyclotron rf  were 
recorded for three of the Nal detcctois, DRC close to 
the entrance pipe (e ,I, 156'1, one close to the exii 
pipe (0 24"), and one at 67". 'Ihe timc spectra 
clearly show.cd a strong pcak due to  beam hiiting 
the target and a much weaker one due to gamna 
rays from the Faraday cup. For a 150 MeV I4N 
beam oii a 1 .5-mg/cm2 "'Si1 target and stopping on 
a carboil plate in the cup, the Faraday-cup peak was 
<, 1 To of the intensity of the target peak for the 24 " 
detector and aboiit 5 to 10 times less than this for 
the 156" detector. A 10-cm-thick lead shield wall 
between the spectrometer cxit and the Faraday cup 
reduced the intensity of the Faraday-cup peak by an 
order of magnitude. rhere was no sign of the 
4.43-MeV line of from the carbon plate used as 

changed to Ta and so~ne  Yb shielding was added 
around the cup, the Faraday-clip peak was cut ap- 
proximately in half With a 124-MeV "C beam, this 
peak was about 3 tines itronger. and changing the 
stopper from C to Ta, but with no cha.rrgz in 
shielding, madc no difference 

Ihe  continwin on which these time peaks iide, 
presuniaoly due to neutrons from previous beam 
bursts bouncing around the room and to target 
radioactivity, was not affected by the IO-cm Pb 

a stopper in the Faraday cup. After this stopper 1 w'a? 

shield wall. It could bc reduced a factor of 2 to  3 by 
removing the target or by changing the ' l a  stop 
to C. 

The l^rcam spot with the BSMl collimator in 
place gives no indication on the target phosphor of 
stray beam or a halo, but the time spectrum in the 
156" defector showed an  additional peak coire- 
sponding to gamma-ray production as the beam 
h i s t  passed thc place where the dianicier of the en- 
trance pipc steps down. The intensity of this peak 
was -4 1% of that due to the target peak and appears 
not to constitute any pioblern. When the !)cam was 
steered to one side, its intensity rernaiiled substan- 
tially constant except if the beam was 
moved aboint 5 cm off axis, thereby hitting the step- 
down region directly. 

'The in-beam count rate in the 6% O detector was 
about S O 0 0  per second per elecirical rianoanipeec of 
14N on 1.5 mg/cm2 120Sn. Similar rates have been 
observed with Ne bcams on various rare-earth 
targets. This rate drops sharply when the beam is 
turned off. 

N o  significant amount of neutron activation of 
the NaI w a ~  observed with heavy-ion bcams, at least 
up to 5 IIA. kifteen-hour 24Na activity was seen 
weakly after about 12 h of a 2-p.4 'Li bombardment 
i i l  the room next door, but its intensity was no more 
than that of the pcaks due to naturally occurring 
"OM and Tti and so does not ccnstitute any problem. 

Large pulses due to cosmic rays may be seen oc- 
casionally. These are too rare to  cause any trouble, 
particularly since the spectrometer is normally trig- 
gered by auxiliary detectors. 

In sumniary, no source of background radiation 
was found to require any special protective 
meamres. Nevertheless, the shielding erected for 
the tests remains in place, both the shield wall be- 
tween the spectronieter and the Faraday cup (flow 
20 crn of Pb) and the Pb shield around the clip itself 
(10 to 20 cm). 

Measurements were made of the instrument's 
response to the evaporation neutruns associated 
with 252Cf spontaneous fission. It was concluded 
that for a threshold equivalent to  1W keV the ab- 
solute efficiency of a single NaI unit for neutrons 
up io about 5 MeV is 70 to 88%. A large fraction of 
the delayed (neutron) pulses are accompanied by a 
delayed neutron pulse in one or more neighboring 
detectors; presumably these are (n,n') events. The 
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Fig. 2.111. On-line sample of first data from the spin $pectrome%er, a study of reazlbions ~ ~ ~ ~ $ E ~  by I36-MtV ”Ne on ‘“Nd. Each dot 
reDresents one event, plotted at an ordinate proportional to the sum of the Nal pulse heights and at an abscirsa equal to the number of 
Nal detectors that fired. 



A hybrid couiiter for use at the focal planes of 
the EBWIR-6: spectronieters has been constriicted.S 
This counter is capable of the ~ o ~ ~ " ~ ~ s o ~ u t ~ o ~  AE 

E nneasurements needed for particle identifica- 
tion, in a d ~ ~ t ~ ~ ~ ~  to ray tracirig in order to exploit 

PSPC 

Fig. 2.EP2. SccBae~maic ride view of the hybrid ' ~ ~ ~ ~ ~ ~ ' 9  

the full solid angles of the spectrometers. 
Originally this counter was designed for use with 

ions whose range was equal to OB: less than the rmosi: 
k'oullter~ 

energetic and 1 6 0  accelerated by the new 25-MV 
MeV). Howeaiel-, the prospect of bot, except that a ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ s ~ ~ i v e  solid-state 
emis from the coupled ac- counter has beer1 added at the lea of the system, 
1 plus cyclotron) with high For panicles stopped within the  g,u volume of the 
V for '$0) h a  prompted the counter, a gusrtion Ggnal is ubkuied fror 
Re capabilities of the hybrid ~ ~ s ~ ~ ~ o n - ~ e ~ ~ s ~ ~ ~ ~ ~  ~ ~ ~ ~ ~ ~ ~ - ~ i ~ ~ a ~  counter enab 

counter. Obtaining a high-resolution energy signral in the anode struct:~e of the ianizaiion chamber. 
from this focal-plane counter dernanids that the par- The ~ ~ n ~ ~ ~ t ~ ~ ~ ~  chanil9er dsa provides BE signals 
tick be stopped within the detector volume. Ir ( f ro  elecerode F)l) anad E signal (fronn 
becomes3 therefore, necessary to oper ate an ai- c~~~~~~~~~~~ c;ottplEc?ig the firrt grid a 
mosptiere of isobutane rather than the 95 d which particle ~ ~ e ~ t ~ ~ ~ c ~ ~ ~ ~ ~ ~ "  on the other 
was the maximum pressure iriteraded for Ih r i g i d  cident paflick's range in she gas exceeds i t s  path 

ut this increase in pressure t l~et i  requires length in the ~o~~~~~~~~ ~ ~ ~ ~ ~ b ~ r ~  then i t  may be 
that the electric fieelids betwee the cOUm%el- e]K- St(PppCd ir? the pC9sEt%011-senSiti%.t:e sO[id-$rate counter 
trodes be significantly increase for proper opera- which provides the positioni and energy signals. ln 
tion. As a result, the  ax^^^^^^ w .this case, the errergy-loss signal is  ne^ from the 
capability had to be increased from4 capacitively coupled f?rsi grid and cathode of the 
V. 'To meet the above two reqrr~ren ~ ~ ~ ~ ~ ~ t ~ ~ n  chaanlmer, In either &ucatioaj ~ the counter 
trodc structure within the counter was substantially has thc capability of measuring data at a iiunber of 
modified, and the voltage capabilities of dl the elec- angles ~~~~~~~~~o~~~~ as well as ~ e ~ ~ ~ ~ ~ ~ ~ i n ~  the 
trical feedthroughs and other components were in- energy and mature of the detected ion. 
creased. Thebe improvements have not only iameaa- Two such counters have been constructed- Ihe 
ed the useful raiige of the counter but also have im- first with an active depth along the bema dir 
proved its performance at the previcsus Bower of 82.7 cm and an angular range ~ ~ t e ~ ~ ~ ~ ~ ~  
operating conditions. 5-cara lexagth of the solid-state counter. A second, 

The virtues of the hybrid focal-plane coutmr improved version has ana active depth of 3L.12 crn 
have led us to build similar counter3 intended for and has an increased angular range, since two 
use directly in scattering chambers. The igliier ~ ~ s ~ ~ ~ ~ ~ ~ " ~ e ~ s ~ ~ ~ ~ ~  solid-state counters comprise the 
energies auld wider choice of projectiles possible last stage of the detector rystern. The ~~o~~~~~~ 
with the new heavy-ion facility require the Fig. 2.lib3 displaiys the electrode structure of 
simultaneous detection of reaction products CBYCT- couxiter. 
ing a wide range of Z, A, and energy, as, for exam- 
ple, in fusion ineaszirerneiits. The detector system 
presented in Fig. 2.112 has an extremely large 
dynamic range in E and AB, so that both fused 
systems (heavy, slow particles) and bearnlike par- 
tides (lighter, fast ions) can be identified. The 
detector i s  similar to the hybrid focal-plane detec- 

8 n e  ;of the ~~~~r~~~~~~~ for which these counters 
ave been utilized is the sludgr of ~ a ~ ~ ~ ~ ~ ~ - ~ ~ g ~ ~  

cross sections for scatmirig and reaeiion pr 
with Z values close to that of the b c m .  
n ~ ~ ~ ~ ~ ~ ~ e ~ t s  inwive ~~~~~~~~~~~ a zC target with 
an ''Ne OF "Si beam and observing the forward- 
angle recoils. In order to remove the strongly 



forward-peaked elastic scatterirrg and fusion prod- 
uces from the spectra, ihe hybrid counter is pre- 
ceded be a gas absorber cell. The gas presswe 
within the cell is adju3tcd to range orit reaction 
products with Z values eqmal to or greater than that 
of the beam. The capability of the mtire system is 
demnmtrated in Fig. 2.114. In this experiinent, a 
120-MeV 28Si beam was incident upon a carborn 
target. In Fig. 2.114~1, the 11" QE x L spectrum 
nwasured with no absorber i s  domiitated by the **Si 
line and higher Z values due to evaporation 
residues. The spectrum measuled with the absorber 
(Fig.. 2.1 i4b) contains a reannarlt of the silicon line 
brit otherwise only displays Z groups due t~ ieac- 
tion products near ca~bon. WithoUt the absoiber, 
count-rate problems such as pileup and tailing of 
the strong groups into the low ,X region would slake 
it irnpassiblc to  obtain adequate data for the 
backward-angle processer. 

I .  lnstrulnentation and Controls Division. 
2. D. Shapka, G. L.  Romar, J .  I. C .  Ford, Jr., J .  Gomezdel 

Campo, and k. C. Dentiis, Nzacl. Insirurn. Methods 169, 77 
(1933). 

R. Wovotny 

The availability of very heavy ions from the new 
HMIRE at bornbarding energies wcll above the 
Coulomb bariier has increased the need for inore 
coinpler: expeihetentah equipment. In Crder to 
understand the reaction rxchanisms, it will often 
bc riecessary to make siiilultanenus measiarements 
of s:vcral significant physical quantities, srtch ar, 
for example, the kinetic energies sild linear mo- 
menta of all reaction products. For such 
measurements, gas detcctor systeas are far superior 
to solid-state detectors for the following reasons: 
(1) The !atye variety of reaction products iequires 
detectors with a wid? dynamic range in cnergy and 
mass of the detected particles. (2) Only large-zrca 
detcctoss provide sufficient effnclcncy for coir, 
cidcnce requirertients or for the use of time-of-flight 
metllods for tnais identification. 

A largearea. position-sensitive ionization 
ciiambcr (IC) has been obtained by ORNL from the 
Physical Institute of the University of Heidelberg, 
West Germany, and will be attacked to the existing 
time-ef-fhght facility. P. schematic side view of the 



(0) NO ABSORBER 

-2=6 

* 
E 

Fig. 2.114. Two-dimensional spectra meas~red with and with- 
out the absork  cell, using the counter of Fig. 2.113. 

detector system developed in Heidelberg1 is shown 
in Fig. 2.115. The G Q I P ~ K K M ~  divided cathode forms 
the syrninetry plane of a double iC and defines, 
together with the beam axis, the reaction plane. 'The 
active volume of the detector is ~ ~ ~ e ~ - ~ ~ n e ~ ~  by the 
two grounded Frisch grids. The electrons crealed in 
the gas around the path of the incoming particle are 
separated from the positive ions under the influence 
of the uniform electric field perpendicular to the 
particle path. The electrons drift through the Frisch 
grid toward the anode with a velocity lo3 times that 
of the ions. The fast component of the charge signal 
induced on the cathode depends on the ~ o t d  
11umber of electrons and on the Bi pesitionl of the 
entered particle. The cathode pulse signals the 
detection of a particle and can be used to Stop a 

- 

time. of-flight measurement. Zr is also used to start a 
drift-liane measurement to  determirne the X COW- 

dinate of the locus of impact on the entrance win- 
dow of the IC. The electrons have tu cross an ad& 
tional grid on their way to the anode. This 
corlsists of 2130 wires stretched radially tuwa 
target position. d'hey are connected via an LC delay 
line. The time difference between the delayed 0 grid 
and the unode signa3 i s ,  therefore, ~ r ~ ~ ~ ~ r ~ ~ ~ ~ n ~ ~  to 
the scattering angle 8. 'T'he signal 011 the anode stops 
the drift-time mea,stsurement. 'The time difference is 
proportional to the shortest dislaoce between the 
particle track and the Frisch grid ad thus deter- 
mines the coordinate Y eeause of the screening of 

signal. at the anode is ~ ~ o ~ ~ r t ~ ~ ~ ~ a ~  to the niamkr of 

in8 particle. The anode is divided into two or three 

technique. 'The entrance window that separates the 

the positive ions by t Frisch grid, the charge 

deCfrC#JV, that is, the kitlctic %TMXgY of bh% iSlCOm- 

pats ,  to ~ I O W  e l e i ~ ~ ~ t .  ~ d ~ ~ t ~ ~ ~ ~ ~ ~ ~ o n  via the AE-E 

detector from the high vacuum collsists of 8 t 

d by steel wires. The 
in a pressim range of 1 

torr. The active area of the entrance window i s  I 
mm', which corresponds to a solid angle AB 

msr when the IC is ~~~~~~t~~ 1 m from the 
target. Typical resolution5 achieved jn experimentsz 
with "ZS projectiles of mergies 4 7  ~ e ~ ~ a ~ ~ i  are: 

dr < 1 bls, 

dZ/X 4 2%, 
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FlguiZ 2 116 shows, as an example, a AE-E plot of 
filial fragnents detected ili thd ‘*S -f 28Si reaction. 

‘Thc detector will be installed at the ZIHIRF 
timre-of-flight facility. Fig. 2.117 shows sche 
malicaBly the attachmerlt of the IC to the scattering 
chamkc.  The detector and n septrate housing for 
additional trammission detectors (parallel-plate 
avalanche counters) are easlly movable on a rail 
system. The fixed box mounted close to the scat- 
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Fig. 2.1 16. ABEplot OfdePecredendF~a~ments in the reaction 
IX-IMCV ‘% -t ’‘Si. 

tcriing chamber supports a cryopurny and also con- 
tains deflection plates which prevefie electrons 
produced in thc target from reaching the IC and 
from charging up tlic entrance windi:w. 7 0 2  IC has 
been tested with alpha and firsiorn-fragment sources 
at OWNL and is  operating sa:isfactorily. The 
mechanical setup is under construction. 

I .  H. Sann et al., Nurl. Instrum. Methodr 124, 509 (1975). 
2. R. Ncvoiny et al., N u d  Phys. A M ,  301 (1980). 

A VEXTICALDRHFT FOCAL-PLANE 
DETECTOR 

J. L. C. Ford, Jr. 
J. L. Blankenship’ 
T. P.  Sjoreen 

F. E. Bertrarad 
D. C. I-Jensley 
M. V. M y n a Z  

Among the important instramrnts to be used 
with the IIIIIRF facility will be the split-pole and 
modified El$& spectrometers. However, the 
diqmsion i s  s r n d  (about 2) for both these magnets, 
and as: a result, thc higher-energy beams available 
from the new facility make it essential to develop 
EW focal-plane detectors capable of improved 
position resolution. The vertical-drift chamber 
(VeSC) developed at the Massachusetts instieutc of 
‘Technology hay drfected electrons at the Bates 

ORNI.-@WG 81-12359 

Fig. 2.1 17. Setup of iiae detector system on the tiane-of-fli&t facility. 
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Li~ea r  Accelerator Facility with a position resollu- 
tion of a few tenths of a millimeter . 3  Although such 
a counter has proeii3e to meet our needs, i t s  p r -  
formance with heavy ions still must bc tested. 

The principle of the verdcal-drift chamber is 
outlined in Fig, 2.1 18. 'The VDC is a multiwire pro- 
portional counter with the anode wires placed 
perpendicularly to the bending plane of the magnet. 
Between each of the anodes (sense wires) there are 
two electric field shaping wires (guard wires) which 
serve to divide the counter volume up into a series 
of active cells. As the particle trajectory traverses 
the counter, it intersects at least ehiee of these cells. 
By timing the drift time of the electron cloud in 
each cell with respect to an exterlzd tirning signal, 
the position and angle at which the trajectory 
crosses the focal. plane can be accurately deter- 
mined. 

, 

* 

Flg. 2.119. Schematic of the delay-line readout system as 
anticipated for the split-pole spectrometer, where four delay lines 
will probably be used. 

Fig. 2.118. Vertical-drift chamber cross section taken per- 
pendicularly to the signal wires. Note the alternating pattern of 
sense and guard wires and the field lines for the rrnsz-wire cells. 
Typical particle trajectories are show11 f o r  the split-pole and 
moditicd Elbek spectrometers. 

Although the VDC is a multiwire detector, the 
associated electronics are simplified by the fact that 
timing is used to determine the position informa- 
tion. The electronics are presented schematically in 
Fig. 2.119. A leading-edge discriminator circuit is 
connected to each sense wire to provide a proper 

. timing Since at most five cells are expected 
to fire, tl2e outputs of cells 1 6 ,  1 I ,  . . . are tapped 
to delay line 1; cells 2 ,  7, 12, . . . to delay line 2;  
cells 3, 8, 13, . . . to delay line 3; cells 4, 9, 14, . . . 
to delay line 4; and cells 5 ,  la, 15, I . . to delay line 

5. The delay lines consist of 1-61 Icngths of RG-174 
cable producing 1.7-11s delays between each cell lap. 
The arrival times of the signals from the two ends of 
each delay line are measured by a TDC relative to a 
fiducial signal (obtained from a scintillation 
counter following the vertical-drift chamber in the 
initial tests of the chamber). 

The present counter as a 5.08-cm-high aperture 
and an active length spanning 40 em. The wires are 
separated by 2.54 mm, so that the active cells arc 
approxinlately 2.54 mm wide. Figire 2.112 
drawing of fhe counter, which consists sf a sand- 
wich of planes mounting the ~ ~ ~ s s ~ r ~ ~ ~ ~ ~ ~ ~ ~ ~  win- 
dows, the high-voltage cathode planes, the ~ ~ ~ n t e ~  
circuit board bearing the multiwire anode structure, 
and the gas and high-voltage inputs. The different 
planes are machined from Lucite of GI 
fiberglass to minimize the leakage paths between 
the planes. A photograph of the assembled counter 
appears in Fig. 2.121, in which the multitude of 
lerno connectors attached to the sense and guard 
wires can be seen. The vertical-drift chamber is 
designed as a transmission counter so thac it can be 
backed by various counter combinations such as 
scintillation, avalanche, or large ionization counters 
providing timing and particle identification signals. 
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Fig 2.120. Assembly drawing of the wrtical-drift chamkr 

Initial tests of the counter pressured to 300 torr 
with pure isobutane with 140MeV l6O ions from 
thhc OWJC cyclotron indicate that the counter 
response is adequate to providc good performance 
as a drift chamber. Further testing is tecluired, 
however, before its capabilities as a heavy-ion 
counter can be deterrnii~ed~ 

-___ ___ .l.._l_-l....... __ ~, 

1 .  Instruinentation and Controls Division. 
2. Los Alamas National. Laboratory. 
3. W. Brrtozzi, M. 1'. Hynes, C. P. Sargcnt, C. Crewell, P. 

C. Dum, A. Hirsch, M. h i t c h ,  B. Narmrs, F. N. Rad, and 1'. 
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4. ksigncd by J .  L. Blankenship. 

A CONSTAN ION TIMING 
DISCRIM FOB THE 

VEhlTPCAL-I)HI&T CHAM 

J. La. Blankenship' 

A timing discriminator module which exhibits 
minimal walk with variations of pulse amplitude 
and rise time has been developed for the vertical- 
drift chamber (VUC)., The amplitude and rise-time 
compensation (ARC) of timing walk is achieved by 
a unique circuit that employs K-C components and 
the differential input and output design propeiiies 
of ECL logic chips and does not employ delay lines 

~ 



as does the conventional constant-fraction 
~ ~ s ( ~ ~ ~ ~ ~ ~ ~ r ~ a ~ o r  design. I’he timing walk was 
measured for pulse amplitudes Set\weca 1 and 3 mV 
for a 10-ns-rise-time Pest puke a~ id  was 0.92 ns. A 
comparable leading-edge discriminator design ex- 
hibited a 4.4-11s walk for the same test conditions. 
The VDC requires 5 1 discrimin~tor-preamglj fier 
modanles, or one for each active anode wire; 
therefore, compact design, low cost per module, 
and ease of servicing were major design objectives. 
Ih is  module was designed around two MC-10216 
chips and two A401 transistors. The module 
generates a l-ns-rise-time negative-going 0,4-V 
pulse at ens si the tap points along a 5052 transmis- 
sion h i e  which provides both position encoding and 
time-io-dri ft information. 

_____I .__I __II 

1 .  Insrrunzentation and Controls Division. 

LARGE GAS TEkES 

3 .  E. Blankenship’ C . 
B. Gheynis2 A. 1-1, Sneli 

‘T’his is a long (about 1 m> gas-filled Ah’-E 
telescope designed for heavy-particle isotopic iden- 
tificarion wheia used with the time-of-flight system. 
It PS a quadruple ionization chamber, the first stages 
being used for AE measurements and the whole he- 
ing used for the E measurement. f t  is preceded by a 
parallel-foil avalanche detector to serve as the 
6‘~~top’’ detector for the time-sf-flight measure- 
ment. 

Progress has been both mechnnical and elec- 
trical. On the mechanical side, the chamber has 
been equipped with a stiff, arched Frisch grid that 
should be resistant to microphonics; the system has 
been made v ~ ~ u ~ n ~ - t ~ ~ h l ,  and techniques hqve been 
evolved for strelching and mounting the four thin 
polypropylene Foils required at the entrance of the 
telescope. Two of these foils are aluminized, to be 
used as the parallel plates of the avalanche counter; 
one is the vacuum window foil, and one separates 
the ionization chamber from the avalanche counter, 
which will usually operate at different gas 
pressures. All foils have an effective aperture open- 
ing of about 5 x 10 cm, and it is desirable that they 
be uniform in thickness over this area. 

The necessary preliminary electa ical measure- 
meants have been ma e on the systerfi, the 

have been purchased. ~ o ~ t ~ ~ ~ - r ~ s J ~ ~ n s ~  curves have 
been obtained for the ioniiation chamber system, 
tising filling gases of argon- XOOh methane, 
isobutane, and methane at various pressures and 
with various niodes of purification. Collimated 
alpha particles were used for these tests. Pulse rise 
times have been studied and also drift velocities as 
functions of E/p;  indeed, in  isobutane the observed 
drift velocities are appreciably higher than those 
published in recent literature. lJsing At”-IWo 
methane at 1 atm and the 5.8-MicV alpha particles 
of 244Cm, a highly satisfactory resolution of 38 keV 
FWHM has been obtained. 

Pulses produced by the avalanche detector have 
also been studied, using colliraated fragments of 
752Gf. Figure 2.122 shows a sample. 

In summary, we feel that the long telescope is 
about ready for installation on the time-of-flight 

required seven preaniplifiers (Crsnberra A) 

syslelll. 
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AVALANCHE DETECTOR 

I. Y, Lee 
6. R. Young 

N. R. Johnson 
F. E. Obenshain 

R. Novotny 

The ~ ~ r ~ ~ e ~ - p ~ a t ~  avalanche counter (WAC) 
bas many features which make it well suited fog the 
detection of heavy ions. When used together with 
the latest fast electronics, It can provide good tine 
resolution’ and position resolution and can be 
operated at counting rates up to 1 M H Z . ~  In addi- 
tion, it can be built with a large mea, it has insignifi- 
cant deterioration due to radiation damage, and it is 
insensitive to x-ray, electron, and light background. 

We have developed position-sensitive PPACs 
with an active area of 12 x 12 cm. Each unit con- 
sists of four planes. As shown in Fig. 2.123, they 
are the anode plane, the cathode plane, the sense- 
wire plane, and the spacer. The anode and the 
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cathode are stretched aluminized 2-;:-thick Mylar 
foils. The sense wire plane is a grid of parallel wires 
stretched 2 mm apart across a Pt-board frame. We 
used 2S-p-diam Au coated W wires. ]The ends of the 
wires are connected to 2-11s taps along a delay line= 
The sense wires are p k e d  halfway between the 
anode and the cathode and arc biased at half thc 
anode voltage. When the coiriiter fires, an electroil 

cvalancle forms, and the resulting anode puke pm- 
vides the A f ,  and timing signal. TRc avalanche also 
induces signals on several of  the nearby sense wires. 
The position o f  the avalanche is determined from 
the relative delay between the induced signalr at the 
two ends of the delay line. The size of the induced 
signal 011 a given seme wire depends on the distance 
between the zvalanche and the wire, resulting in a 
distribution in puise heights centered at the ava- 
laxidie position. The resulting sclf-interpolating 
property makes the position resolution much better 
than the sense-wire separation. For two- 
dimensional position determination, two such units 
with sense wires perpendicular to each other are 
used in tandem. 

Tests using an alpha source ant! two counters in 
coincidencc inode give a time resolution of 500 ps. 
To test the position rerolution, we placed a mask 
with 1-mm-diam holes in fiont of the counter. As 
shown in Fig. 2.124, position peaks with FWlIM of 
1 mm were obtained, which indicate that intrinsic 
resoliltion of better than l mm can be aehieved- 
easily. With heavy ions it is expected that better 
time and position resolution will be obtained diie to 
the much larger signals. created. Six such counter 
units have been built. They will be used in a wide 
variety of experiments, including u ~ e  as recoil or 
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evaa,o~ation-rexidanc detectors with large ;~c~rp tance  

scatterecl-projeclile detectors for Coulomb exc~la- 
tion os rransfer IeaciiDrns, and, in pairs, as detectors 
of kat9tti nuclei in binary reactlcins €01 a kinernat- 
EcaBly complete tdentifical ion o f  mass arid ciaergy . A 
thin-window version for fission -fragment detection 

using hhir countcr a b  a fi_wl-plane detector. 

angles ill tinxe-sf-'-flight or teiiesccqx expenments, dS 

is being developed 7 e5ts a1 c also being planned fot 

Larqe-area wire grids with isrniform spacing and 
tension are an  emntial  part of inany gas cotrnters, 

gridded ionin.atioti counter ~ and the multiwir e pro- 
portional counter, lbue to the accuracy requirertienk 
and the tedious nature of this wire stretching task, a 
niaehirie i s  aiecdcd to perform this work. 

A device has been designed and manufactured 
to produce wire grid sizes up to 60 by 60 cm. It call 

stietch wire with. diameters down to 5 pm, w i t h  the 
spacing between the wises as sninll as 1 mm Special 
care W ~ I S  taken in the design so that fine wires rnay 
be stretched without breaking. This Zricliided using 
a high-power motor with a fine speed control to 
produce a smooth start. The wire cpool is mounted 
on an air bearing to reduce drag, and the tension ora 

such (ES t kc  paralkl-plijte avalanche counter, the 

A direct measurcmeiit of the Iifetime o f  a 
nilclear slatc i s  very important, since it provides, in 
a model-ftee rnaiirter, the tra cisition matrix element 
for the state. Sanch rflafrix eletnznts ale cssentrtal for 
an understanding o f  the structure of excited states 
nard, hence, for the urrcleTstanding of such 
pineiionneiaa da back-brnding and trnultiplc Cou8urnb 
excitataonl. 

I11 reccnt years, we have made extensive 
measijrtments of lifetimes of states populated in 
Coulorrib excitation. 11 he qxctra obtained i t ]  thcse 
measuremerits are irsually relatively simple to inter - 
pret m d  have provided a rather clear picture tor the 

little is kriown about the lifetimes of states in nuclei 
accessible only through ~ ~ i ~ ~ ~ ~ ~ ~ ~ . ~ ~ c ~ e u s  reac- 
tions. 'The problem here i\ that the gamma-ray spec- 
tra are usually w r y  complex because of the lnany 
competing reaction cl-iannels in these processes atid 
thus do not lend chetnsleves to such measurements. 
Enha ticement of 3 desired reaction cliaimel has 

rQtatioIld shatc.5 i l l  defO1nIed nuda. WOW'eVes, very 
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Fig. 2.125. Wire strelchee apparatus. 

becoiiir possible by utilizing a “total decay energy” 
filter (e.g,., see ref. 4). We4 have used a 25 x 25 cm 
NaI detector with an anrrular operling of 7 cm to 
sum the tctal decay energy on which selectivc gating 
can be ma&. 

In ordet to carry out lifetime measurements on 
the excited states of these nuclei produced in 
compound-nucleus reactions, we have designed acid 
constructed a Doppler-shift recoil-distance device 
(“plunger”) which fits within the annular opening 
of a large NaI detector (9), as illustrated in Fig. 
2.126. It is designed so that the target foil (3) is 
located near the center of the NaI crystal. l‘he 
metallic target foil is niourited on a conical frame 

and is pressed down over the stretcher cone (4), 
which dcfincs the final surface position of the foil. 
‘The stopper (1) to catch recoiling nuclei consists of 
a high-quality nickel foil onto whicb about 40 
nig/cm2 of lead has been evaporated. This stopper 
foil is stretched over a second stretching cone 
which i s  mounted on an assembly whose alignment 
is controlled by three differential screws. 

The tubes supporting the target and stopper and 
all connecting elements in the positioning 
mechanism wcre made from appropriate combina- 
tions of Invar, stainles3 steel, and aluminum. This 
was done to minimize any change in lartet-stopper 
separation as a result of thermal expansion. ‘The 



I49 

tube (7) supporting the target foil is fixed, while 
that (4) supporting thc stopper ir risovablc and at-. 
taches to an assembly which connects to che  COB^ 

element of a position-measuring differential 
transformer (8) rand the movable stage of a preci- 
sion sMe (10). Movement of the slide, with cor- 
responding change in the target-sl opper separation, 
is accomplished by means of ati external positioning 
drive screw mechanism (12). Once the debired 
target-stopper separation is achieved (determined 
by the differential transformer readout), the high- 
precision digital micrometer (1 3) i s  contacted to the 
semiconductor load cell (&Ill urneil a load of [SO g 
is attained, and the mi@rotnerter reading provides the 
final value for target-stopper separation. At close 
distances, the capacitance reading between {he 
target and stopper is utilized for yet higher precision 
in the spearation value. A photograph of the device 
with the erid horiring removed IS shown if Pig. 
2.127. 

In lifetime nieasuremerits ~ol~owing heavy-ion- 
induced compound-nucleus reactions, coincidence 
jnformatinn consisting of the gamma-ray energy 
from the gernianiurn detector, the total-em gy 
signal from the large Nal annulus, and their time 
relationship from a TAC are stored in list mode on 
magnetic tape. As illustrated in Fig. 2.126, the 
plunger can also be fitted with an annular silicon 
detector (6) for the detection of backscattered pro- 

[ PfiECi’ilCIN $1 IbE 

Fig. 2.126. Schematic drawing of the Dopplcashift recoil-dlrtantce devtce. 

jecliles when the device is used for the rkudy of 
states populated in Coulomb excitation. Our initial 
tests of the instrument were carried out in this mode 
of operation by Coulomb-exciting the well- 
sti~died’ rotor 232Th with 1’52,-MeV 40Ar projec- 
tiles. The tests Cor the 4, e, and 8* stales of 232Th 
gave restllts in good agreernetlt with past 
measurements,’ 

......... ..I__ - __ .- 
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tion. 

D. M. Moltz K” s. Toth 

The helium-jet technique has been used exten- 
sively in the study of nuclei far from beta stability. 
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Fig, 2.127. Photograph of the Doppler-s~ft apparatua. The flanged section just above the microrncter attaches 10 t h e  accclcl-;itoi 

Such stiidics have also been aided by isotope 
separator on-line (ISOL) systems. The coupling of 
these two techniques as originally proposed by 
Nitschke' was manifested with the successful advent 
of the RAMA-88 system at the Lawrence Berkeley 
Laboratory. * Other helirrrn-jet systems have been 
coupled to  ISOL systems utilizing r e ~ c t o r s ~ . ~  and 
off-line sources' to study fission products. RAMA, 
howeyer, represenis the Qnly operating accelerator- 
based system. I 'he  Chalk River helium-jet system' 
has been designed to  operate with their tandem- 
based ISOE system but at this time has not been 
coupled and is operating with an integrated 
target--ion The UNISOK system is also an 
integrated target-ion-source system on-line with the 
Oak Ridge Isochronous Cyclotron and the Moli- 
filed Heavy-Ion Kesearch Facility. We are now 
constructing an advanced-design helium-jet system 
to add this versatile option for performing on-line 
experiments at Oak Ridge. 

The helium-jet technique is endowed with 
several properties which make it extremely attrac- 
tive as a method for studying nuclei far from stabil- 
ity. It enables fast transport of radioactivities away 
from the intense radiation associated with the bom- 
bardment region. This transport is reasonably 
universal for all nongaseous elements produced in 
many differing target-projectile combinations. 
Clusters containing the stopped recoil product 
nuclei exiting from the helium jet possess thermal 
energies (eV) rather than the large nuclear recoil 
energies (MeV). ,411 of these propertics are 
desirable, but the general universality in fact 

stresses the need for mass separation. Coupling of 
the helium jet to ail ISOL system adds several more 
criteria for stable and reproducible operation. 
These have been investigated thoroughlyz * and 
have led to the existing RAMA system. ,411 of these 
considerations have led to the design of a coupled 
system for the UNISQK. 

The !mxt important cnnccptual change from the 
WAMA system is the use of a sinall chamber con- 
tained within a larger vacuum chamber, depicted 
schematically in Fig. 2.128. This desigiz will permi: 
the selective cooling of both the chamber (and thus 
the internal gas) and the nitrogen-cooled foil win- 
dows needed for increased beam intensity. The im 
portance and design of a multiple-target multiple- 
capillary system have been discussed previously,* 
and such a system has been included along with easy 
external target-change capabilities. The four-target 
system shown will be used for light-ion-induced 
reactions, while anothei two-target system has been 
constructed for heavy-ion-induced reactions. The 
gas mixture of helium plus additives (generally 
ethylene glycol) will be precooled before introduc- 
tion into the temperalure-contro)led charinher. 
Other major differences from the WAklA system 
are the operation of the system at the extraction 
potential (about 55 kV) and the shorter capillary 
tube (about 1.5 m compared with 6 m). Sinaillar gas 
flow rates should permit approximately a factor of 
4 decrease in  transport time. This time decrease is 
very important, since the relatively slow accelera- 
tion* to sonic velocity of the clusters formed in the 
helium2 creates an absolute transport time constant 
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Fig. 2.1211. Schematic dingram of the helium-jet box and 
chamber which will be coupled to the UNTSOR system. 

that must necessarily reducc the observed reaction 
yield by an amount which may be calculated by the 
standard exponential decay formula. 

Coupliiig of the helium jet to an ISOI, system 
has long presented the greatest problem. The need 
for a fast and chemically universal ion source for 
this pulrpose led to ollow-cathode ion sources for 

extraction source has been found to be very reliable 
and reproducible, and thus a simple version is being 
consti ucled. The shorter capillary-plasma distance 
(about 7 cm) permitted by maintaining the 
skimmer-capillary potential at 55 kV and the higher 
plasma density should permit a factor of 5 to 10 in- 
crease in yield. Even though this source works well,5 
devrloptnent of improved sources is clearly of iti- 
terest. Since the coupling efficiency is hidden away 
in the ion source efficiency, it i s  often difficult to 
decouple it from the efficiency of particles CXII acted 
as a percentage of those introduced into the plasma. 
Efforts are thus needed on both fronts, A newer, 
higher-temperature hollow-cathode cathorle- 
extraction ion source is being designed, in addition 

simple thermal. source consisting of only a 
be. Attempts will also be made to increase 

the plasma density and the ion source output (par- 
ticularly He-, which will indicate a higher 
throughput) .. 

This new heliurra.jet system should prove to bz 
complementary to the UNTS integrated 
target--ion-soairce system. Although the existing 
system will be r ~ ~ d  whenever possible because o f  it\ 
higher total efficiencies, many experiments will re- 
quire the helium-jet system because of unique target 
limitations or very short half lives, 'T'herefore, 
along with thc Chalk River on-line m a ~ s  separator, 
the UNTSOR will have bolh operating capabilities, 
making it a very versatile tool for sliidyirig nuclei 
far from beta stability. 
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The original proposal presented by ORNI, in 
1972 for the establistinient of a national heavy-ion 
laboratory contained a substantial section on 
possibilities for applied research with this new 
facility. Such research is of interest to several divi- 
sions at ORNL. Therefore a program has been in- 
itiated to identify and pursue the most promising 
applications. 

The firsr example i s  the possible use of the 
HHIRF in obtaining chemical inforniatiorr for com- 
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plex materials like coal, coal ash, and fly ash 
through study of x rays emitted under heavy-ion im 
pact. This particular application is of inttrr;: to  the 
Chemistry and the Analytical Chemistry Division. 
It is likely that information concei iiiiig the 
molecular binding of sulfur in coal wzuld he useful 
in development of suitable practical separation 
techniques Heavy-ion-indiiced x-ray fluorescence 
analysis with particular emphaqis on the satellite 
lincs might be one way of discovering the chenlical 
forms of, for cxample, sulfur in coal. 

In order to better evaluate ion-induced x-i ay 
sp@ctioscopy for chemical analysis, measurements 
were made at thc ORIC during Jiily 1980. A Si(I,i) 
detector wa? employed to dctcrminc the projectile 
and target K, L, and M x-iay yields for 35 to 
103-MeV "UAr ions on V,  Cu, Nb, Ta, and P t  
targets Further detai!ed study required the use of a 
moderate resolutiori (about 7 eV at 7 keV) x-ray 
dispersing device capable of piovlding rmie separa- 
tion of the chemically sensitive Ka-satelliie line 
structure. A computer controlled curved crystal 
spec t r om et e I an d appro p i  ia t c target s were 
employed in a second exp!oratory rim at the ORIC 
in May of this year Prelimirraiy results of these 
measurements for two sulfur-beacing cornpounds 
(from a total of 15 different targets) arc shown in 
Fig. 2.129 This particular example co'rhpares the 
sulfur Kn-satellite lines emitted by Na2S0, and 
Na2S targets uildei 36-MeV 4 0 h r - i o ~  impact. 
Although the data analysis is not yet complete, 
qualitative spectral differences are obvious. The 
obsei ved variations are eatircly duc to differences 
in chemical environment, sincn no otliel changes 
were made from scan to scan. T'he individual peaks 
labeled KaC" arisc from sulfiai Ka x-ray emissioii in 
the presence of an additional n (in number) L-shell 
electron vacancies created durine the violent heavy- 
ion collision. As examplified here, each chemical 
compound tested shows a possibly uiliqlre complex 
spectral pattern with \wide variations in individual 
line intensities fol various targets. Measurements' 
at Texas A&M and elsewhere have given cvidenre 
that these intensity variations with tar,W rnatzrial 
may be correlated with the effective charge of the 
sulfui atoms or the effective valence electron den- 
sity. Several serious questioils remain, iiowelier. For 

exarnpje, the yield of  K o l  x rays from SOIIK targets 
is anomabusly high, even after correction for 
fluorescence by projectile arid target x rays.8 
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Fig. 2.129. Cornprison of Ka-satellite spectra from NalSBa 
and Na2S targets bombarded by 30-MeV 40Ar ions. Peaks are 
designated hL' according t o  thc number of  L-shell electron 
vacancies ;it K ( t  em i:<\ i o n .  

X-ne peaks shown in Fig. 2.129 are composed of 
unresolved inu1;iplets of lines, the intensities and 
spectral positions of which most likely reflect addi- 
tional chemical information. A spectrometer with 
better resolution (about 1 to 2 eV at 5 keV) will be 
needed in the next phase of experimentation in 
ordcr to fully utilize the chemically spccific infor- 
mation derivable from heavy-ion-incimcd x-ray 
spectroscopy. 
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Ian Sources 

The recently developed high-temperature ion 
s o ~ r c e ~ . ~  in its many forms has become the main-line 
source for on-line mass separation at the IJNlSBR 
(%J riiversity Isotope Separa~or). On-line efficiencies 
for this source mnge up to I@% i n  the plaarna mode 
and in excess o f  3U%, i n  the thermal-ionization niode 
io favorable cases. This source, shown in Fig. 3.1, 
with its 2000°C operatirig temperature has allocved 
the on-line mass separation of many previously irn- 
available elements including Pb, Ri, Au, Ra,and I'm. 
Other new elenients for  the UNlSOR that are 
relatively easily done but sepn rated on-line for the 
first time inciude Po, At, Kn, and Fr .  

The first successf'ul separation of barium isotopes 
a t  the IJKl'ISOR was accomplished using the high- 
temperature ion source in the thermal-ioi7i~~~tion 
mode. A new technique' involving the addition of 
Iiuorine to the ion source was used where the barium 
is prefercntiaIly ionized as the riiolccuhr form BaF'. 
The extension ofthis met hod tir trire-ca rth ektrrents is 
proceeding wher:: the predominant prod~.~ct is 
expected to be ii dif'luoride ion for most rare-eiirth 
r: lernerits . 

The original oscillating-Eleclion ion source with 
iin operating tcinpzrature of 1000°C is still used to 
discriminale against elemenis wi th  low vapor 
pressure. This source i s  used, for example, to 
suppress the output of gold produced in the S ~ K  

reaction when the desired product is mercury. 
The development of it cmripact thermal-ioniza- 

tion source capablc of operating in the Femperature: 
regime around 2.5(N"C has progressed steadily. The 
successful jonkation of all t h e  rare-earth elements is 
the ultimate goal for this source. 'Two different 
approaches Tor a heat source ;3re k i n g  used in this 
program. One mzthod uses electron bombardment as 
the heat source, while the other uses direct ohmic 
heating in ;I tungsten filament. Both versions o i  this 
source have prrCormed well in the oft-line mode and 
at lower temperatures in the on-line mode. 
problerns with ?he intzgrity of the extremely thin 
(800 p g /  cm') tungsten entrance windows and catcher 
foils under heavyion bombardment a t  the tiighesf. 
temperatures of' these sources must S l i l l  be solved. 

Targets 

The developtnent of a target m ~ u n t i n g  system 
that 1s exteinal to the ion wurce  arld cvh~ch can he 
retracted behind a valve has gi ea! ly improved the 
situation 101 delicate targets -1 h ~ s  \ystern allows the 
mcorporation of heat shlelds t h i t  have greatly 
increased the Iifetitne of such target, as Ni, Ag, Pr, 
and Sm In addition, the time lost for chmgtng 
broken targcts has bee t i  aigniricantly reduced 
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,4 i 7 . e~  technique for picpiriiig hafnium tiirgets 
has been developed. This inviilves the conwrsion of 
HfO: to I-lfS directly on the graphite felt catcher, 
using the graphite as the source of carbon. ';'tiis 
techniquc i-quires only a few milliprams of niateii:11 
and allows thi: u\e  of very expeiisivc separ-aied 
isotopes of hafnium a s  targets. In addition, the HfC 
picpared in  this way has s l ~ o w n a  promising ability to 
i-elease rare-earth el whm used as a catcher. .4 
development program for producing carbides of thc 
rare ear th  elements in  a similiar manner is being 
under taken. 

Scpariltor 

A move of the separator opexitions console and 
the on-line lens box has been carried O!Ji in a 
recornfiguration of the CTNlSOR area. lhese moves 
were necessary to accomodate t h e  nc:v accelerator 
beam line and the laser spcctroscopy 

I he developmciit of the laser spectroscopy 
system. described in detail cluewhere in this report, 
has placed stringcat limits oii the stability and ripple 
of the acceleration p o w ~ r  supply. This has led to the 
replacement of the original acceleration pout's 
supply with a new one w i t h  less than O.OOI% rrns 
voltage ripple and less than 0.005%, for long-term 
voltage stability. 

A roomy new chambcr has been p1;ici.d In the 
beam line just prior to the ion source housing. This 
versatile chamber ha< h eq::ipped with a widr 
variety of apparatus including a collimator, a beam 
stop. and beam energy degraders. An external target 
holder and changing system as we11 as several tilirrors 
for alignment and ion source viewing are also 
included. 

A program for changeovcr of the separator 
vacuum system from oil diffusion pumps to 
turbomolecular pumps has begun. At present, all 
pumps beyond the separation magilet have bee11 
converted. 

- 

Isotope Collcction Systems 

A iie\1/ compact tape transport system' has been 
developed for use at the UIVISOR. I'his transport 
uses a reel from an eight-track recording cartridge, 
where the tape is removed and simultaneously 
rewound on the same reel. The simplicity and 
compactness of this design has resulted in a milch 
improved vacuum quality especially important for 
cooled detectors. This high-quality vacuum is 
obtained by using only thc pumping already existing 

O L I  the sepaiator b e z ~  line, In addition, the small size 
has permitted a much moi-e effective use ofthe limited 
floor space in the UNlSOR area. The tape reel used 
gives u p  to 780 soi.irczs before the same area ofiape is 
used again. A graphite coating on or12 side of the tape 
provides i: convenient siirface for monitoring beam 
current. A maintenntice-free and lcak-free ferrornag- 
netic fluid feedthrough couples the cxternal stepping 
inlotor to the capSt;tiI. B'he mass-scparaicd sources 
can be moved from the collection point to a detector 
in about 0.5 s. This move time be significantly 
shortened with tilinordcsigt1 changcs. l 'hereare three 
such s y s t e m s  iiow in use at  the IliSISOK. All detec- 
tion stations o i i  the tRpe tr;tiispoi-i systems have been 
equipped with special air locks to introduce standard 
calibration S O U I - C ~ S  into the precise position of thc 
mass-sepi  aicd sources. 

lopiiient of the IJIVISOI< laser 
program it hccaiue apparent that one of the three 
sepaiatcd mass  beam lines should be strictly dedi- 
catcd to laser work. 'rheic remained, howevei-, a nced 
for retaining the capability to d o  siniiiltaneous 
nuclear decay studies on three different A chains. 
I-his problem has been solved by rnoviiig one of the 
compact tapc transport systetils described above to 
the side of thccollectioncharllbcr. From this position 
the collection tape travels into the collection chamber 
to the focal plarre of the separator and intercepts the 
desired massand thenexits back toadctectorstation. 
The special fcatuce ofthis system is that  the collection 
tape trave!s through a pair of bLitterfly valves located 
wiween the tape transport system and the collection 
chamber. To effect changes or i-epirs in the tape 
traiisport system. the valves are closed u p o ~ ~  the tape, 
and with diiTerentia1 pumping betwcen the valves, the 
tape transport can be let up to atiilosphcric pressure 
with no obscrmble rise i n  prcssure in the collection 
chamber. Experiments oil other beam lines can then 
continue unaffected. 

h n  ultrasensitive beam current monitor system 
has been developed and installed on  the central 
separated-mass bcam line. This monitor uses a 
channcltron detector for secondary electrons emitted 

from .._ 
the collection tape due t o  the impinging ions. 

I his detectoi system has proven t o  be zseful for bean1 
currents as low as 100 ions/s and as high as 10' ions/ s, 
at which point standard current reading devices tail 

be employed. I'his level of sensitivity is quite suf- 
ficient to allow detection of the radioactive atoms 
arriving a t  the collection point and eliminates the 
need to deliberately introducc impurities in the ion 
souicc to produce mass markers. 

1 - + .  
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I .  

eaecriosl Systems 

A new spectrometer system for conversion elec- 
trons has been developed. The cooled Si(Li) detector 
is mounted 011 a bellows arrangement such that when 
mot in  iusc i t  can he withdrawn behind a valve. This 
allows the detector to rernain cold while t.he tape 
tm-an-nsport can be let u p  t o  atmospheric pressure for  
repairs or niodificatisns. I n  addition, thc detector is 
~tii3rcd under high vacwm hehi nd the isolation valve 
by use of i t s  own dctlicated ion punip. A minioramge 
spectrometer has beera designed to operate in 
conjunction with this system. The purpose of the 
~ ~ i n i ~ r a t i g e  is to suppress the electromagnetic radia- 
tion, primarily x rays, which. interfere with low- 
energy electron lines. ' h e  measured resoluticsn ksnd 
el"icienr:y of the system operating with the 
miniorarige have heen rneasurcd 10 be I.75 key and 
O.SC;/,, respectively, for a n  electroti energy of 60 keV. 

his system has significantly improved the quality 
and yuantity of conversion electron data at the 
[JhlISOR. Two sucb syslems arc in operation. 

A new spectrometer system for ~ccucate positron1 
~~ie i t s~rcments  has kcen constructed and is based on 
a 11 intrinsic gerniairiurn detector, Initial experiments 
have iud icared that multiple positron groups can be 
accurately unfoltled. an addition, coincidence mea- 
surements with gamma rqis can help pi11 clown 
feeding to excited states. A Monte Chrlca program 
that describes l.he interactions of the positron in 
the germanium detector and also incorporates the 
response to gamma rays is being developed to allow 
precise determination of end-point energies. 

.. . 1 tie original Tennecornp TP-5000 data acquisi- 
tion system has been modified io allow up to eight 
inputs in the coincidence mode and up to six inputs 
for singles data. 

T h e  new l'ennecoinp 'T'P-5000 system has been 
upgraded by replacing the origina.1 PLZP I li05 CPU 
with a PDP 11/34 and 128k words o f ' ~ ~ C f 1 ~ ~ I y .  This 
leaves about 6% chatineh of data region. Tti addition, 
the new operating system 
new features inclutling F rRA&- ;tnd editing 
capabilities. 

Thc recent acquisition of several flew germanium 
gamma-ray det.ectors arid many N YM electronic 
modules has also significantly improved the data 
acquisition capabilities at  the IJN iSOK facility. 

IBilrring the last two years a bscr  facility was 

purpose of sarldyillg 1he ground-stale m d  isomeric-, 

Facility will be used to  observe salrraXE changes in root- 
mean-square radii of a series of isotopes through 
observatioo of  the isotope shift. These model- 
itndependent aneasurements are ianportant in testing 
theories 011 nuclear shapes and sizes, particubrly i n  
regions where deformation may start. kloreover, 
ineasurement of the hyperfine stnrctarre yields other 
ground-state or isomer propertic: 
tnoments, arrd spectroscopic quadrupole moments. 

The general laycrna ofthe faci?iey as it now exists i s  
shown in Fig. 3.2. As indicated, the laser absorption 
will occur in i: fast-ion (ritr~na] I-xan-a frorn the 
separator, using a collinear laser-ion ~~~~~~~~~~~~r~~ 
The Doppler broadening of the absorption Bine can 
be reduced by the use of fasf beams by a factor 
~f several hundred due primarily to the effect 
of kinematic compression of the longiiiudiaial veScacity 
~ ~ s t r ~ b ~ ~ l ~ ~ ~  upon acc,ekratiori of the i c m .  L)uring 
normal operation the ring dye laser (Coherem 

1, pumped by : i n  argon ion laser (Coherent 
j, produces a single-frequency power of several 

a line width of less than 
which is more thatn adequate for rxiost optical 

scopy experiments ~ 'The s it;gle wavelengths 
from the dye laser can be scanned electronically over 
an adjustable range ~ 3 0  GMz. 

In order to measure absolute wavelengrhs fraon? 
the laser, a wave meter has keen built. 
the coincidence startjseop idea of Saliinlaerai and 
polee" as the basis for our wave meter, but (io not find 

designed and inSfX1led at the FJN [ S O  

state properties of t ~ i ~ k i  far 11~tl1 stixbility. 'Chis 

. . - . . . . . . . ..-. . . . . ,. . . . .................... . . . . . . . . . . . . . . . . _n , , , __ , , 
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it necessary to use the expensive and experimentally 
more cumbersome spherical interferometer used in 
their system. Our wave meter is a typical two-beam 
divisiov.-sf-amplitude type of interferometer except 
that the interference fringes are counted starting only 
at  a coincidence between the two pulses and, after a 
preset time, stopped on a coincidence. Without using 
folded beam paths or further signal processing, this 
technique enhances the precision of tho measurement 
by afactorof 180overthatexpectedforan equivalent 
number of counts. The precision of the wave meter 
has been tested by making a number of independent 
measurements of the output wavelength from the 
frequency-stahlincd dye laser. With a n  integration 
time of only I s ( 5  x 10~counts), a precision of2 x IO-' 
is obtained. The accuracy has becn checked by 
comparing the calculated wavelength with the ta,bu- 
lated wavelength' of 1: and was found to be approxi- 
mately 5 x io-'. We utilize a microprocessor to 
control the counting and to calculate arid display, in 
real. time, the unknown wavelength and to indicate 
when the result is outside of a preset tolerance 
(e.g.. mode hop). 

It has been found convenient to  monitor, 
simultaneously with the laser scanning, Fhc fluorcs- 
cencc from a room-temperature 1 1  reference cell. This 
arrangement allows one to detect discontinuous 
frequency changes (mode hops) arid any frequency 
drifts that may occur. 

,. Ihe  laser beam has already been collinearly 
merged with several beams of stable isotopes from the 
isotope separator, using electrostatic deflection 
plates to vary the path of the ion beam. Electronic 
excitations in various isotopes of Xe', Ba', and K' 
have been obsewed with a resolution of approxi- 
mately 60 MI-Iz. The excitation of these ions was 
detected through the observation of the resulting 
fluorescence, using a cooled photomultiplier. A 
grating spectrorneter was used t o  limit the bandwidth 
of light entering the photomultiplier, thus con- 
siderably reducing background light signals, for 
example, from scattered laser light. The spectrum 
shown in Fig. 3.3 was obtained by scanning the dye 
laser over the frequency range necessary to excite the 
5d4Dj;p . -  6pY"f'5;2 transition in Xe I1 when the ions 
are moving collinearly with the laser beam at an 
energy of 50 keV. The isotope separator was then 
used to  select several different isotopes of xenon. The 
resulting frequency shifts of the adjacent peak are a 
consequence of two effects: a relative Doppler shift of 
3500 MHz and an isotope shift of -80 MHz.  

For some elements it  will be necessary to measure 
resonant absorption b y  neutral atoms, since a 
convenient transition (one accessible t o  standard dye 
laser wavelengths) is not present in the positively 
charged ion. Thallium is one example of such an 
element we wish to study. A recirculating sodium 
charge exchange cell has been designed and built. 
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Wigm 3.3 Resonant fluorewenee inienGty curves obtained as:- 
ing the apparatus described Bere. The v a h u ?  peak? wcfc cb- 
tained by sequentially directirig the vanoil., ricnnti isotopes Prom 
the separator through the Laser initcraction region 

Initial tests Of the cell mdrcate "elill it can serve as dI1 

effectwe sodium taigct for aeveral days with only a 
slight loss of sodium 
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where 

M atoiiiii- 1 1 ~ a . i  of ion, 

A,, = rest frame waxlength  of excitation traiisi- 
tion, 

q = charge 011 the ion. 

E = s ix l r i c  field at  thc sitc d excitation, 

v L  ::L iaqpr - L  ft-c ency. 

The advantages of this technique include: 
avoidance of the i n d o n  of mechanical parts under 
vacimii. rapid sweeping of frequency in ordcr t a  
averzge Cut possible ion and laser beam intensity 
fiiictuatiom, and selective-state excitation. I n  zddi- 
tion, the difficult task of accurately measuring the ion 
beam velocity (CoIIiilion to other tirnc.of-flight 
methods) is avoidEd. 

We ksted tiic sysiein on the 6p2P3 2 level in Ba' 
sild 5.'-. :*<.A ot L a i i L L u  2 mtural lifetime of6.33 20.1 ns: which 
is to be coinpard v~ i th  6.312 :I- 0.016 ns." We also 
mzdc pieIiminai-) mcasuicnentr on lifetimes in Xe' 
a n i  K L ,  We are conciiiuing t o  optimize the system 
by impiuving a n d  stabilizing t k  aetzstable-state 
pmdirction ( i i i  most of the work excitation is from 
nicrastahle stat?.;! from t k  separator in order that  we 
may increase tiie cuuiilirig rates and henca O l J r  o Vera11 
precisian. We also plan to improve the ficquency- 
scale calibraiioii in order to increase the zccl.iracy of 
our ii"IC;iSUiCEili%tS. 

~- - __ 
I ,  University of T e n n e w s  

2. Uiiirersity o f  Tenneasc: 
3 .  IJNISOR. Oak Ridge .4swciated Universitics. 
4 .  3 J. Andis. p. 835 in Ream-Foil Spcctrcscopy. ed.  I .  A .  

Fiesi-i~t address: University of 
L.yons. F~,ince.  

Sellin and 0. 9 .  Pegg. Plenum, New Y o r k  !976. 

Recently. it has bcen suggested that  dyna-mica1 
superjyniiiietrics may bc presei-it in the spectra of 
complex nuclei.& 1 he paiticularly simple supersym- 
metric structure of ref. 2 is generated by a single 
particle with , j  = ':z and I ,  = 0,2 bipsons with O(6) 
syinnctrq. .  T h e  nuclide '"Au, which has a J = '/: 
..I eround state and lics in a region of evcn.cven nrrclei 
yith O(6) syinmetiy. ' has been studied to dcterminc 
whcttier its low-lying spectrum can be described by 
this classification scheme. J.Q this end, the following 
criteria have been uscd: ( 1 )  the low-lying states must 
exhibit the !eve1 pattern of Fig. I in rcf. 2; (2) this 
pattein must be built on a , j  =I ';: sing!c-pai-ticle state; 
(3) thc E2 transitions i-nurt satisfy the selection rules 
appropriate to this scheme. Classifying the states with 

'::). these L?. selection rules are Sal = 0; T I  

0, .ti' 
Tho excited states of "'Au have been studied by 

radioactive decay of the IY3Hg low-spin4" and 
high-spin" isorncrs and by in-beam gamma-ray spec- 
troscopy.'.' T h e  positive-parity states have been 
discussed using the systematic features" of ' s y ~ ' Y s A ~ a  
and have bscn treated theoretically in terns of the 
quasiparticle-vibrator niodelY and the particle-. 
asymmetric rotor model.'" The rclevant states of 

P,u are shown in Fig. 3.6 and, by comparison with 
Fig. 1 of ref. 2 ,  indicate that critcrion I is 
approximately fulfilled. 

A direct discussion of criterion 2 is not possible, 
since single-proton stripping data are not available. 
Howcver, because cf the close similarity"." of the 
positive-parity states iii '''AU and "c,4u, a n  indirect 
test is possible by considering single-proton stripping 
data" on '"Au. I his indicates that the38-keV state in 

Au is to a large cxtent a member of the T I  - / Z  

multiplet built on thi. dl 2 configuration and that the 
state at 780 keV is a meinber of the T I  = 5/? 

rnultiplc t . 
T h c  test ofcriterion 3 is rather difficult to perform 

bccausz of the wcakncss of the L2 components in 
some of the b 2 : M I  admixed transitions. .The 
relevant data are the relative reduced E2 tkansition 
intensities shown at the right in Fig. 3.6. The E2 
transitions forbidden by the sckction rules above are 
marked by a n  F over the top of the transition arrow. 
These a re  indecd wcak, supporting the proposition 
that these states caii be described, to a good approxi- 
mation. by the classkication scheme of ref. 2. I t  

. 7 .  

the qualiturn nwnhers ( 0 1 ,  u2  = ui = '12) and (- i I - - 72' 

!C)l 

3 ,  1'9% 



19.9 A u 

nsitivc: parity states cra iP3Agl. States R t C  

labelcd by the quantum rrumberi E ,  7,? arid dl known Fzvels 
below I MeV arc shown. At ihc left side the arrows indicate 
observed strong E2 transitions. Separately at the right are shown 
those transitions, marked by an F above the arrow, which are 
T1-forbiddtn by she classification scheme, a? well as the other 
observed txansitiom depopulating those initial levels. 7'hs 
oumbers are the obse~ved relarive reduced transition intensities. 
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Most of the neg,ative -parity states observed arc 
part of a rotational band built upon the 5- state at  
1843.9 krV. 'I'his state probably results from the 
coupling of an iI3/? neutron and an o i  ~ 9 1 ~ 2  

neu~ron ."~  An interesting feature of this band is the 
shift upward in energy of the even-spin members 
relative to the odd-spin members. This is analogous 
to the structure of the Coriolis-aligned i i3 ,2  bandslo in 
the adjacent odd-A mercury isotopes. In Hg the 
unfavored banil members (Is:;, :2 , . . .) are 
shifted up relative to the favored members ( I 3 / * + ,  ''/'z~, 
. . .). Thus the 5- ,  7--, 9-, . . . sequence in I9'Iig can be 
explained by the coupling of ap,;z neutron with the 
favored members of the i13..2 band, while the 5-,8-, . . . 
levels represent the coupling to  the uafavored 
members. In  a recent calculation ofNeergard et al., 
two quasiparticles involving thep3:l,pI,q,fSl?, and ilw 
neutron orbitals are coupled t~ a n  oblate rotor. ,4 
comparison of the calculated spectrum with the data 
shows good agreement, with the exception of the 8- 
level, which is predicted to lie higher. Another 
inconsistency is the absence, experimentally, of 
evidence for the 3- and 4- states predicted. 

The decay of '92Pb to "'TI is found to  have a half- 
life of 3.5 ? 0.1 min. Most of the decay proceeds to 

191.193 

1 9  I 2 3 ,  + 
/Z , 

1 1  

levels at  167.5 ( I - )  and 1195.4 (1') keV (Fig. 3.8). 
From systernatics,l2 the 2- ground state of '')'TI has 
been assigned a configuration of vfsn m i : 2 .  However, 
the ground-state spin arid parity of j:; for 1y1'19311g 
suggest that the 2- state results from up30 TSI i2,  which 
could also explain the 1- level at 16'7.5 key. An 
assignment of vyl:2 m ~ / ~  for this state is not 
reasonablc, since no low-lying 0- state is observed in 

T1, and the pl:2 neutron state in '"Hg is not low- 
lying. The I' sta,te at 1195.4 keV probably results 
from a vh9.2 /rhli:z configuration, since these are the 
only orbitals availablc which could give rise to 
positive parity. The trend of the 1' states in the 
even-A thallium nuclei is to decrease with decreasing 
mass. Since the hl proton orbit-a1 remains relatively 
constant for the odd-,4 gold and thallium nuclei, one 

might associate this tnnd with a decreasing energy 
for the hv/2 neutron orbital. This orbital is, however, 
unknown in the odd-neutron nuclei in this region. 
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Fig. 3.8. Decay scheme for "*Pib. 
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Extensive studies of the radioactive decay of 
Pb, using the IJNISOK facility, have k e n  

completed. The I 13- a i d  1 2 5 - ~ e ~  ''0'' beams from 
the ORlC were used in conjunction with natural 
tungsten arid rhenium targets to produce these lead 
activities. The 446-min i13'L isomer and the 10-min 
pi12 ground states in '"Pb were observed to populate 
53 states in "'TI, 33 ofhigh spins associated with Jig,? 

or  F I I  112 shell stales and 20 of low spin. The 35.8-min 
I95 Ph decay populates 30 states in thallium, 24 of 
which ate "high spin'? in nature. TIE "/2+ isomer in 
193 Pb was measured to have a half-liic ofS.6 min, the 
low-spin ground slate 4.0 min; 20 levels in thallium 
were obseived 

Since thallium has 8 1 protons, the level structure 
of the isotopes 'Itudied here are dominated by shell- 
model states as shown in Fig. 3.9. The h 9 , 2  and 
i 1 3 / 2  excitations originate above the i: = 82 shell gap 
and intrude into the low-energy region ofthe thalhurn 
schemes. I-'rom our studies of the sptematic features 
of ihese isotopes, three dominant points result. 

1'43.135,IY: 

1. The structure ofstates built upoii the h9,~ isomer in 
thaliiurn is smoothly varying in these three 
isotopes and can be well described in the triaxial 
rotor model of Meyer-ter-Vehn. The [nost y- 
setssitive states (y is the asymmetry parameter) are 
the second 13/2. and first ' /1  levels. I'heir positions 
and hrmching ratios yield y = 40,39, and 3S* for 
A = 193, 195, and 197 respectively. 

2. X'he level schemes of the tlxelliurn isotopes show il 
consistent separability related to the particle or 
hole nature ofthe individual states. In '97Tj, seven 
higbspin states decay only to the hl I,? level (and 
not to "/L states built upon the / t g f l  isomer); in 
'"'Ti, eight states;and in 19'71, two. Some of these 
levels can be explained through the weak coupling 



of the first 2' state in even-men lead to the hll:? 
holc state; decays of these levels to the h9;2 particle 
structure are hindered. In addition, eight levels in 

T1 and one in "'T1 decay to both the hll:? state 
and to h9,2-rclated states. These can possibly be 
explained by the coupling of 5- and 7- lead core 
states to the s l i2  and d3!2 shell states. Couplillgs to 
these low-j shell states evidently do not result in 
such strong particle-hole separability. 

197 

3. As illustrated in Fig, 3.9, the ir3;l shell statc is 
observed in the lightest thallium isotopes. I t  is an 
intruder orbital from above the shell gap (as is 
h g , ) ) ,  which is related t o  its decreasing excitation 
energy for the lighter isotopes. The / ?  ' level has 
been observed through (1-11,xfi) spectroscopy in 

TI (refs. 9, 10) and is populated in the decay 
of the high-spin lY3?)b isomer. The properties of 
this level are shown in Fig. 3.10. A candidate for 
the i1112 state in lpsn occurs at 1725 keV, as 
observed in our I')'PLP decay measurements. 'This 
assignment is not definite, however, since the 848- 
keV transition from this level to  the yrast ' / Z -  state 
has a conversion coefficient in agreement with the 

I Y I . I Y I  

O R N L  D'NG81 187A0 
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Fig. 3.10. Systrmntics of the i,3,2 excitation in the light 
come from in-beam spec- thallium isotopes. The data on 

troscopy (ref. 10). 

E2 value. To associate the 1725-kcV state with the 
iI3.: excitation, one must assume that this 
transition is actually Ei +- 8.6% M 2  in character. 
Only an angular correlation measurement would 
be able to determine whether this transition is9 or 
100% quadrupole. It 19: is even more difficult to 

I 3i,t assign a / L  state in Y1. even tholrgh our I9?Pb 
decay data are very good in quality. Perhaps a 
large M 2  cornpsnent is hindering the identi- 
fication of the statc, or perhaps the state has 
moved very high in energy and thus receives little 
population. Future angular correlation work at 
the UNISOR,  perhaps with a liquid-helium 
refrigerator, will be needed to definitely locate this 
intruding shcll state in 195'1971-1. 
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EXCITED STATES IN 'sap'ssPt 

J .  D. Cole' 
E. F. Zganjar' 

J. L. Wood' 
J. H .  Naniilton' 

L 

The "'Au - and '"AU - '"Pt decay 
~ schemes have been studied previously at  the 

UNISOR by y y - t  coincidence spectroscopy .4 

Recently, these investigations have been extended to 
e-y-t coincidence spectroscopy. This is of great 
interest due to the large number of transitions in these 
decays that take place by the HI internabconversion 
process,' many of which have never been placed in 
these decay schemes. The structure of the neutron- 
deficient even-Pt isotopes is currently ofconsiderable 
interest (see below), and it is crucial that all transi- 
tions at  low energy with Ell components be located. 
The e-y-t data are beingamalyzed; a preliminary level 
scheme for Isapt is shown in Fig. 3.1 1. 
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A UNIQUE GROUND-STATE STRUCTURE: 
THE NEUTRON-DEFICIENT EVEN-Pt 
ISOTOPES AND PARTICLE-CORE 

COUPLING IN "'Au 
M. A. Grimm' 
J .  L. Wood' 

J. D. Cole3 
E. F. Zganjar' 

The structure of the neutron-deficient even-Pt 
isotopes has been discussed widely ever since the 
discovery4 of very low-lying excitedo" states in these 
nuclei. Recently, Hagberg et  al. showed' that there is 
an "odd-even" shape staggering effect analogous to 
the situation6 in the neutron-deficient mercury 
isotopes. This is difficult to  understand because, 
unlike the neutron-deficient even-Hg isotopes, there 
is apparently no strongly deformed structure at  low 
energy in the neutron-deficient even-Pt isotopes. The 
answer to this pmzle can be found by considering the 
yrast band systematics for isotopes in this region.' 
These systematics show that above the 4"1 state the 
neutron-deficient platinum isotopes are strongly 
deformed, and the apparent absence of deformation 
a t  low energy is due to band mixing and distortion of 

the rotational spacing. Within this picture, the 
strongly deformed structure in the even-Pt isotopes is 
predominantly the ground state for A < 186 and an 
excited state for A 2 188, for example, the 799-keV 
0'2 state in lR8Pt (see Fig. 3.1 I). 

Such strong deformation close to the Z = 82 shell 
closure is difficult to understand within the con- 
ventional picture of nuclear deformation developing 
only away from closed shells. A simple and interest- 
ing possibility it. that of proton intruder orbitals 
coming across the Z =  82 shell to  iracrease the proton 
valence space and causing these nuclei to deform 
through the proton-neutron residual force. Such a 
phenomenon seems to be quite widespread' (and is 
especially pronounced in the Z = 50 region). The 
unique aspect of this proposed' structure for the 
neutron-deficient even-R isotopes is that they are the 
only known case where the intruding orbitals 
dominate the ground-state configuration. 

A conceptually simple test of this picture is the 
blocking effect that would result for an odd proton in 
an intruder orbital. This is being investigated for 
{"'Pt 0 ~~h9~2J"~Au through a study'' of the 
L87'ngNg - Au decay schemes. The level scheme of 

Au is shown schematically in Fig. 3.12. The h9/2 

band in la7Au shows two sets of states, some of which 
are connected by Ey) transitions." The two sets of 
states suggest two bands arising from the coupling of 
the hs,z proton to the 0'1 (ground state) and 
0'2 (471-keV state) configurations and their asso- 
ciated collective band members. '1 he closer spacing of 
the two bands in '*'Au relative to  IS6Pt supports a 
picture in  which the h9 ,2  proton blocks the O", state. in 

Pt more than the 0'2. This is most readily explained 
by the proposed dominance of the intruder structure 
in the '"Pt ground state. 

The unique structure proposed here for the 
ground slates of the even-R isotopes leads to a 
number of unusual predictions. The involvement of 
the intruder configuration in the ground states ofjust 
the even-Pt isotopes with A d 186, and not in the 
neighboring even-mass osmium and mercury iss- 
topes or the even-Pt isotopes with A 3 188, implies 
that an island of discontinuous behavior in ground- 
state properties exists for these isotopes. For 
example, ground-state masses should show a dis- 
continuity: a preliminary report of decay energies in 
the A = 182 decay chain'* is consistent with this. The 
reduced widths for ground-state-to-ground-state 
alpha decay between even-mass mercury and 
platinum isotopes and platinum and osmium iso- 
topes also should be anomalous: although some dis- 
crepancies still exist between experimental reduced 
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alpha widths in this region, it can be stated safely that 
anomalous behavior is seen.13 

Ideally, the structure proposed here is most 
directly probed by two-proton transfer reactions. 
This is only possible for 186,1ssPt, using targets of low- 
natural-abundance r843i860~. The odd-particle block- 
ing effect used in this work is emphasized to be a 
valuable new tool for probing 0" structures in nuclei 
far from stability, where (near) stable targets are not 
available for transfer reaction studies. A similar study 
is in progress in '"Au, and the blocking effect of an 
odd neutron is under study in the neighboring odd- 
mass platinum and mercury isotopes (see below). 
There is also some tentative information on the 
i'"8Hg X ~ h ~ , ~ ) ' " T l  blocking (see below). 
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STRONGLY DEFORMED STATES NEAR 
CLOSED SHELLS: EXCITED STATES 

'",'89Hg 
J. D. Cole' E. F. Zganjar' 

9. L. Wood2 

The strong deformation of the Iss3lS3Hg ground 
states has been known3 for ten years. More recently, a 
weakly deformed isomer in '%g, analogous to the 
weakly deformed isomers in IB7Hg and the heavier 
odd-Hg isotopes, has been shown to exist,4 Strongly 
deformed states in 187Hg and the heavier odd-Hg 
isotopes have not been reported until now. The 
occurrence of strongly deformed 0' states in "'Hg 
and "'Ng at 522 and 825 keV, respective~y,* suggests 
that deformed states should occur at low energy, at 
least in lg7Hg. 

The deformed states in 1s79'89Hg are being sought 
through a study of the 187m7gTI - lS7Hg and IShT1 - 

Hg decay schemes. We have tentatively identified 
an -30-ns isomer in ls7Hg as a low-lying strongly 
deformed configuration.6 It decays by a 161-keV 
transition, probably to the weakly deformed 13/; 

isomer. This latter state is due to the 1 3 0  configura- 
tion: its energy of excitation is unknown because it 
has an approximately 100% beta decay to ls7Au. The 
level schemes of 's7~''yHg are extremely complex, and 
more concrete conclusions must await detailed 
analysis of the data, which is in progress. 

Besides the observation of deformation in these 
nuclei, a number of other structural features are being 
studied in 1 8 7 ~ 1 8 9  Hg. By establishing the reiative 
energies of the weakly deformed and strongly 
deformed states, it will be possible to determine the 
blocking effect of the odd neutron ina manner similar 
to the odd-proton blocking effect in la7Au (see 
above). This will provide information on the con- 
tribution of neutron pairing correlations to the 0'1 
and 0'2 states in the neutron-deficient mercury iso- 
topes. Further, there is still much to be learned about 
the systematic features of the odd-Hgisotopes. Some 
preliminary results were reported7 at the Nashville 
Symposium. In this respect, an attractive feature of 
the decay of Ig7Tl is that we are able to study two beta- 
decaying species with spins of '12 and 9/2: this provides 
a very complete picture of excited states in 187Hg with 
spins up to ' ' l2. 
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A SHAPE TRANSITION IN THE 
NEUTRON-DEFICIENT ODD-Pt ISOTOPES 

B. E. Gnade' R. A. Braga' 
J. I,. Woodl 

There is now a fairly weU established transition 
from a weakly deformed ground state to a strongly 
deformed ground state in going from Is7Pt to 18'Pt. 
This picture is based on rotational band structures 
that have been established for 185R (ref. 2) and 
L77-i81Pt (ref. 3) and for the fast 0 decay of 's3mPt.4 
Although there is no evidence for deformed states in 

Pt from in-beam spectroscopy' or  from lB7Au - 
Pt decay-scheme spectroscopy5 studies done so far, 

a situation analogous to  the odd-Hg isotopes 
(see above) should exist. 

A scrutiny of the published data' on the '87Au - 
Pt decay scheme revealed that it was no better than 

a very incomplete study previously done at  the 
UNISOR as a by-product of our investigation6 of the 
Ia7Hg - IS7Au decay. With the development of a 
UNISOR ion source that has high efficiency and fast 
release times for gold activities, we have begun a 
restudy of this decay scheme. We have taken y-y-y 
and e-y-t coincidence data with ten times the statis- 
tical quality of our previous study; these data are 
being analyzed. 

In addition, because the systematics of the odd-Pt 
isotopes are very poorly understood, the 1 8 9 m g A ~  - 

Pt decay schemes are being studied (concurrently 
with the IE7Au decay). We previoilsly studied7 these 
decays without mass separation, using a helium gas 
jet. These earlier data contained serious contarnina- 
tion from '%Au. We have taken y-y-t coincidence 
data, and they are being analyzed. 

Besides establishing a moredetailed pictureof the 
systematic features of the odd-Pe isotopes, thesc 
studies will provide information on the blocking 
effect of the odd neutron coupled to the even-Pt 
cores, as discussed above for '*'Au and lB7Hg. 
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As a by-product of the present study of i 8 7 A ~  
decay, we have been able to  measure the half-life of 
the E3 isomericdecay in 1 8 7 A ~ .  A preliminary value is 
2.8 It 0.2 s. This directly illustrates the fast release 
time for gold activities by this new iQfl source. 
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EXCITED STATES IN '@*TI 

J. L. Wood3 
I,. L. Riedingea 

E. F. Zganjar" 
J.  D. Cole' 

G .  M. Gowdy2 

The excited states of '"TI are being investigated 
through a study of the 18ymPb --- lE9TI decay scheme. 
The primary objective of this work is to  determine the 
blocking effect of the h ~ n  proton on the 0'1 (ground 
state) and 0'2 (825-keV state) configuration in the 

Hg core. This closely parallels the investigation for 
187 Au (see above). 

These investigations are being conducted in 
collaboration with the on-line isotope separator 
group at GSI, Darmstadt. The y-y-t data were taken 
at  GSI, and the e-y-tdata were takin a t  the IJNISOR; 
the data are being analyzed. Our preliminary level 
scheme for '"TI (Fig. 3.13) suggests that ?he h912 
proton blocks the '"Hg 0+2 configuration more 
strongly than the 8'1 configuration, indicating that 
the '"Hg 0'2 state is the analog of the lesPt 0'1 state' 
(see above). 
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Fig. 3.13. Partid (schematic) Irvel scheme for 'TI. Besides 
the s ~ , ~  (ground state) band, h,,* isomeric state) band, and i,,,, 
band, a number of other levels are seen below 1.4 MeV. None of 
them appear to be due to the lB8Hg (WZ) Xnh9/l coupling, SUR- 
gesting that this configuration is blocked and pushed to a higher 
energy. 

. 

DECAY OF; 199mgP~: ISOMERIC 
TRANSITIONS IN 199P~ and '"Bi 

C. R. Bingham' 
R. E. Stone' 
L. I,. Riedinger' 

R. W. IJde' 
H. K. Carter' 
R. I.. Mlekodaj' 

E. H.  Spejewski' 

The study of the decays of 199msP0 and 2 0 ' m g P ~  
were initiated in order to investigate the possibility of 
the intrusion of hole states from below the Z 82 
shell closure into the region above. Results on the 
placement of slI2 hole states in Bi and a severely 
retarded M4 transition in '"'Bi have been previously 
reported.' Additional results from the '*Po decays 
are presented here. 

The x-y and y-y coincidence measurements 
establish the existence of two states below the 1 3 / 2 '  
isomer in I9'P0. The M4 isomeric transitionofenergy 
238 keV was observed with a half-life of 4.17 min. It is 
in coincidence with an  -72-keV transition populat- 

199,201 

ing the ground state. Spin and parity assignments of 
5/C to the -72-keV state and 3/2- to the ground state 
are consistent with the multipolarities and with the 
systematic behavior4 of the levels in the heavier odd- 
mass polonium isotopes. The placement of the i13n 
isomer a t  -310 keV in 199P0, combined with previous 
determinations5 of the alpha decays of both the 
ground and isomeric states, allows the placement of 
the 13/> isomeric state in 195Pb a t  -200 keV 
(Fig. 3.14). 

The previously determined alpha branching ratio 
and the estimate of isomeric transition/ECffi'from 
this work are combined to  obtain the M4 transition 
rate in 199P0. The decay probability is 8.5 X IOe7 S-', 

corresponding to -2.6 Weisskspf units. This is a 
retardation factor of 0.38 and is; similar to those for 
M4 transitions in other odd-mass nuclei within this 
r e g i ~ n . ~  

A series of transitions observed within 199Bi is 
similar to those feeding the ' / Z f  isomers in the heavier 
odd-mass bismuth isotopes (Fig. 3.15) and has been 
so interpreted in this case. The position of this 'I; 
state with respect to  the 9/2- ground state can be 
estimated from the alpha-decay Q values and mass 
systematics, yielding a value of -776 keV. A second 
estimate can be obtained from the systematic trend of 
the energy spacing in the heavier odd-mass bismuth 
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Fig. 3.14. Plncement of the 13/2+ state in "'Pb. 
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ORN L--0WG 81 -1 8743 LEVEL SCHEMES OF 2022wPo 

R. G. H e h e r '  
C. W. Reich' 
'4. J. Caffrey' 
M. P. M. Ramos' 

C. R. Bingham2 
L. L. Riedinger' 
R. W. Lide' 
B. G .  Ritchie3 

'"E I '"'B I '"'81 *GJB i 

Pig. 3.15. Positions of the 512' and 312' states with reswct 
to the 112' states in odd4  bismuth isotopes. The energies of the 
1/2' states relative to the ground states are given below the 1/2+ 
levels. 

isotopes, approximately 600 keV. The isomeric 
transition was not clearly identified in the present 
experiments because the time scale was inappropriate 
to the 24.7-min half-life. Nevertheless, the most 
intense electron line observed and not correlated with 
an observed gamma transition would correspond to  a 
bismuth transition energy of 667 keV. This is within. 
the estimates above and would correspond, for an 
M4 transition, to a gamma intensity below the 
detection limits of the measurement. This can then be 
used to obtain an upper limit on the probability for 
the M4 transition of about '1390 of the Weisskopf 
estimate, which corresponds to a lower limit on the 
retardation factor of 390, approximately 1000 times 
larger than is typical for M4 transitions for o d d 4  
nuclei in this region. 

The large retardation factor is undoubtedly 
related to the fact that the I/'' state is predominantly 
an SI/' hole state in a polonium core, whereas the '12- 

state is predominantly an  hsp proton coupled to a 
lead core. This explanation is preferable to alternate 
ones, since in the analogous case of '"Bi, the 
transition has been shown3 to be of almost pure M4 
character with a retardation factor of approximately 
2000. 
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The level schemcs of 202'04P0, as excited in the 
decays of 202,204At, have been investigated. The 
sources of '04At (11,' = 9.2 min) and '"At (fl,' = 
3.1 min) were produced by bombarding a natural 
iridium target with an I6O beam from the ORIC. The 
recoils from the target were collected in the UNISOR 
ion source and mass separation followed, making 
possible the simultaneous accumulation of data from 
mass 202,203, and 204 sources. The decays of '027'wAt 
were studied by means of multiscaled gamma-ray and 
conversion-electron singles spectra and y-y-? coin- 
cidence measurements, using Ge(Li) and Si(Li) 
detector systems. 

About 50 gamma-ray transitions (compared with 
approximately 12 previously known) have been 
assigned to '"At decay, and approximately 35 have 
been placed in a level scheme for 'O4Po. The observed 
lower-lying levels (IT) are O(O'), 684(2'), 1201(4"), 
1552(4'), 1627(6'), and - 1639(g3) keV. The energy 
for the isomeric 8' level (?ID 140 ns) was estimated 
from several coincidence relationships, but the 
implied 12-keV transition from it  eo the 1627-keV, 6' 
level has not been directly observed. Tentative spin 
assignments to higher-lying states have been made. 
The population of the high-spin (X) states suggests 
that the 2MAt ground state has I ,  = 7", in contrast to 
the 5' assignment for '%At. This assignment for 2wAt 
allows the weak alpha-decay branch to populate 
directly the 7' grouiid state of *''Eli. 

Because the "'At was a secondary experiment, 
the initial data yielded somewhat poorer statistics 
and no time correlations in the coincidence data. 
Nevertheless, 20 gamma-ray transitions were ob- 
served, 1 1 of which were not previously reported. The 
main features of the decay scheme are similar to those 
observed in the 204At decay, with the lower-lying 
levels (Ir) at 0(0'), 677(2'), 1248(4'), 1302, 1668(3'), 
and 1697(6') keV. Recently, improved coincidence 
data, including a time-correlation parameter, and 
additional multiscaled gamma-ray data were ac- 
quired. The analysis of these new data is  in 
progress. 
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BARIUM ISOTOPE PRODUCTION CROSS 
SECTIONS IN '%XNDUCED REACTIONS 

E. F. Zganjar' 
J. D. Cole' 
R. G. Helmer' 

H. K. Carter3 
R. L. Mlekodaj3 
E. H. Spejewski3 

In UNISOR experiments, accelerator beam 
energies are typically chosen on the basis ofcomputer 
codes which generate the energy dependence of the 
reaction cross sections. As part of a study of the decay 
of the barium isotopes, measurements of the energy 
dependence of the reaction ASn('2C,m)A+1tXBa have 
been performed. Isotopically separated targets of 
r'6"'87'2"Sn were used with 12C beam energies of87 to 
137 MeV. As an example, the results for production 
of '249125Ba from an Sn target are shown in 
Fig. 3.16. Here, they are compared with the predic- 
tions generated by the code ALICE: with the data 
arbitrarily normalized to the curves. Although the 
code reproduces the peak positions of the cross 
sections within a few MeV, it predicts a much longer 
high-energy tail than is observed. The same general 
behavior oecurs in the case of each reaction studied. 
A preliminary check with a second computer code, 
JULIAN: indicates a much better agreement with 
the data. 
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4. Neutron Physics 

INTRODUCTION 

Neutron total, capture, scattering, and fission cross-section nmw.wements and 
(n,y) spectral measurements have continued on many isotopes and elements of in- 
terest to basic nuclear physics, to nucleosynthesis, and to the fusion and fission 
energy programs. Advances have been made on neutron detectors for various ex- 
periments and on the buncher for the electron linac. 

In basic nuclear physics, high-resolution total, scattering, and capture 
measurements have been made on several nuclides to obtain detailed information 
for different partial waves on resonances and on nonresonant contributions to the 
total cross section. Intermediate structure observed in neutron and gama- ray  
strength is evidence for nuclear structure effects at high excitation. An I dependence 
of the well depths of the spherical optical model for several nuclides is needed to 
describe the experimental data. The tail of the El giant resonance has been studied 
from neutron-capture gamma-ray spectral measurements for several nuclides to test 
the Axel-Brink hypothesis. The analysis of resonances in 86Kr + n from total and 
capture measurements adds to the understanding of the decay of the delayed- 
neutron emitter ''Br. Neutron-induced fission measurements on "'Pa t n give sup- 
porting evidence for an asymmetrically deformed third minimum in the 2321ma fission 
barrier. 

Differential fission and capture cross-section measurements and integral 
analyses of many actinide samples in fast reactors have contributed to the 
understanding of problems involved in the production and burnup of actinides. The 
capture cross sections of many high-yield fission products near mass 1 0 0  to 110 
which are important poisons in a fission reactor have been measured and analyzed. 
A new technique using Fe window neutrons was developed to measure the inelastic 
scattering of 238LJ, which is important for fast reactors. Finally, the total cross sec- 
tions up to 80 MeV of many elements of iriterest to the fusion energy program were 
measured. 

MODEL-INDEPENDENT OPTICAL PHASE 
SHIFTS FROM HI6N-RESOLUTXON 

NEUTRON CROSS SECTIONS 

C. H. Johnson R. R. Winters' 
W. M. MacDonaldZ 

Except for light nuclei, the individual properties 
of the many levels found near %he neutron binding 
energy from total and scattering measurements, 
such as those at ORELA, are of interest 'only on the 

average because individual levels are too com- 
plicated to describe by present models. Never- 
theless, high-resolution data are essential for 
isolating the partial waves so that the dependences 
of the average 811 spin, parity, and energy can be 
determined. 

Figure 4.1 is a block diagram of a procedure we 
have developed for extracting the maximum aver- 
aged informatiox1 from high-resolution data. 
Whether averaging or not, the first step (as in- 
dicated by the second block) is a straightforward 



Fig. 4.1. Chtline of the method to proceed from high-resolu- 
tion neutron data to average model-independent optical phases 
which can be interpreted by an optical-model potential or other 
pQSSibk mod&. 

multilevel R-matrix analysis. For a spin-zero target 
with negligible inelastic processes the scattering 
matrix element for each partial wave can be written 

where +,4 and L, are familiar functions at the ar- 
b i t r a ry  boundary radius  a a n d  

The summation is over the observed resonances, the 
Re is the remainder far all resonances external to 
that region of measurement. The external 
resonances give rise to a nonresonance contribution 
with the region. Each term on the right in Eq. (1) 
depends on the arbitrary boundary conditions, but 
the overall expression for &’,.,(E) does not. 

We are concerned with obtaining and inter- 
preting the averages. Past workers have generally 
deduced limited averages such as the strength func- 
tion, <y2/D>. Recently, two of us’ included the 
often-ignored Re in the averaging and found that a 
strong 1 dependence is needed in the spherical op- 
tical model for Q to 1.1-MeV neutrons on Y3. But, 
for reasons of tradition, the emphasis there was on 
the individual boundary-dependent terms in Eq. 
(1). Thus the resdts were partially boundary- 
dependent. Subsequently, one of us (WMM) sug- 
gested that the entire expression be Lorentzian- 
averaged by contour integration. Thus, as indicated 
in the third block of Fig. 4.1, we find the complex R 
function R(E, a) + b f E ,  ut). The resulting strength 

function, NE, a), is more accurate than obtained 
from the traditional “step” plot. 

Using the boundarydependent complex R func- 
tion we immediately find the boundary-independent 
average complex phase shifts, which give a com- 
plete model-independent description of the 
averages. As indicated in the last two blocks of Fig. 
4,1, these phases can be compared to those from an 
optical-model potential. 

We have used this method to deduce the average 
complex phase shifts for 32S from the R-matrix 
parameters of Johnson and Winters.’ The results 
are shown by solid curves in Figs. 4.2 and 4.3. The 
averaging width for the Lorentzian was 300 keV, or 
roughly the level spacing; this is large enough to 
smooth out fluctuations. The resulting experimen- 
tal curves, unlike those reported ptevi~usly,~ can be 
used directly in the future without again referencing 
the boundary radius. The description in terms of an 
optical model is more definitive than before.’ The 
dashed curves show visual fits obtained by fixing 
the potential geometries’ and varying the well 
depths. The resulting imaginary well depths are 5.0, 
3.0, and 5.3 MeV for sllb pl12, andp,,, respectively. 
The real well depth for s waves is 50.8 MeV, and for 
p waves it is 61.5 MeV with an 11.3-MeV spin-orbit 
term. Essentially the previous conclusions are 

ORNL-DWG 8‘1-14073 

*.’O 3 1  
t 32s 

0 
0 0 2  04 0.6 0.8 10 1.2 

ENERGY (MeV) 

Fig. 42. Real parta of the experimental (did) and model 
(dashed) optical phascs for 3zS for s and p wvc8. The averaging 
interval for the experimental data was 300 keV. 
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Fig. 4.3. Continuation of Fig. 4.2, showing the imaginary parts 
ob the phase shifts. 

reached; mainly the real well has a strong I 
dependence. 

1 .  Denison University, Granville, Ohio. 
2. Department of Physics and AStrQnQmy, University of 

3. C. H. Johnson and R. R. Winters, Phys. Rev. C 21,2190 
Maryland, College Park. 

(1980). 

HIGH-RESOLUTION STUDY OF THE zo4PPb f n 
REACTION 

D. J. Horen J ,  A. Harvey 
N. W. Hill’ 

We are presently studying the 204Pb + n reac- 
tion to test further the hypothesis that intermediate 
structure in the neutron strength functions can be 
described in terms of particle-core excitations. Our 
results’ for 286*207Pb + n were consistent with such a 
description. Since the single-particle states are 
highly fragmented in the bound-state region of 
‘O’Pb, it is expected that the corresponding “door- 
way states” in the lo4Pb + n reaction will be 
broader and thus more difficult to observe. 

Since 205*207Pb have ahnost identical neutron 
separation energies, comparison of the neutron 
strength functions for 20J~204Pb -k n should reveal 
information pertaining to the dependence of 
optical-model parameters on neutron excess. 
Preliminary analysis of the data for E < 110 keV 
already shows that the s-wave strength function (as 
well as the s-wave level density) in this region for 
204Bb t n is about an order of magnitude larger 
than that for zQ6Pb + PI. 

1. Instrumentation and Controls Division. 
2. D. J. Horen, J .  A. Harvey. and N. W. Hill, Phys. Rev. C , 

18, 722 (1978); ibid., 20, 478 (1979); ibid., to be published. 

’“Pb + n RESONANCES FOR 

D. J. Horen J. A. Harvey 
N. W. Hill’ 

The analysis of data’ from high-resolution 
neutron transmission and differential scattering 
measurements performed on Zo6Pb have been ex- 
tended to the energy region E = 600 to 900 keV, 
Resonance parameters (i.e., E, l, J, and I-,) have 
been deduced for many of the 141 resonances ob- 
served. Strength functions and potential phase 
shifts for s-, p-, and d-wave neutrons for E. = 0 to 
900 keV are compared with optical-model calcu- 
lations. It is found that the phase contributed by the 
external R function (see Fig. 4.4) as well as the 
integrated neutron strength functions (see Table 
4.1) can be reproduced for the s and d waves with a 
well depth of V, = 50.4 MeV for the real potential 
and W, = 4.0 MeV for an imaginary surface poten- 
tial (see Table 4.2 for optical-model parameters 
used). Somewhat smaller values (V,  = 48.7 MeV 
and W, = 2.0 MeV) are required to reproduce the 
p-wave data. These values of the real potential are 
also found to give the experimentally observed 
binding energies for the &,,,, 3d3,,, and 3dSl2 
single-particle levels (V, = 50.4 MeV) and the 3ptl2 
single-particle level (K, = 48.7 MeV). Nuclear level 
densities for s and d waves are found to be well 
represented by a constant-temperature model. 
However, the model underestimates the number of 
p-wave resonances. 
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Fig. 4.4. Plots of the COtltnbMtiQnS to the phase shifts, by thr: 
external R function (Ru) for s, p, and d waves vs neutron energy. 
The points represent the phase shifts deduced from analysis of the 
data, and the solid and dashed curves are values calculated using an 
optical-model potential. 

T d e  4.1 Compa?isoa of experimental average Jtmngte 
( x 18') st 9QO keV with OMP cnkolations 

Parthlwave Experimental SetA Set B 

SI12 1. .06 1.17 0.69 
d m  1.81 1.95 2.3 
dsm 1.24 1.12 0.72 
P 0.32 1.62 0.37 

Table 4.2. Ogtical-modd parameters 

r, = 1.21 
0, = 0.66 
r, = 1.21 
ow = 0.48 
rso = 1.21 
a, = 0.66 

Vo = 50.4 
W, = 6.0 
v, = 7.5 

Vo = 48.7 
w, = 2.0 
Y, = 7.5 

This work has been accepted for publication in 
Physical Review C. 

1. Instrumentation and Controls Division. 
2. D. J. Horen, J.  A. Harvey, and N. W. Hill, Phys. Rev. C 

20,478 (1979). 

NEUTRON TOTAL CROSS SECTIONS FOR 
NEUTRON F'IL'IER APPLICATIONS 

J ,  R. Harvey2 
J.  A. Harvey N. W. Hill' 

Transmission measurements have ken made on 
thick metallic samples of L84W (94.52%) and 64Zn 
(97.87%) to assess their usefulness as filters to pro- 
duce neutron beams of 160 eV and 2.1 keV energy, 
respectively, from a nuclear reactor. Figure 4.5 
shows the transmission of lS4W (1/N = 2.472 b per 
atom) measured with an energy resolution of 0.1Vo. 
The presence of windows at higher energies limits 
the usefulness of this material as a neutron filter. 
The 2-keV window in 6*Zn does not offer any ad- 
vantages over a scandium filter, which i s  usually 
used for 2-keV window neutrons. 

1. Instnunentation and controls 'Division. 
2. CEGB Berkeley Nudm Laboratories, England. 
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Fig. 4.5. Transmisiun of ""w (11 N = 2.472 b per atom) v6 
neutron energy. 
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MEASUlREMENT OF NEUTRON TOTAL 
CROSS SECTIONS AT ORELA TO 80 MeV 

N. W. Hill' 
D. C. Larson' J. A. Harvey 

Using the beryllium block target and the 80-rn 
flight path the neutron total cross sections of 14 
materials (CM,, C, 0, A, Si, Ca, Cr, Fe, Ni, Cu, 
Mo, Sn, Au, and Pb) have been measured to 80 
MeV. The intensity of the high-energy neutrons is 
very sensitive to the electron bizam energy (about 
1 4  MeV). The maximum usable neutron energy for 
these measurements i s  about 0.6 of the electron 
energy. The neutron detector was a 7.6-cm-thick, 
10.2-cm-dim NE1 10 scintillator mounted on a 
selected RCA 8854 phototube. With a 7.5-cm-dim 
neutron collimator it was necessary to use a 20-cm- 
thick polyethylene filter in the neutron beam to 
reduce the intensity of neutrons with energies from 
2 to 8 MeV to limit the maximum dead-time correc- 
tion. Figure 4.6 shows the data (except for H). 
These data are required for shielding design of the 
Fusion Material Irradiation Test (FMIT) facility, 
since neutrons up to about 50 MeV will be produced 
with this facility. A brief report3 has described our 
first measurements and results for a few materials 
up to 60 MeV. 

1. Engineering Physics Division. 
2. Instrumentation and Controls Division. 
3. D. C. Larson, J. A, Harvey, and N. W. Hill, p. 34 in U.S. 

National Bureau of Standards Special Publication No. 594, Pro- 
ceedings of an hlernotiona! Cmference on Neutron Cross Sec- 
tions for Technology, Kno.rViUe, Tennessee (1979). 
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Fa. 4.4. Total croas sections as a function of neutron energy 
up to 80 MeV for 13 elements. 

ESONANCE STUDY OF '%I 

E. Fogdberg' R. L. Macklin 
J. A. Harvey S. Ranian 

P. H. Stelson 

The interaction of neutrons with 86Kr is of con- 
siderable interest for several reasons. Perhaps the 
most important one i s  the fact that "Kr is a delayed- 
neutron emitter and that studies of neutron 
resonances in 9Cr thus offer an independent 
method for observation of the high-lying neutron- 
emitting levels in *'Kr. A neutron resonance study, 
in addition, permits an accurate estimate of the 
level density in the unbound region, which is of im- 
portance for thc interpretation of the structure irn 
the delayed-neutron spectrum a ']The level density 
and the neutron resonance properties of 86Kr + n 
are also needed for an accurate iiriderstanding of 
nucleosynthesis in the s process. 

The measurements were performed at the 
ORELA facility, using flight paths cf 40 and 80.5 rn 
for the capture and transmission experiments respec- 
tively. The targets consisted of 99.5%-enriched 86Kr 
gas kept at a pressure of 2 - 2.7 MYa in thin-walled 
containers of stainless steel. The capture data 
could, for intensity reasons, be analyzed only up to 
about 90 keV iieutron energy, The transmission 
data were andyzed up to keV. A total of 41 
resonances were found in this energy intervat. The 
experimental detection limit, together with the 
Porter-Thomas distribution, can be used to 
estimate that about 6 s- and p-wave resonances were 
not detected. We accept this number and find, by 
distributing the undetected resonances on spirns and 
parities with the same frequencies as for firmly 
assigned resonances, that the level density can be 
well described using the back-shifted Fermi gas for- 
mula. With a pairing energy of 1.15 MeV, the value 
a = 9.7 MeV-' for the level density parameter fits 
both parities wel!. 

The effective capture cross section curve shown 
in Fig. 4.7 has been calculated using a Maxwdlian 
energy distribution for the neutrons. For neutron 
energies up to %I keV, the measured gamma widths 
of the resonances have been used. An average value 
of the gamma width of 0.25 eV was used for all 
resonances at higher energy. The uncertainty in the 
curve is estimated to be less than 30%. 

._I 
1. Visitor from the Studsvik Science Research Laboratory, 

$61 1 82 Nykoping, Sweden. 
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Fig. 4.7. Effective total capture cross section of ' k r  for 
neutrons with B Maxwellian energy distribution. 

STATISTICAL PROPERTIES OF COMPLEX 
STATES OF THE ISOTOPES OF ZN 

J.  B. Garg' 
V. K, Tikkul 

J. A. Harvey 
R. L. Macklin 

J. Halperin2 

Nigh-resolution neutron total and capture 
measurements have been made on the isotopes af 
zinc up to about 500 keV. The cross-section data are 
analyzed using muliailevel R-matrix cedes wherein 
the resonance parameters are fitted by least squares. 
From the resonance parameters E,, gT,, r., and I we 
obtain values for average quantities such as the 
average radiation widths, average level spacings, 
and neutron strength functions for both s- and 
p-wave neutrons. The distfibutions of neutron 
'widths for both s- and p-wave neutrons are in- 
vestigated as well as the spacing distribution for 
s-wave neutrons. Neutron strength functions are ex- 
amined as a function of neutron energy (see Figure 
4.8) to look for neutron doorway states. Correla- 
tions between neutron widths and radiation widths 
are also investigated since significant correlation 
may be indicative of non-statistical effects. Finally, 
long-range'correlations of level spacings are studied 
and compared to the theoretical prediction of 
Dyson and Mehta.' Two papers on 66Zn c n have 

En l h t V l  

Fig. 4.8. Cumulative plot of the sum ofreduced neutron widths 
for 66Zn + n as a function of neutron energy. 

been published,' a paper on 66Zn + n has been sub- 
mitted for publication, the analysis has been cam- 
pleted for 68Zn + n, and analysis is in progress for 
70Zn f n. 

1. State University of New York at Albany. 
2. Chemistry Division. 
3. F. J. Dyson, J. Math. Phys. 3,140, 157, 166,1199 (1%2); 

F. J .  Dyson and M. L. Mehta, ibid. 4, 701 (1963). 
4. J. B. Garg, V. K. Tikku, and J. A. Harvey. Bhys. Rev. C 

23, 671 (1981); J. B. Garg. V. K. Tikku. J. Haiperin, and R. 
Macklin, Phys. Rev. C 23,683 (1981). 

NEUTRON CAPTURE CROSS SECTIONS 
EXTENDED TO 2 MeV 

R. L. Macklin R. R. Winters' 

The stable-isotope neutron capture program at 
ORELA bas primarily emphasized the energy range 
from a few keV to a few hundred keV to exploit the 
high resolution attainable for determining in- 
dividual resonance parameters and intermediate 
structure. Recent work on 232Th + n resonances 
below 10 keV,z €or example, shows poor agreement 
with ENDF/B V parameters. A paper on neutron 
capture by 238U studied and parametrized the in- 
termediate structure seen in the unresolved 
resonance range from 5 keV to 100 keV.' 
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In collaboration Gth Dwrell Drake and others 
from Los Aiarnos we have extended the neutron 
capture cross-section measurements up to 2 MeV. 
This has required several supporting developments 
to ensure accuracy. To eliminate inelastic scattering 
interference in the total gamma-ray energy detector 
technique’ a fraction of the low-energy pulses must 
be discarded arid their spectrum fraction deter- 
mined. The neutron flux shape monitor, a thin 
piece of glass scintillator, was calibratedS 
against the best standard available, the * W ( n , 4 )  
cross section. The absolute efficiency calibration at 
saturated resonance peaks was also automated for 
least-squares fitting .6 

Data on four stable tungsten isotopes are being 
analyzed, and data on “Tm(n,y) are being 
prepared for publication. The 197Au(il,y) cross- 
section measurement’ shows good agreement with 
recent “monoenmgetic” measurements, while con- 
tinuous coverage of the energy range with better 
resolution shows structure with up to about 15% 
amplitude attributable to inelastic competition, par- 
ticularly from the 512’ levels in I9’Au. 

1. Denison IJniversity. 
2. R. L. Macklin, “Thorium Resonance Neutron Capture 

(2.6 to 10 key),” Nucl. Sei. Eng., in press. 
3. R. 5 Perez, G. deSaussure, R. L. Macklin, and J. 

Halperin, “Statistical Tests for the Detection of Intermediate 
Structure: Application to the Structure of the *”U Neutron Cap- 
ture Cross Section ktween 5 key and 0. I MeV,” Phys. Rev. C 
20,528-45 (1979). 

4. R. L. Macklin, “Resonance Capture Reactions with a 
Total Energy Detector” (invited paper), pp. 475-84 in Neutron 
Capture Gamma-Ray .S@ectroscopy (Proceedings, Third Interna- 
tional Symposium on Neutron Capture Gamma-Ray Spm- 
troscopy, Upton, New York, September 1978). Plenum Pres, 
New York, 1979. 

5. R. L. Macklin. R, W. Ingle, and J. Malperin, “*Li(n,a)T 
Cross Section from 70 to 3oM) keV from the VJ(nJ)  Cdibra- 
tion of a Thin Glass Scintillator,” Nucl. Sci. Eng. 71, 205-8 
(1979). 

6. R. L. Macklin, J. Halperin, and W. R. Winters, “Ab- 
salute Neutron Capture Yield &libration,” Nucl. I ~ s ~ F u ~ .  

7. R. L. Mxklin, “Gold Neutron Capture Cross Section 
M d ~ d 3  164, 213-14 (19793. 

from 100 to uwlo keV,” Nucl, Sci. Eng., in press. 

FISSION PRODUCT NEUTRON CAFTURE 
CROSS SECTION 

R. L. Macklin R. R. Winters’ 

The combination of high cross section and high 
fission yield in fast reactors make the odd isotopes 
new mass 100 to 110 the most important of the 
long-term reactor poisons. We have measured the 
capture cross sections for stable ruthenium, 
rhodium, and palladium isotopes in this mass 

and have obtain samples of 99Tc, ‘O’Ag, 
and ‘09Ag for further measurements. A computer 
program error, affecting particularly the even 
palladium data, has been found and corrected.s 
Some additinal data on lonMo +- n capture have 
also been reported6 

1. Dension University. 
2. R. L. Macklin, J. Halperin, and R. R. Winters, 

“‘ad~l”~los~’os~’”Pd(n,y) Cross !%dons above 2.6 keV,” Nucl. 
Sci. Eng. 182-91 (1979). 

3. R. L. Macklin and J. Halprin,  ‘ ~ ‘ * p ~ 1 Q 1 ~ 1 0 * ~ 1 0 4  Ru(n,y) and 
103Ruh(n,r) Cross Sections above 2.6 keV,” Nucl. Sci. Eng. 73, 
174-85 (1980). 

4. R. L. Macklin, R. R. Winters. and J. Halperin, ‘‘Recent 
Capture Cross Section Data from Q E L A  above 2.6 MeV,” p. 
103-12 in Proceedings NEANDC Specialists’ .Meeting on 
Neutron Cross Sections of Fission Product Nuciei (Bologna, 
Italy, December 19991, CONF-791223, 1979. 

5. R. L. Macklin mend R. R. Winters, “‘Stable Isotope Cap- 
ture Cross Sections from the Oak Ridge Electron Linear Ac- 
celerator,” Nucl. Sci. Eng. 78, 110 (1980). 

6. H. Weigmmn, S. Raman, J. A. Harvey, R. L. Macklin, 
and G. 0. Slaughter, “Neutron Resonances in looMo and 
Valence Neutron Capture.” Phys. Rev. C 20, 115-27 (1979). 

*’*U INELASTIC NEUTRQN SCATTERING 

R. R. Winters‘ 
N. W. Hill2 
R. L, Macklin 

J. A. Harvey 
D. K. 01sen3 
G. L. Morgan‘ 

23aU inelastic neutron scattering has mostly been 
studied5 above 200 keV, where several inelastic 
levels compete. In the 45-149 keV energy range, 
near the peak of a fast reactor’s flux spectrum, only 
the 2’ level can be excited. The few measurements 
and evaluations of the inelastic cross section in this 
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enegy range showed considerable scatter. The use of 
the second pronounced cross-section minimum in 
iron has allowed us to isolate a pulsed 82-keV 
neutron beam at ORELA and measure the 
23*U(n,n‘) cross section with it. Inelastically scat- 
tered neutrons are separated by time of flight from 
elastically scattered neutrons using a plastic scin- 
tillator coupled to three photomultiplier tubes. The 
neutron detector was operated in a majority-logic 
mode6 to allow discrimination below the single- 
photoelectron response. Our result for the inelastic 
cross section is (381 & 21) mb, in good agreement 
at 82 keV with calculations. 

1 .  Dmison University. 
2. Instrumentation and Controls Division. 
3. Engineering Physics Division. 
4. Los Alamos National Laboratory. 
5. R. R. Winters et d., “Uranium-238 Inelastic Neutron 

6. N. W. Hill et al., “Majority-Logic NE-I10 Detector for 
Scattering at 82 keV, “Nucl. Sci. Eng. 147 (1981). 

keV Neutrons,” this report. 

SAMMY: A COMPUTER MODEL FOR 

DATA USING BAYES’S EQUATIONS’ 
Nancy M. Larson’ Francis G. Perey3 

MULTJLEVEL R-MATRIX FITS TO NEUTRON 

A computer program has been written for deter- 
mining the parameters of a model from experi- 
mental data based upon the utilization of byes’s 
theorem. This method has several advantages over 
the least-squares method as commonly used; one 
important advantage is that the assumptions under 
which the parameter values have been determined 
are more clearly evident than in many results based 
upon least squares. Bayes’s method has been used 
to develop a computer code which can be utilized to 
analyze neutron cross-section data by means of the 
R-matrix theory. A report4 has been prepared which 
presents the required formulas from the R-matrix 
theory and describes the computer implementation 
of both Bayes’s equations and R-matrix theory. 
Results of the analysis of 60Ni transmission data 
from ORELA are compared to the results using an 

earlier multilevel R-matrix code. Finally, details 
about the computer code and complete inputlout- 
put information are given in the report. 

1. Sponsored by Basic Neutron Physics Research, Physics 

2. Computer Sciences Division. 
3. Engineering Physics Division. 
4. Nancy M. Larson and F. G .  Perey, User’s Guide to 

Division. 

SAMMY, ORNL/TM-7485, ENDF-299 (1980). 

MAJORITY-LOGIC NE-I10 DETECTOR FOR 
b Y  NEUTRQNS 

N. W. Hill’ 
J. A. Harvey 

I). J. Horen 
G. L. Morgan’ 

R. R. Winters’ 

A proton-recoil scintillation counter whose effi- 
ciency is reproducible and stable has been 
developed for neutrons in the energy range from 5 
keV to 1 MeV. Majority-of-two logic at below the 
single-photoelectron level is wed between two or 
more phototubes viewing the same scintillator. 
Pulse-height distributions in two differently shaped 
detectors have been measured as a function of 
neutron energy between 5 and 350 keV. One detec- 
tor was a cylindrical NE-I10 scintillator 4.3 cm in 
diameter and 7.6 cm long with an RCA 8850 photo- 
multiplier on each end. The other was an NE-110 
scintillator 1.9 cm thick by 5.7 by 5.7 cm with three 
photomultipliers. Comparisons of the pulse-height 
distributions and the absolute efficiencies have been 
made to Monte Carlo calculations.‘ Figure 4.9 
shows the comparison for 24.5-keV neutrons for 
the three-photomuliplier arrangement. The ab- 
solute efficiencies agree to about 54‘0. 

1 .  Instrumentation and Controls Divisbn. 
2. Los Alamos Nationai Laboratcry. 
3. M i s o n  University. 
4. C. Renner. N. W. HiU, G .  L. Morgan, K. Rush, and J .  A. 

Harvey, Nucl. Instrum. Meihoa3 154, 525 (197%). 
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Fig. 4.9. Comparison of the pulse-height distribution for 
24.5-keV neutrons compared to Monte Carlo celculations. The 
structure corresponds to two, three, four, and five photoelectrons. 

THERMAL AND RESONANCE NEUTRON 
CAPTURE GAIMMA-RAY MEASUREMENTS 

S. Raman M. J. Kenny' 
G. G. Slaughter 
R. F. Carlton' W. Ratynski' 
J. A. Harvey 8. Shahd' 
A. Z. Hussein' R. R. Spencer' 
E. T. Jurney' J. S. Tang9 
S. Kahane' J. C. Wells, Jr.Io 

D. A. IllcClure6 

The main emphasis of our (n,y)  program is the 
measurement of gamma rays following neutron 
capture in individual resonances. To round out this 
program, we also carry out thermal-neutron cap- 
ture measurements at Los Alamos and "average- 
resonance" capture measurements at Brookhaven 
A progress report covering these activities is given 
below. In addition, we have completed studies of 
the "Fe(n,y) and "Y(n,y) reactions. In 54Fe, it was 
shown" that the 7.75-keV resonance spectrum is 
in excellent agreement with valence-model predic- 
tions. The El and M1 primary gamma rays follow- 
ing resonance neutron capture in 89Y showedtZ s0me 
unusual. enhancements. The present status of the 
A41 strength in 9% and its implications (par- 
ticularly concerning effective mass) were discussedb3 
in a recent review article. 

~~~~~~~~~~a~ 
of Salfor 

E. T. Jurney S. Waman 
R. R. Spencer 

The need for a more accurate value of the 
thermal-neutron absorption cross section of sulfur 
has been emphasized by SmithI4 in a recent status 
report on measurements of the average number of 
neutrons (Fr) emitted in spontaneous fission of 
'''Cf. The 252Cf V ,  value is used as the standard in 
measurements of V (E) for neutron-induced fission 
in all the isotopes of thorium, uranium, and 
plutonium. It is therefore one of the most impor- 
tant parameters used in reactor desigri and safety 
analysis calculations, for which its value is re- 
quested to an accuracy of 0.25%~. The impact of the 
value of the sulfur absorption cross section on 252Cf 
v , values obtained from MnSO,-bath activation 
measurements is discussed by Sn1ith,I4 who suggests 
that an increase in the value used for this cross sec- 
tion may relieve the persistent approximately 0.8% 

atic difference between the V value obtained 
in manganese-bath measurements and those ob- 
tained by the other frequently used precise tech- 
nique: liquid scintillator. It has been pointed out by 
him that the currently accepted value of (I. for 
natural sulfur of 520 r~ 30 mb was derived from 
measurements which range from about 470 mb to 
about 620 nib and that an increase in the value used 
for MnS0,-bath corrections of only 30 mb would 
increase the value of ii, obtained by 0.25%. 
Clearly, an independent measurement of the sulfur 
thermal capture cross section, which constitutes 
nearly 99% of the absorption, to an accuracy of 
better than 5% would be of great benefit in re- 
solving this question. 

We have measured ~ ~ ~ , ~ )  for thermal-neutron 
capture in natural sulfur by summing the intensities 
in the prompt-gamma spectrum. The spectrum was 
obtained from a 1-g sample of chemically pure 
natural sulfur placed in the internal target facility of 
the Los Alamos Omega West reactor. The detector 
was a 6.1-cm-diam9 15.2-cm-long NaI scintillator 
operated in anticoincidence with a NaI annulus. 
The response function of the detector has been 
determined over a wide energy range to permit un- 
folding of the recorded pluse-height spectrum into a 
superposition s f  full-energy peaks that correspond 
to the emitted gamma spectrum (see Fig. 4.10). The 

- 
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gamma spectrum thus determined was iiot malized 
i i i  terms of partial capture cross section by meas- 
uring the intensity of the single ganima from 
neutron capture by ' H  from a 46-mg sample of 
polycthylene placed at the same target position. The 
Il -3  capture cross section was taken" as 332 + 3 mb. 
Our source of neutrons has a Maxwellian neutron 
velocity distribution of 350'K. To convert che 
measured cross sections to thermal (294°K) values, 
we have assumed that the low-erzergy capture cross 
sections of both hydrogen and sulfur vary as l / v .  
I Iotrhts concerning this assumption for sdfur  have 
been largely dispelled by Smith.I4 

The value of the natural sulfur thermal absorg 
tion cros5 section [the In,@) and (ri,p) cross sections 
were taken from BNL-3251 derived from the present 
nieasurenients, 513 -f 15 mb, is in good agreement 
with the value 520 _t 30 mb used currently in cor- 
rections for MnSO,-bath rneasunernerits of 252Cf G r .  
This suggest3 [hac other areas must be examined to 
resolve the discrepancy between MnS0,-bath and 
liqixicl.-scintillator measurements of this important 
par anieter. 

Direct Capdarre in t 

we tIaxJe st  the 34btn,rl reactiiagl at ti~ae LOS 

ture fiVllitji .  'B hest. rnedsul erocnts were made with a 

dctector \vas IcacareL.1 approximntely 6 ln from the 

hQ,mus blmegd WesL Rcaclor thermal rierntron cap- 

I AOQ-g 7M"rio-eni icbed 3JS target, 8'he 26 cm' Ge(Li) 

antel ~ z a l  target. 'Thss cleteciot was oprrattd etlher iri 
thc <'olinptoti ~enp1xe;"(.sion or pair spectrometer 
mode. ~ ~ ~ ~ ~ ~ i ~ ~ ~ ~ ~ l ~  hO gamma ways wcie ob- 
sesved, several with intensitiei as Eow at. about 2 

neuhtoti crrptasre.,. All partma 

into a level sclimernc of 3'S with 20 excnted states. The 
primary gamrna I ays and the seeo~ad;u y gamma rays 
(ferding thc ground state) sepal atcly accounted foi 
about ~~~o of thc meawied iura1 capture cro 
tion of 294 nib. The primary E1 gi3t)irna r a p  
Beading io states ;it 2348, 3802,41hB),4WO3, and 4963 
keV accolu-lled for *R5% of ehs cross secrion. 

For several nuclidcs near A = 40, where rhcrmal 
cross r;ections are low a i d  nonresonant, Sptts and 
Aklrermani'6 showed that the correlation belwecri 
thermal (n,y) in tensities and (if,!)) spccti oscopic 

ngths is rnaxinir~etl by dividing the piinnary 
gamnna-ray intensities by the apprupriate energy to 
the first power A s imi lar  result tor ) > S  i s  hho?wam in 
krg. 4.1 1 .  This m u l l  a prioan suggests direct cap- 
ture, but, as emphawed by ~ ~ ~ ~ ~ ~ - i a b ~ ~ a b  and 
Chrien," it is also necessary EO q;nardilativeiy com- 
pare the measured nad calculated partial capture 
cross sections. 

The needed expiessioas for calculatiag the direct 
captiarc cros? wAm have been dci ived by  Lane 
arid and explicilly given by 
and Clhrien li ire (&PI spectroscopic strengths for 
1/2 and 3 / 2 -  levels in zsS are Since the 
nuclear radius of 4.4 f m  i\ grzater than the knc9wn 
scattering lengthzo of 3.5 fin, corabtrenctive in- 
ter ference betwcn hard-sphere and channel capture 
is expected. 'The ~ehulting prediction5 a1 e compared 
with the measurrd cross sections 1x1 Fig 4.12 The 
pteilictions are about 20°/1(1 lower than the meiwre 
metits but well within the uncertainrim inherent in 
the cornpaled quantities. 

i ik ( J ~ P ~ S  have been i ~ ~ ~ ~ ~ - $ , o r a t d  
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S. Kanian W. Ratynski 
E. 'T. Jurney 

Since 36S has an extremely low natural abun- 
dance (0.017%) and a small thermal-neutron cap- 
ture cross section (about 150mb), the '5(thermal 

n,y] reaction has not been investigated till now. We 
have ctirdied this reaction utili7ing a 108-my target 
enriched to 81% in 36S placed in the Los Alamos 
Omega West Reactor thermal column at a distance 
of 1.7 111 from the reactor core. A 26-cm3 Ge(Ln) 
detector with a NaI(T1) annulus was located ap- 
proximately 6 m f i o m  the target and was operated 
in either a Compton-suppressed 01 a pair spec- 
trometer mode. Eighteen garorna rays in 37S were 
identified in the 0.6 3 . 7  MeV region, several with 
intensities as low as  about 0.5 photon per 100 
neutron captures. Ten strong galnma rays have 
been incorporated into a level scheme as shown in 
Fig. 4.13. The four primary gamma rays placed in 
this scheme account for more. than 95% of the 
theimal-ncutron capture cross section. The cnergy 
levels at 636, 2023, and 3262 keV have been 
previsudy excited in the "Cl(t, 3He)37S reaction.'' 
The Icvels at 2312 and 2955 keV are ambiguous 
because reverse ordering of gamma rays would lead 
to levels at 2538 and 1991 keV respectively. A 
planned 365i;(d,p)37S study should remove thcse am- 
biguities. The neutron qeparation energy was de- 
duced as 4304 _t 2 keV. 

We had earlier measured the thermal-neutron 
capture cross section of 32S to be 518 _+ 14 mb. This 
value was subsequently employed to determine the 
thermal-neutron capturc cross section of 34S as 
294 t 15 rnb Sincc the present enriched '5 target 
material contained 18.8070 34S, the use of the above 
cross section for 34S resulted in a value of 230 k 
20 rnb for the thermal-neutron capture cross section 
of 3%. 

Fig. 4.13. Main decay modes in the ?3(pl, Y ) ~ ' S  reaction. 
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A. Z Hu\\ein S .  Ramin  
J .  A. Hzarvey 

A coinparis011~~ of rieutron captisre gamma-ray 
spcctru in neighboring 5- and p-wave capture states 
i i i  a 35Cl jarget S ~ Q W S  that the spectra are highly cor- 
related. In this caw, the Y wave refcis to %hcrmal- 
neutron capture and y wave to caplure by  the 
398-eV reso~ia~iw. The p-wave (or I 2 a )  assign- 
ment for this resonance i s  ascribed tu  work of Singh 
et a1.,23 who made I assignments for several 
resonallceb in CI below kev on the basis of th:: 
observation ( I  -0) or nonobservation ( l  1) of 
shape asymmetry in total cross-section nieasure- 
menls. Underslandably exiougli, Singh et d.'' rnatle 
no special effort to single out the 398-eQ resonance 
for either a discussion or a figure concerning its 
p-wave assignment. Since this I esonance lnas a b -  

surned iniportance and since this resonance has a 
neutron width so small (gT, = 40 meV) that a visual 
inspection of the total cross-section data is inad- 
equate to  readily yield i t s  1 value, we undertook a 
inore elaborate measurement, 

Transmission data were acquired at the 78.2-111 
flight path station of ORELA. The liquid CCi, sam- 
ple was contanned in a cylitidrical brass container of 
2.71 cm dianxeter. The sample weight was 76,42 g, 
which corresponded to 0.1 572 atom per ham. 
Neutrons were detected by :LPL 1 4-cm-diam, 
I .M-cm-thick ",i glass scintillator. The electron 
burst width was 35 xis, with a repetition rate of 800 
s-l. Compensator samples of brass and carbon, were 
also employed concurrently. 

The transmission data, shown in Fig. 4.14, were 
analyied M/ ith the R -mati ix computer codes 
M'uLTIL4 and SAMMY.:' l'he measured data 
points are fitted well by a p-wave resonance at 398 
eV (gb, = 38 meV, Tv =r: 420 meV), together with a 
b~piird level at approximately - 100 ea/ (gT,, =; 4.4 
eV, 8", 5 0 0  meV) The data points do not exhibit 
the expected interference beeween resonance and 
poteniial scattering if this res~wance 1s assurnid to 
he s wave. 

Test of A ~ e ~ - ~ ~ ~ ~  Predictions in 174Vb UII 
S. Karnan S. Kahane 
0. Shahd G, G. Slaughter 

i n  recent years, the limitations imposed by 
Porter-Thomas fluctuatioris in the study o f  prirnaxy 

06 .............................. ~ .............. 

gamma rays following nlelukl Of1 capturz have beeaa 
partly overcome by "resonance-averaging' ' tech- 
niques. The incidezit neutron beam i s  chosen with 
an energy distribution sufi'icienily broad that many 
compound-nucleus resonames contribute to  the 
capture process. The two techniqaies inosl coniinoii- 
1 y employed in average-resonancz-capture nieasure- 
nients involve the use of "reactor nciitrons" and 
"'filtered beams." A thiid mrthod of obtaining in- 
dividual gamma-ray spectra f ~ o m  a large number of 
 resonance^ and summmg them after aypropriat e 
iiormali;lations was accomplished recently by 
R a m a ~ ,  Shahal, and Slaughterz5 ~n the case of the 
'73Yb(rr,y) reaction, The resulting average radiation 
wid tits (and hence the gamma-ray strength func - 
tion) were found to be in good agreement with the 
Axel-Brink predictions . The predictions are based 
on two key Ideas: (1) The giant dipole re,, conaiice 
(CDR) governs the width of the trarisitiori from the 
capturing state tu the ground state (Axel"') and (2) 
if i t  were possible to perform a photoabsorption ex- 
periment on an excited state, the cross sectiun 
would still have the saine Lorentzian encrgy 
dependence as thc GDR (BrinkZ8). 

The "4Yb results for the gamma-ray strength 
function are shown in Fig. 4.15. In the original 
paper,26 we relied on thz known giant dipole 
resonance (GDR) parameters for "Lu because ex- 
per ianental parameters for I7'Y h were unavailable at  
that time. Recent photoabsorption measurementsZ9 
have remedied that situation. 



1x2 

i 

0 8 12 16 

0 0  

5 6 7 8 
Ev (MeV 1 

Fig 4.15 Companson of the measured strength function for 
Yb with the predrctions of the Axel-Brrnkgiant dipole resonance I74 

model 

In a sub\equent study, wc have obtained 110 
4096-channel spectra (87 on resonance and 23 off 
resonance) from the I6’Er(n,y) reaction. ‘The spectra 
were normalized through the use of the 816-keV 
3: -+ 2; transition, which has a measinred absolute 
intensity of 30 photons per 100 thermal-neutron 
captures. The  measuredjO average intensity values 
deduced from the summed spectrum (see Fig. 4.16) 
were in good agreement with the “2-keV” results of 
Davisori et a1.30 

The measured gam ma-ray strength function (r‘ = 
i-JD&) is compared to the Axel-Brink predictions 
in Fig. 4.17. The giant resonance parameters are 
from recent photoabsorption rneasiire~nents.~~ The 

6150 6225 6300 6375 6450 
ENERGY i k c v l  

Fig. 4.16. Selected portions of the summed ~ p c t r u i n  from 
E7 resonances in ’“I? below 591) eV. 
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predictions are, on the average, about 20% higher 
than the measurements, but the overall agreement i s  
quite reasonable. As the next step, we plan to test 
whether the strength function is iiideperitlent of the 
spin of the capturing state, as generally supposed. 

e use of Oxide ’1I’wgels in 2 
~ e ~ i ~ ~ ~ ~  Capture Measer 

9 1 s. ‘Fang 5 * Ramm 

Large sampIes (about lO-iW g are usually re- 
quired for “2,-keV” filtered-beam measurements, 
and srncti samples invariably come in the oxide 
form- In order to fuHy evaluate the implications of 
employiog an oxide insLead of a metal, we have per- 

energy spectrum in a neodyrniunz oxide sample. The 
continuous energy Monte Carhlo code PXMORSW’ 
was used in the calculations. A ~ ~ O n ~ ~ ~ r ~ c ~ ~ ~ ~ ~ ~ ~  
neutron bearri uniformly impinging on one side of 
the sample is shown in Fig. 4.18. The neutron beam 
has a ratliei narrow energy spectr~tm, which ranges 
from 0-5 LO 3 keV and peaks at about 2.8 keV. 
~ ~ o ~ ~ ~ ~ i ~ ~ ~  in the sample is assumed to be 100’70 

f0rlXed Monte CWlO cak~da~lOIls of B tIeU~r031 

ORNL-DWG 81-9604 

0.05 tnm POLYETHYLENE BAG\ 

Fig. 4.18. Problem geometry. 

Ij’Nd. Neutron cross-section data u r d  in the 
calculations were obtained from the ENDP- IV 
library. The saxple weighs 643 g and thcrefsarc con- 
stitutes an s ‘eextr enie case. ’’ 

In the Monte Carlo calcu8&ms, source-ener gy 
biasing was applied to sample the sou~ce energy 
spectrum. ‘Ihis biasing increased rhe nvmbem of 
SQurce neutrons on both sides r f  the cneagy spec- 
~ r ~ t i n  and therelay iniprcvcd the statistics by re- 
ducing the tincertainties of results in thebe energy 
ranges. The nerttrosr spectrum m the sample was 
esdimared using both. the track-length est~mator da1d 

the collision estimator. The track-lenigth estimator 
scored on neutron trajcctor ies (tracks) in the sample 
while the collision esiirnator scorcd on n e ~ a t ~ o ~  c d -  
Hi:;ions in the sarnplc. Excellenk agreement between 
results of the two estiariafors was achieved. A 
boundary-crossing estimatoi , which scored on 
neutrons crossing a surface outside the sample, was 
used to obtain the wiirce spectrum. 

Figure 4-19 shows the rmorriialized I~TUPPOIB spec- 
trum of the source and the spcctrtt in the oxide sari-  
pie wi th  and  without a 0 , O  
polyethylerie enclosure. As expected, the nekntr on 
spectrum i s  boftened i n  the sample.  T’he 

trum except below 0.7 kcV. Scaltering interactions 
are elastic because the energics are below irtelastic 
thesholtis of the scattering nwtnpes. fvlore th‘m 

polyethylene bag has rregligible effect 01% the spec- 

,o-! /.. ~ ... 
t 

POLYETHYLENE BAG ’” 

Fig. 4~19 .  Reauks of Monte (Carlo calculations 



?O%I of scattering was by iieodyniiiira dnd the rest 
rnairily by oxygen (neutron interaction wifli  
polyathylcne was less than 1%.  

From elastic slowing-down theory32 the  
inii-thun neutron eoeigy (in the laboratory systeinj 
after an rlsstic collision ir  F(iiii11) = a&, whenc the 
clastic slowing-dow. pal maeter il is ( A  
l)’, with ,4 being the mass number a i d  Eo the initial 
netltioi1 energy in the lab \ystem. Let us defirie th r  
elastic slowing-down power of an isotope ill a mix- 
ture a$ the p id t ic t  of the maximum fraction of 
eneigy loss and thc fia~tion of the total elastic scat- 
tering, That is, for the ith isotope in a mixture, P, - 
(1 - a,)Jt. The c valucc foi l 6 0  an6 ‘”Nd are 0.779 
and 0.973 respectively. At an clactic scattering ratio 
of 9:1 betweeil Nd and 0 ici  llie sample, the ekistic 
slowit.g-dowi powers are 0.247 for Nd and 0,221 
for 0. 1 lierefore these two elements coiiir ibute 
about eqiiaiiy to the neutron slowing-down effcct. 

rhe ccntroids of the neutroil source spectiurn 
and the oxide ipecfrurn are ai 1.90 and 8 . 1 3  keV 
rcspeciively. The oxids‘ rpectrum i s  also about 10% 
wider. It m a y  be concluded that the aveiaging pie- 
ces? in “2-keV” filtered aeutron beam expaiilients 
is not adversely affected by the use of oxide targctr. 

1)2/(,4 i 

Anom dous Tramitit.* 1s in ld4Wd arid ‘46W14 ira 
“2 - keV” (n,y) Measurem.;nrnts 

S Maman L). A. McClure 
0. Shalzal M. J .  Kenny 

We have carried r)ut average I esonance rieutron 
capture mearurernzm on 143Nd arid IL5Nd at the 
Brookhaven High F ~ J X  Rezm Rcactur. The meas- 
urcrnerits utilized about 100 g each of 91.7Oio ‘“Nd 
a i d  89.790 ‘“Nd in oxide form. A Sc-filtered 
neutron beam characteri~ed 1, a flux of about 7 x 
18” ileutrons pcr square ceiilime;er per second, a 
full width at i141f rnaxiniurn of aboiit 0.9 keV, a t id  a 
centroid of about 2 keV waq employed. The 
icsdting gammn-I ay spectra represented an average 
over about 28 besofianc‘es in I4;Nd The ground 
states of both target nuclei are ‘ i /2- .  Since capture 
at 2 keV proceed\ mainly via F wave, the capturing 
states are 3 -  anrl 4- in the ratio about 7:9. The 
gamma-ray spectra were obtained with a pair spec- 
trometer having a central 55-crn‘ Ge(1.i) detector 
and two 75 X 18 cni NaI(TI) detectors. ?he h2:% tran- 
sitions to the 3’ and 4’ levels in 144Nd and 146Nd are 
cxpkcted to be abaut 2 3 times more inicasr thali F1 
transitions to 2’ levels. 

l h e  resiilts are showri in Fig 4.20. The most 
striking feature is the enhancemeni in the intensities 
of tran\itions lcading to the 1560-keV level in 144Nd 
and the i778-keV level in Id6Nd. The 1560-keV level 
is knoud3 to be a defiiiilc 2’ level. I h c  1778-keV 
l e - d  is most probably also a 2’ level. If one relied 
only on average capture measurcmcnh, one would 
have erronwusly concluded that these wcrc 3’ or a+ 
levels. Ihe iiiierrsity enhancements are crpecially in- 
teresting because they are also piesent in average 
icsonance capture measurei-r~etits~~ with “reactor 
ncutronc,” ~ l m e  averaging takes jd;tc$: over ap- 
proximately similar nuiilbrrs of resoimices. 

In the case of ‘b4Nd, there are strong reasons, 
bawd on systernneics and shellmodel calculations, 
to suppme that the 1550 keV level is predominanlly 
a “two-proton” 2’ excitation. bven so, it is surpris- 
ing h a t  thc gnmma-ray intensity, averaged nvei sa  
many resonances, shows sensitivity to such nuclear 
struci lire details. In the same vein. an a d w i r e l a -  
tion has been reported36 betwecn tbe strengths of 
trancitiwi\ from 3- resonances to  “one-ad  two- 
phonon final. states” in “““Nd. Additiunal resonance 
capewe meaciircnielits on ‘43Nd are p:aniied ai 
OKbEA. 
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EASILiREMENT 
CROSS SECTION OF Z4”m 

J. W. T. Dabbs 
C. )I. Johnson K. Rush’ 

c. E. Bemis, 9r. 

Although the niaiii body of measurement r u m  
at ORELA had been completed at the lime of the 
last report,2 several important difficulties appeared 
in subsequent months and required considerable ef- 
fort to overcome. First, a hidden oscillation at 25 
MMz was found lo have occurred in the early-time 
data from one of the preamplifier systems during 
the entire measurement sequence. This requjred 
reestablishing the experimental setup, finding the 
difficulty {a poor ground coririection at the fission 
chamber wall), repairing same, and making new 
runs to establish reference (23sLJ) data in the high- 
energy region. These runs were completed in March 
1979. Second, during the data-taking period it 
became clear (from measurements of the alpha- 
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paiticle-induced ionization current in those por- 
tions of thc fissioil chamber containing 241Am) that 
the quantities of this isotope which WP: present d d 
~iot  correspond to the quantities qiiotcd by the ;up- 
pliers of the vacuum evaporated slates. Questions 
also existed with respect to thc rather old 
(fabricated in E?70) z'51J stnadard platcs uscd in the 
fission cl-rambcr. Accordingly, in early 1980 thc 
chamber was disassemblcd and ihr piatcs czbjccted 
to careful photon-counting alialysis, utili7irrg thc 
59-keV photon> From 24"Am (hi coinparison with a 
known standard) acid the 185.7-keV gamma iay 
frotI1 2'51J The results wcre quite encoiiragirrg in 
that the ne124:lil.j detciinhed arnounis of materm; 
agrecst quite well with the previously observed 
ionization cut1 erits iiientianed above. 

Thc mcasuremeriis of 2 4 ' L ~ n  fissioii ~ r o s s  section 
were made 1Ii a new type uf chamber, called a 
"liomycomb" chamber, in which approximately 
1-clii hexagorial cells wcre formed between the 
plates using a commcrcially available aircraft struc- 
tural material.' 1 his matcr;nl was a glass-fiber 
loaded pherlolic plastic with a cell wa!l tliickacss of 
0.1 mm. This typc of chambe: wac used because the 
limited transverse alpha-particle raage pei mitted by 
the structure gives a strong siippcssion of the very 
large alpha background. Such a structure neces- 
sarily introduces some undesirable neutr 011 scatter- 
ing into the experiment. 

In thc particular case of 2 3 1 h m  the fission cross 
section at iiitermedizte energies (16)-100 Lev) is so 
low that background subtraction corrections be- 
Corti: ~xcecdingly impoi tant if accurate values are 
to  be obtained (This problem was the basis of an 
error of more than a factor of 40 which occurred in 
this cross section by the earlier experiraeiits made 
uTing an undergiound nuclear explosion.) For this 
reasoii a careful examination of tlnz backgrounds 
introduced in scattering of rieutrons from all the 
various rnateiiais of the chamba and its tillirng gar 
was riiads This effort led to a new approach in 
thcse ralculatimts which can be characterbed by an 
effective (in-scattered) CTOSS section which can be 
subtracted from the normally calculated cross sec- 
tion in order to obtain the actual cross section of the 
sample. 

Figure 4.21 shows a graph of the fission cross 
section of 24'Am as determined in our experiment; 
tha lower curve in this figure represent? the in- 
scattered cross section. Peaks in the lower c u ~ v c  
reflect resonances in the scattering niaterial or in the 
target fission cross section. The relative importance 

U E U r l O N  FNEhGY i e V  

F y .  4.21. Fission cross scstlon for 241Am 

of the in-scattering correction can easily be deter- 
mined by inspection of these ciarves. A resonance 
analysis of the low-energy dat2 will be performed. 

1 .  MOVJ at Hewlett-Packard Corp., Lovelaud, Colo. 
2. J.  VI. I'. Dabbs et al., F h y ~ .  Drv Annu. h o g .  Rep. Dec 

3.  Manufactured by Hexcel Corp. 
4. J .  'SJ. r. Dabbs, M. W. Sang, K .  Ku5h, and M. 

31, 1978, o m L - m e ,  p. 94. 

Wegmann. 3uN A m .  Phys. SOC. 23, 594 (1978). 

MEASUREMENT OF THE 

CROSS SECTION OF *44'"Ain 

R. J .  Dougan' 
W. W. I-loff' 

PdElJTRBN-INDUC3~il P FISSION 

J .  W. T. Dzbbs 
C. E. Bemis, Jr. 

S. Rainian 

The alpha decay ( I l ,*  = 152 years) of 2 4 2 r 2 A ~  I' 

leads to a growth of spontaneously fissionable 
24*Cm irn a sample with a half-life of 162 days.* This 
circumstance requires t?nat any measurement on this 
isotope be done very promptly after the chemical 
rcmrraial of gieviously formed Cni from the sample. 
In the prcsent measurement, such a separation was 
madc at LLL only 75 h prior to  the commencement 
of the runs at OK5,LA. At the end of one: month 
meawring time (in Jiirie 1979) the spontaneous fis- 
sion rate from the 242Am sample had grown from 
5 8 8  counts pel hour to some 4800 coiinls pcr hour, 
ai3d the experiment was terminated. This cross- 
sec t io~  measurement used time-of-flight techniques 



at ORELA and covered the range from thesand 
eV. The fission chamber comprised 

a number of hemispherical plates and was mounted 
at 9 1x1 in tllighr. path 2 of ORELA. 2 3 5 u  fission and 
6Ei(n, a> served a5 standards for the n ~ ~ ~ s ~ r ~ ~ ~ ~ ~ ~ ~ .  
'The 212mAr~~ sample weighed 512 pg, was 99.25'prcp 
pureI anti contained 0.75% of 34'Am, which has a 
nirich smaller fission cross section. A sample of 168 

with a small ' 5 T f  pie for chamber test 
Three laairidred sixty hours of data were obtained, 

Iy with 4O-ns bursts. 
mg the rather extended process of reducing 

the measured data to fission cross section, it was 
foumd that the choice o f  material for lhe henil- 
spherical plates was s o ~ ~ w h a t  ~ ~ ~ ~ r t ~ n ~ ~ e  in that 
the in-scattered correction (mentione 
was noticeably larger than had been expected and 
required very careful attmtion. The basic difficulty 
arose because of small 5 5  n impurities in t 
stainless steel used. These led to a n m b e r  of 
regions where backgoamcis excceded 10% Accor- 
dingly the analysis was extended to include iterative 
techniques to remove the effects of in-scattered 
neutrons from the resr&ing moss sections. 

The d e t ~ ~ ~ ~ ~ a t ~ o ~ ~  of the quantity of Z*PHiAm led 
to an auxiliary nieasurement ~ r ~ ~ o ~ & ~  elsewhere it1 

422  shows the fission C I O S ~  

section of 2 4 z  as determined in these ex- 

standard values for t h i s  cross section which have 
been used until re A comparison with recent 
measurements uf e et aL2 indicates tktt our 
cross-section values were sane 13% higher at low 

pg O f  235hl \Vas mQUtI n the same chamber a1 

this report) from Which ;I detCTIllini%tiOn of fOP 

paxed with the ENDF/B-V 



the results of the present experiment together with a 
ciirve showing the ENDF/B-V, which is based on 
the 1972 ORNE results below 18.5 eV. 

~ 

1 .  J .  W .  T. Dabbs et ai.,  ORNL 4937, p. 181 (1974). 
2. J. W. T. Dabbs, N.  W. Hill, C. E. Bemis, and S. Raman, 

p. 81 in Proc. Conf. Nuclear CFOSF SecIions and Technology, ed. 
R. A. Schrack and C.  D. Howman, Natl. Bur. Stand. (U.S.) 
Spec. Puhl. 425, 1975. 

3. M. G. Silber, Nucl. Sci. Eng. 51, 376 (1973). 
4. R. F. Carlton et al., "Parameters of Neutron Resonanses 

of "'Cf," this report. 

The occurrence of two such resonances is very likely 
the signature of a vibrational level (K = 3) trapped 
in the asymmetrical defmmed third well of the 732Pa 
potential energy ~ u r f a c e . ~  Calculations of Miiller 
and Nixla for the fission bariier of light actinides 
predict an asymmetrically deformed third minimum 
that can account for close-lying K bands of opposite 
parity. 

Total cross-section measuremefits have been 
made on ~ W Q  samples of 231Pa at liquid nitrogen 
temperature with an energy resolution of about 
0.08%~. The data have been analyzed with the 
R-matrix coed MULTL' to obtain neutron widths 
for 137 resonances up to 120 eV.L2 Thc average 
value of the radiation width was determined to  be 
40 + 2 meV. The neutron widths of *31Pa are 
needed to  combine with the subthreshold fission 
data below 100 eV to obtain fission widths of the 
resonances. The fission strength appears to be ran- 
domly distributed over rcsonances and riot concen- 
trated in particular energy regioins. This feature, 
together with the average fission width of 8 peV, 
indicates that the first minimum of the 232Pa fission 
barrier is of the order of, or lower than, the rieutron 
sepdration enegy md the third minimum is rather 
shallow (0.5 to 1 MeV). 

FISSION AND T 

S .  Plattard' G .  desaussure' 
G .  F. Aucharnpaugh2 
N. w. mi13 

J .  A. Harvey 
R. €5. Perez' 

'This study of 231Pa .I- n is part of a general pro- 
gram on the investigation of the fission barriers of 
light actinides such as 234U (ref. 6)  and * 'Th  (ref. 7). 
High-resolution fission cross section and angular 
distribution measurements on high-purity samples 
(less than 0.1 ppm fissile materials) of 2311)a were 
made from 1 eV to 10 MeV using a gas scintillator 
(98% He-2% N2). The fission cross secikn in the 
threshold region (0.1 to 0.4 MeV) has keen resolved 
into separate mernhers of various rotational bands. 
Two narrow peaks at 156.4 and 173.3 keV arc 
assigned b(" of 3' and 3-, respectively, using the 
fission-fragment angular distribution data of Sicre.' 

1 .  Centre d'Etudes de Wruyeres-le-Chatel. 
2. 1.0s Almios National Labortatory. 
3. Instrumentation and Controls Division. 
4. Engineering Physics Division. 
5. University of Tennessee. 
6 .  G. I>. James et al.,  Phys. Rev. C 15, 2083 (1977). 
7. G. P. Auchampaugh, S. Plattard, N. W. Hill, G .  

deSaussure, R. B .  Perez, and J .  A. Harvey, IAEA Symposium 
on Physics and Chemistry of Fission, Julich (KFA), May 14--18, 
1979, and submitted to Phys. Rev. 

8. A. Sicre, Ph.D. thesis, University of Bordeaux, 1976 (un- 
published), report No. CENGR 7603; A.  Sicre ct al., vol. I ,  p. 
187 in Physics and Chemistiy of Fission - 1979, MEA, Vienna, 
1980. 

9. S. Plattard, G. F. Auchampaugh, N. W. Hill, G.  
deSaussure, R. B. Perez, and J .  A. Harvey, Phys. Rev. Lett. 46, 
633 (1981); also U.S. National Bureau of Standards Special 
publication No. 594, 1950 (unpublished), Proceedings of the 
Conference on Nuclear Cross Secfions for  Tecliriology, Knox- 
ville, Tennessee, 1979, p. 491. 

10. P. Mkjller and J .  R. Nix, vol. I ,  p. 103 in Physics and 
Chemistry of Fission - 1973, lAEA, Vienna, 1974. 

1 1 .  0. F. Auchampaugh, Los hlamos Scientific Laboratory 
report LA-4633 (1974). 

12, Abdel.Razik Z. Mirssein, J .  A. Harvey, N. W. Hill, and 
J .  R. Patterson, Nu-!. Sci. Eng., in press. 
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J .  HalpcfinL B. I i .  Metellc’ 
C. 2. TZcnkc, Jr. 
J .  W. ‘I . D ~ k b s  

it. W. Stoughton’ 
R.  w. IIoff’ 

R. J .  Uougaal’ 

Thc proiript-neutron miiltipliciiy distribution 
fo: thc spsrataneorrs fission of 242Cm and it$ 
averagzl, b-p have bxr, file:sxrcd. The measurement 
was cart ied out i~ii,;th a neutron multiplicity countc; 
usiiig hydrogen rrinderztioin m d  rrmtrori detectiorr 
with 3Me pi opoieianal gas couiliers. The fission 

diameter in oidcr to fit in thc source cavity of thc 
inultiplicity counter. ‘4 value of 7.532 5 Q.013 was 
found for ~ ~ ( “ ~ C n i )  a n i  i s  baoed on as asscirtd 
v J m  V ~ ( * ’ ~ C ~ )  = 3.760. A related measirrcmc;a: 
p c i a i i t d  thc cieterinination of tiX absolute effi- 
ck;cy o f  the fission chamber. A paper on this 

chamber was fahricai;cd to  be jlzst ~ t ~ d ~ r  10 CIU in 

urcmncc: has heerr yiblished 

- ....... - 
1. Chcmistrji Division. 
2. I.n~rexce Livermore 1,aboiat:Piy. 
3. J .  Halperin et al., Nucl. ScIo. %g. 75, 56 (1980). 

M. 1. Maguiw’ 
C.  Stopa’ R. W. Moff3 
D. R. HariiS’ W. Longheed’ 
R. c .  S l w k ’  

K. E. Slovacek’ 

J .  W. ‘r. Dabbs 

.... ___ __.__ ...... 
1. Ren~srlacr Polytechnic Institute, Troy, N.Y. 
2. Knolls Atomic PCWC; kakratoiy: Scheneciady, N.Y. 

3. Lawrrnce Livminore Laboratory. 
4. J .  W. T. Dabbs et al , NBS Special Publication 425, 1975, 

5. R. C .  Hock et al,, NBS Special Publication 425, 1975, 
V O ~ .  1, p. 81; K.  Rush, ORNL/IM-S2?9 (1978). 

vol. 1, p. 93. 

ACTlNPDE CALCULATIONS; 
IMPACT 89; ACTINPDL 

CWO$$-SKC92ON MEASUREMENTS 

c. R. Weisbin’ D. Oilai’ 
M. L,. Williarns‘ 

In zdditiofi k support for the analysis of ac- 
tinide sample5 ilradiated in EBK-11, which is 
described else;~here in this repol t, a substantia! 
calculational cffm t has bccc placed on the impact 
of OKLLA measurements on rcdacing data unccr- 
tairriim Irr particular, the impacts of ORELA 
measurements in recent years on the ENDP/R-V 
evalirated ncutroil data Rlcs have bezn examined, 
the impact in the actinide region has k e n  par- 
ticularly large and shows that measurermats rnadc 
at OXEL\ havc had an extremely important impact 
on tho redcction of data uncertaintie5 in this arca. 

The tcchnkpe of sensitivity analysis, which has 
tJLLn extemsive!y developed in the Engimering 
I’kjsics Division of ORIVL,~ has been applied irn this 
work. A rcview of the changes in cross sections 
which occllired between the publication of 
ENDb/W-BV (1975) and hNDF/B-Y (1979) has 
been made In one case these CIOSS sections wtic 
reduced to  one-group effcctive cross sections for a 
typical LMWR reactor nedtrsn spectrum. ‘I able 
4.3 shows the results of the comparison between 
PWL)F/B IV and F.NjBF/B V and the change iri this 
onc-grmp cffective cross section. Table 4.4 shows a 
related cffect 011 actinide paste produdion and 
neutron strcrgeh in spent h e !  based on these 
cakularions. The importance of the changes shown 
in these :abks seems quite evident. 

I- 0- 

Ta5k 4.3. CcwparZeom of EWD%/I-IV and -V cross seedions 
(Onsqpap effective ercss section f06 9.n LMFBK) 

..... ..... 

Data, ENDF/B-IV ENDF/B-V TO change 
.___ _____...___ . 

I .4a 1.91 i 36 “‘.4m capture 
2‘1A~n fission 

14’Aa fission 
“‘Cm capture 

0.42 0.29 -31 
243i?m 0.88 1.22 + 39 

0.18 0.23 + 28 
0.53 0.93 + 75 
0.52 0.42 -- 19 ‘ * ‘ ~ ~ i * I  fission 

___..__....._____.I_ .. 



4. 

A swrjliniary report ~ ~ ~ s ~ ~ i ~ ~ ~ ~ ~  the results of d l  
these cnrxaparislr~ns arid calculazioras is in prepara- 
tion arid is expected to be completed duritig PY8 1 .  
This report will emphasize the matters described 
above and  will make an asses~rnent of current cross- 
section acctrraciies and will also include recommnen - 
datisas for future experiments based on I 
of reactor designers. 

.I_ .... __ __ 
I .  Enginwring Physics Division. 
2. S. Raman et al., “”Expt~irnenkd and Calculational 

Analyses af Actinide Samples Irradiatd in BBR-11,” this rcpoori. 
3 .  C .  R. Wcisbin et nl., Nucb. Sci. Eng. 64, 307 (19781. 

The Actinide Newsletter has been continued on 
~ ~ ~ ~ ~ ~ ~ r n a ~ ~ i ~  an annual basis since the first issue, 

listing of the number of ~ ~ i ~ ~ r i b ~ t i ~ ~ s ,  the nunaber 
of laboratories represented, and the number of 
countries from which contributions were received. 
Response from recipients of the report has been 
favorable. 91 appears that the newsletter is serving a 
useful purpose in providing cross c o ~ ~ ~ ~ i ~ ~ t ~ o n  
among workers in the field throughout ttie world. 

which appeared irn October 1977. Table 4.5 b’ nlves a 

Table 4.5. Actinide rsf-wsrslefler 
. - .......... 

Insue No. Date Contributions Laboratories Countries 

I October 1977 36 23 LS 
2 Februay 1979 70 27 13 
3 March 198U 60 25 1 1  
4 March 1981 72 24 11 

................................... ....... 

During 1967-70, several actinides betweeen Z37TI~ 
and 241Pu were irradiated in either position 1. or 
position 2 (see Fig. 4.24) inside the Idaho EH) 
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reactor by ANL personncl. The EBW. I1 reactor con- 
figuration during this experiment consisted of a 
drivei core of llighly enriched (approximately SOVo) 
*351J, surrounded by a 51ankct of depkted 2381J or 
stainless steel. For a variety of reasons, the ir- 
radiated samplcs imiained unandyzed at ANL foi 
sevcral years. 'I'he samples X J ~ ~ E  transferred to 
OKNE in i97'7, arid work Leg,m in earaacst to  deter- 
mine their isotopic campositiorl thrmgh mass spec- 
troscopy and alpha counting. Because of the variety 
of samples that were irradiated and the iap.imerous 
results that were obtained (in each sample, at least 
5-6 nuclides were measurable), this experiment 
qualifies as a "dqkiorr benchmark experiment." 
Such a study is useful for checking current methods 

and dzta iised ia the prediction of fast-reactor fue!- 
cycle parameters, such as bizcdkg gain, reactivity 
swiug. waste actinide production, and ?pent fuel 
characteristics (e g , decay heat and neutron source 
strength). ,A, calculatioml program was :Inerefare 
initiated to answer the following questions: (1) HOW 
well cx the Sa~rnlip process be calculated? (2) How 
wc!! do the calG'ation, b a d  oil ENDF/B-IV corm- 
pare with bNDE/B V? (3) Car? the experimental 
results be used to reduce the sincertainties in the 
cross-section files? Answers to  these and other 
questions will be docurnznted in an ORNL/TM 
report that is presently undergoing revicw. 

1. Analytical Chemistry Division. 
2. Zxglneering Physics Division. 

s. Maman E. H. Kobisk' 
13. k. Adair' K. Pope3 
J. I,, W O W  T. C .  Quinbyl 
J. M. CooperZ R.  E. Walker2 

1 he objective of the joint U.S/U.K. program is 
to  invcstigate the neutronic and irradiation 
behaviar of higher actinides in fast brecder reac- 
tors. This is a joint program involving OXNL, 
HE:DL, and the U.K. 'I'hc higher-actinides test pin 
designed for insertion in the Dounreay PFK con- 
tains thzee sections of actinide oxides (fuel pellets) 
in a fuel configmation and 21, actinide oxides 
(physics samples) e:Icapsulated in vanadium. 
ORNL has specific rcspoilsibilities for selecting and 
groviding the isotopes, for fabricating the f ~ e l  
pellets, for fabricating the dosimeters artd the 
physics sainplcs, and for loading and seal-welding 
the scgments (with HEl))L assistwce). HEDE is 
rcspoilsible for tcst pin design, pin fabrication, final 
assembly of pin sections, quality assuiafice, and 
shipping to the 1J.K. ORNI, responsibilities prrtain- 
ing to test-pin preparation were successsfully met (on 
schedule) by the middle of June 1981. 

A, major effort was required by several OWNI, 
divisions to successf~nlly prepare and characteiizc 

ics specinlei1 and Fiel pellet materials. A 
significaiit accorn?lishmmt was the loading of 12 
fuel pins, 4 each with 244Cmzc)3, 241A~nQ,qSB,, and a 
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mixture of 244Cn1203, 20'Amz03, and several lan- 
thanide oxides, which were essentially contam- 
ination-free after the loading process. This was ac- 
complished by preparing high-density hot-pressed 
actinide pellets from fine powder produced in a 
urea precipitation process. The high-integrity 
pellets (3.8 mna in diameter and 3.8 mrn long) were 
prepared in an AT.? graphite die (Fig. 4.25) by hot- 

ORNL PHOTO 3768-81 

pressing seven pellets at a time at 1300-14W"C. 
Seven 24dCmz03 pellets fabricated in a single pres- 
sing are shown in Fig. 4.27. 

1 .  Solid State Division. 
2. Analytical Chemistry Division. 
3. Quality Assurance, Director's Division 

URNL PHOTO 3543-81 

Fig. 4.26. A seven-position hot-press die employed in the Fig. 4.27. Fwl pellets of uucln on a t k i a  phmket 
preparation of fuel pellets. 

I.. . . .,........ . . . , . . , . . . . . ............ . . . . . . . . .,. ..,.,.. , . , . . , . . . , .. 
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iNTXCDUCTION 

J.  €5. McGrory 

The thzorctical physics program a t  O K N l -  is focused primarily on the nuclear 
physics of low- and intermediate-erlergy heavy-ion-induced reactions. that is: the 
physics which will be studied a t  the Holifield Heavy-Ion Research Facility. Major 
cornpoacnts of the program deal with the t h e m y  of ion-ion potentials in folding-model 
approximations, time-dependcnt Martree-Fock descriptions of heavy-ion feactions, 
classical and seruiclassical descriptions of heavy-ion reactions as derived from 
quantum-mechanical formulations of such reactions, and nuclear structrire studies in 
the shell-model approximations. In the area of nuclear physics, two new programs 
have breri instituted since the last report. One involves coupled-channels calculations 
of low-energy heavy-ion collisions. A second program has developed around a new 
nudear theory position established as an  integral part of the UNISBR program a t  
O K N L  and fundcd through the Oak  Ridge Associated Universities. The program 
focuses on  studies of nuclear structure in mcdium- and heavy-mass nuclei in which 
collective anti single-particle degrees of freedom interact strongly. Both the theoretical 
and experimental nuclear physics programs a t  O R N E  have benefited significantly in 
the past two years through an  enlarged nuclear theory visitors program which has 
involved extended visits (onc to three months) by thcorists from other nuclear physics 
centers--Copenhagen, Fra akfuirt , 0 xfo rd Liege, G iessen, etc , 

A significant effort i n  theoretical atomic physics continues with particular interest 
on charge-exchange reactions which a,re of relevance to  an orderly development of the 
magnetic fusion energy program. 

We prcsent herc brief highlight statements of many large programs. Further 
detailed material is found in the references or can bc obtained from the authors. 

NIJCLEAW STRUCTURE ‘d‘HEBWY 

(3. Leander’ J .  B McGrory 

SheJl-Mod~J Cs:cula:inns d R M l )  Strengths in the 

and the Quenching of the Spin Operator 
aiciurn Isotaps 

J. B. MrGrorji p3. H. Wildentha12 

As discussed in the experimental section. thcre is 
now available valuable new information on the 
positions and strength of thc spin operator, CT, as 
deduced from analyses of @ , t i )  reactions. In certain 
cases, \Bihcrc only valence neutrons are “important,” 

measurements of M ?  strengt.hs t o  excited states can 
yield cornpierncritary information on the nuclear o 
operator. Recently, MI strengths t o  1’ states in 

Ca have been extracted from (e,e’) cross 
sections to these states at Darrnstadt .3  “‘Giant” MI 
states are observed in 42348Ca- and if the measured MI 
strengths are compared to predictions of a simple,f7:2” 
- 5 2 ” - ’ , f 5 ~  model for these transitions, the implica- 
tion is drawn that the observcd strength is about one- 
third of the predicted strength, implying a large 
renormal.i7.ation of o for these transitions. A shell- 
model calculation of thesc MI strengths in a 
complete V; shell model of the Ca isotopes has 

42.44.48 
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been carried A modified Kuo-Brown shell- 
model residual interaction has been used. The 
observed magnetic moment of the ground state of 

Ca is - 1 . 5 9 ~ ~  as compared to  the value of - 1 . 9 1 ~ ~  
which is calculated from the free magnetic operator. 
For the single-neutron nucleus4'Ca, the MI operator 
involves only 0. We assume a state- and energy- 
independent effective operator which reproduces this 
ground-state moment, namely, 0;lf = 1.591 1.91 IT. 

With these effective operators, the total observed MI 
strength is accurately reproduced in terms of total 
strength and centroid energy in both 42Ca and 48Ca. 
Ground-state configuration mixing effects reduce the 
total available MI strength by 40% in 42Ca and 25% 
in 4 8 ~ a ,  suggesting such correlations cannot be 
neglected in considering the quenching effects of the 
operator a. The results suggest that the quenchings of 
the IT operator extracted from excitation of 1' states 
are the same as that observed for many ground-state 
magnetic moments. 

41 

- 

I .  UNISOR. 
2. Michigan State Ilniversity. 
3. W. Steffen et al., Php.  Iff!. 95B, 23 (1980); A. Richter, 

4. J. €3. McCrory and E. H. Wildcinthal, to be published in 
private communication. 

Physics Lertcrs. 

Isotope Shifts in the Pb Isotopes 

J. B. McGrory 

Recent extremely precise measurements* of Kal 
x-ray lines in Pb isotopes have been analyzed to 
produce "experimental" determinations of the 
change in the root-mean-square radius between the 

Pb, (?)A' - A.  Speth et aL2 
have calculated single-partide matrix elements of the 
operator ? for "'Pb in an R.P.A. approximation 
based on the Migdal "Fermi liquid model." (&08-206 

and (?)208- 204 have been calculated in a "complete" 
shell model of 206a04Pb. The one-body matrix 
elements of (r') were taken from Speth et aL2 The 
lowest six neutron-hole orbits in "'Pb were included 
in the model space, and a modified Kuo-Herling 
interaction is used. The results are summarized here. 

isotopes of 2083J7906204 

(fm2) - 
A ' - A  Calculated 'Y)bserved* 

208-207 0.061 0.080 
208 206 0.116 0.121 
208-204 0.226 0.220 

The numbers extracted from experiment include 
effects due to (v4) and (r6)contributions, but theseare 
estimated to be approximately 7%effects. Thus there 
is good agreement for the shifts in 20QS06Pb between 
theory and experiment. 

1. G .  L. Borchert et al., to be published 
2. J .  Speth, L. Zamick, and P. Ring Nucl. P h j ~  AUZ, 1 

( 1974). 

NUCLEAR DIRECT REACTIONS 

G .  R. Satchler 

Folded Potentiah 

G. R. Satchler W. G. Love' 

Following the successful use of the folding model 
with semirealistic interactions to generate the real 
part of the optical potential for many heavy-ion 
systems (about 156 sets of data for 67 pairs of 
nuclei),2 the model has been applied t o  the heavier 
systems 24Mg, 28Si + 2oePb,3 and 40Ar + 160Gd.4 A 
nonsphesical density was used for Cd so that the 
resulting nonspherical potential could describe 
inelastic excitation of the rotational states. Good 
agreement with the potential contours deduced 
semiclassically from the data was obtained (Fig. 5.1). 

The folding model was found to overpredict (bya 
factor of about21 the strength of the real potential for 
the weakly bound ions 6Li and 'Be.' This anomaly 
was confirmed for 61,i scattering data at  higher 
energies of 74 MeV (MSU) and 88 MeV (ORNL)' 
and for 'Be at 45 and 60 MeV.6 It was also shown that 
analysis of inelastic data did not throw new light 011 

the anornaly for these projectiles because the 
coupling potential is dominated by its imaginary 
part. 

Extension of the model to describe the fusion 
barriers for fusion cross sections (which tend to be 
sensitive to the potential at  slightly saiallerradii) was 
found lo be a little more successfui than the use of 
global potentials such as the proximity potential.' 

1. Consultant from University of Georgia, Athens. 
2. G. R.  Satchler and W. G .  Love, Phys. Rep. 55,183 (1979); 

3. J .  S. Eck, 1'. K. Ophel, P. D. Clark, D. C. Weisser. and G. R. 

4. R. E. Neese, M.  W. Guidry, and G.  R. Saichler, to he 

G. R. Satchler, N u d  Phys. A329, 233 (1979). 

Satchler, Phys. Rev. C 23, 228 (1981). 

published. 

. . . . . . .. ._. .. . . . .:....... . . . . _. . .,.,... . ...... . 
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5. G.  R. Satchler, P h p .  Rev. C22,919 (1984)); C. B. Fulmer. 
G. R. Satchler, E. E. Gross, F. E. Eertrand, C. D. Goodman,D. C. 
Hensley, J. R. Wu, N. M .  Clarke, and M. F. Steeden, Nucl. Phys. 
A356, 235 ( I  98 1). 

6.  J. S. Eck, T. R. Ophel, P. D. Clark, D. C. Weisser. and G .  R. 
Satchler, Nucl. Phys. AMI. 178 (1980). 
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Heavy-Ion Scattering 

S. Mukhopadhyay’ G .  R. Satchler 
M. J. Rhoades-Brown 

New elastic and inelastic data from ORNL for 
B scattering (El0 = 87, E11 = 80 MeV) have been 

analyzed using both W oods-Saxon and folding- 
model potentials. (For data and fits, see experimental 
section.) The folding model gives good fits to the data 
without significant renormalization of the potentials; 

B appear to be “normal,” not “anomalous” like 
‘Li, etc. As has been observed at lower energies, the 
large quadrupole moment of ‘OB appears to give rise 
to significant quadrupole elastic scattering, which 
smooths out the angular distribution. This is 
illustrated in Fig. 5.2, where the quadrupole 
component was calculated in DWBA. The effects for 

10,Il 

10,11 

Fig. 5.2. Cwtributions to the elastic scattering of ‘OB from ita 
quadrupole moment ( I  = 2), calculated in distorted-waves Born 
approximation, compared to the usual monopole (I = 0) optical 
potential scattering. 

B are smaller (e11 l j 2  Qlo). The importance of 
these effects implies that the use of a simple spherical 
optical-model potential is questionable and that a 
coupled-equations analysis should be undertaken. 
This is now being considered. 

A program of studies of the elastic scattering of 
certain interesting systems is under way. Part af the 
motivation has been to extend the tolding model to 
systems like “0 + “0 and “0 -t 28Si which exhibit 
large-angle scattering behavior that is characteristic 
of incomplete absorption (at least in the surface) and 
which is sensitive to  the potential at smaller radii than 
is usually the case. Thls might reveal what kinds of 
corrections to folding are required. One tool has been 
the use of “model-independent” potentials that are 
defined by their values a t  a small set of radial points 
with spline interpolation between them. The results 
obtained so far are inconclusive. ’The presently 
available 4- “0 data do not appear to be complete 
enough and suffer from fluctuations. ‘The parameter 
search routine at present in use may not be efficient 
enough for this work, and the new fitter MINUIT is 
being incorporated in the optical-model code. 

11 

1. Guest assignee from Khalsa College, Bombay, India. 
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Dynamic Pohrization Potential for ”C + 12C 

R. Wolf‘ U. Mosel’ 
0. Tanimura’ G. R. Satchler 

The contributions to the folded optical potential 
due to the individual and mutual excitations of the 
”C ions to their lowest Z’states have been calculated 
explicitly. The resulting complex nonlocal angular 
momentum and energy-dependent “polarization” 
potentials were examined and the “trivially equiva- 
lent” local potentiah constructed. It was shown that 
these channels account for a substantial part of the 
absorptive potential besides making a significant 
attractive contribution to the real part. 

I .  Justus-Liebig-Universitat, Giessen. West Germany. 

Giant Resonances 

G. R. Satchler 

A collective-model analysis was made of data for 
(ns) charge-exchange reactions on ‘*N and l60, 
including excitation of the analoges of the giant 
dipole resonance, in collaboration with the Univer- 
sity of California, Davis, gr0up.I 

A folding-model analysis of the excitation of 
giant resonances by (qa’) (ORNL data) was 
completed successfully except for some underesti- 
mate of the giant monopole state cross section. A 
similar study of results for these excitations by 200- 
MeV protons (ORNL data) has been initiated (with 
W. G. Love). Realistic interactions are available for 
this energy region, and density dependence is known 
to be of importance, for example, resulting in optical 
potentials of nonstandard shapes. The eMects of these 
new features upon the inelastic scattering will be 
examined . 

- 
1 .  G. A. Needham, F. P. Brady, D. H. Fitzgerald, J.  la. 

Romero, 3. L. Ullmann, J. W. Watson, C. Zane!li, N. S. P. King, 
and G .  a. Satchler, Nucl. Phys., to be published. 

Heavy-Ion Direct Reactions 

M. J. Rhoades-Brown 

The broad ambitious goal of heavy-ion disect- 
reaction physics is to understand in detail the nature 
of nuclear reactions explicitly involving a few degrees 
of freedom and the competition between these 
processes and other more complicated reaction 
mechanisms as a function of energy. This competi- 

tion is associated with the imaginary component of 
the effective interaction between the two ions. 

Heavy-ion collisions leading to multiple excita- 
tion of projectile or target require the use of a 
coupled-channels approach. The recent introduction 
of new mathematical techniques, which enable large- 
scale quantum-mechanical coupled-channeb calcu- 
lations to be carried out, have meant it is now 
possible to address many of the key physical 
questions in the field. Since October 1980, this work 
has concentrated in two main areas: ( I )  a detailed 
investigation of the role played by classical dynamics 
in the collision of two heavy ions and (2) the 
sensitivity of inelastic scattering to the radial form 
factors and structure models employed, especially for 
the mutual excitation channeL 

Quantum-Mechanical and Classical-Limit 
Coupled-Channels Calculations for Very Heavy 

Systems 

M. J. Rhoades-Brown 
R. J. Donangelo’ 

M. W. Guidry2 
R. E. Neese’ 

Inelastic excitation of heavy ions to high-spin 
states (I- 20) is expected to be a continued source of 
information on nuclear moments and localization in 
nuclear collisions. Most theoretical analysis of high- 
spin excitation data has been via the DeBoerWin- 
ther classical trajectory prescription or the classical- 
limit S-matrix technique (CLSM) developed at 
Berkeley. In the latter approach, both the trajectory 
and internal degrees of freedom are treated with 
classical equations of motion. 

To test and understand the validity of serniclassi- 
cal methods, we performed a theory-theory compar- 
ison of quantal and CLSM calculations for the 
inelastic scattering reaction “Ar + ImGd at El&= 120 
MeV to 185 MeV, exciting the ground-state rota- 
tional band of 16*Gd up to the 12’ state by multiple 
quadrupole ex~itation.~ This energy range includes 
regions of Coulomb excitation, Coulomb-nuclear 
interference, and strong absorptive damping. These 
quantal calculations were probably the largest ever 
carried out for both Coulomb and nuclear excitation. 

In Fig. 5.3 we compare the: CLSM calculations 
with two quanturn-mechanical calculations for 18Q0 
scattering. The 8’ state is the highest classically 
allowed excited state for this energy range. To reach 
states of higher spin using classical dynamics, it is 
necessary to analytically continue the dynamical 
motion into the classically forbidden region. The 
results confirm the accuracy of the CLSM technique 

- I..... .._ 
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Fig. 5.3. Excitation probabilities calculated with the potential 
parameters described in the text. The solid line represents the 
quantal excitation probabilities calculated with J = 0 only. The 
dashed line is the J = 0 CLSM results. The dot-dashed line is the 
result of the full quantal calculation summed over many partial 
waves. The parameters used are given in the caption to 
Fig. 5.4. 

for total angular momentum J =  0 S-matrix elements 
and suggest a classical and monotonic nature for the 
deflection function for spins 88'. The difference 
between the J 0 quantal calculations and the full 
quantal calculations for plot (180') and piz+ (180") 
suggest that quantal interference effects are becom- 
ing important when we pass into the classically 
forbidden domain. This boundary represents a 
reliable measure of when simple single-trajectory 
semiclassical approaches will begin to lose their 
accuracy. 

Calculations are in progress for other systems, 
including vibrators, exploring a range of asymptotic 
wavelengths, 

1. Guest assignee from Universidade Federal do Rio  de 

2. Part-time employee from University of I'ennessee, Knox- 

3.  M .  J .  Rhoades-Brown, R. J .  Donangelo, M. W. Guidry, 

Janeiro, Brazil. 

ville. 

and R. E. Neese, submitted to Phys. Rev. LPu. 

Angular Localization and Approximations to 
the Deformed Nuclear Potential in Heavy-Ion 

Reactions 

R. J.  Donangelo' 
M. W. Guidry' 

R. E. Neese2 
M.  J.  Rhoades-Brown 

Studies of the "Ar + 16'Gd reaction have 
indicated that inelastic scattering reactions involving 
very heavy ions exhibit a large degree of classical 
behavior. In addition to radial localization, charac- 
terized by a small De Broglie wavelength, a large 
amount of angular momentum transfer and large 
moment of inertia .9 can lead to  localization in the 
angle 8, defined by the symmetry axis of the 
deformed nucleus and the line joining the two centers 
of projectile and target. 

These localization effects manifest themselves in a 
strong way by calculating CLSM excitation proba- 
bilities for different deformed nuclear potential 
 shape^.^ Figure 5.4 shows the effect of CLSM 
calculations using an exact deformed Woods-Saxon 
potential and a first-order expansion of this potential 
in the deformation parameter p. The strong state- 
dependent effects can be understood by plotting 
equipotentials for both potential prescriptions, as in 
Fig. 5.5. This figure also shows the near orientation 
associated with excitation of a given angular 
momentum state. These orientations are readily 
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Fig. 5.4. Excitation probebilitki for J = O  and ISQ" scattering 
using the CLSM technique and potentials @vera in the text. We 
used the following realistic parameters: quadrupole moment = 
6.168 eb, real nuclear potential strength = 15 MeV, imaginary 
nuclear potential strength = 10 MeV, Rob1 = 1.3 fm. The radius 
parameter RO and diffuseness n in the equal geometry complex 
Woods-Saxon potentials were taken to be Ru = 1 .2(401" + 
fm and a=OS fm. The moment ofinertiagwas takenfrom thefirst 
excited 2' state of the rotor, and higher excitation energies were 
assumed to be given by the deduced value of 4and a static rotor 
model. 

Woods-S a xon 

ISt Order Expansion 

Fig. 5.5. Polar plot of the nuckar potential shape considered in 
the calculations presented in Fig. 5.3. The rotational symmetry 
axis coincides with the horizontal coordinate axis. The horizontal 
and vertical axes are in units of fenntometers. The regions of the 
ion-ion potential relevant for excitation of particular rotational 
states are indicated by arrows. 

deduced by solving Hamilton's classical equations 
for the system, as required in the CLSM technique. 
These results, together with the reasonable agree- 
ment of CLSM and quantum-mechanical coupled- 
channels calculations, provide further evidence for 
angular localization in heavy-ion inelastic scattering 
reactions. 

I .  Guest assignee from Universidade Federal do Rio de 

2. Part-time employee from University of Tennessee, Knox- 

3. R. J .  Donangelo, M. W. Guidry, R. E Neese, and M. 3. 

Janeiro, Brazil. 

ville. 

Rhoades-Brown, submitted to Phys. 1Ptr. 1 

Classical Limits for Complex Optical Potentials 

M. J. Rhoades-Brown R. Y, Cusson' 
P. G. Reinhardt' 

The reasonable agreement between J =  0 CLSM 
calculations and full quantum-mechanical treat- 
ments of very heavy-ion inelastic scattering reactions 
has prompted an investigation of the role played by 
complex optical potentials within possible Newto- 
nian descriptions of heavy-ion reactions. 



200 

With these ideas in mind, the Vlasov equation for 
the case of a complex optical potential has been 
obtained from the Wigner representation for the 
density matrix and its classical limit derived. Solving 
the Vlasov equation within this limit shows that the 
corresponding classical equations of motion are the 
ones for a real potential augmented by a new 
equation for the time-dependent probability that the 
classical particle remain in its ground state. Classical 
elastic and absorption cross sections have also been 
worked out. 

Higher-order terms in #I (Wigner-Moyal limit) 
provide a logical basis on which to study wave- 
mechanical properties, such as tuiineling and 
reflection, and their influence on classical trajecto- 
ries. Calculations are in progress for simple one- 
dimensional problems and for more realistic prob- 
lems where it will be possible to obtain comparison 
with full quantum-mechanical treatments. 

I .  Consultant from Duke IJniversity, Durham, N.C. 
2. Guest assignee from University of Maim, West Germany. 

Multkhzannel Analysis Including Mutual Excitation 

M. J. Rhoades- Brown 

Experimental data' on the single and mutual 
excitation of f i  = 2'; states in the reaction 60Ni( "Si, 

= 140 MeV have been analyzed in a 28 

quantum-mechanical coupld-channels model. In 
the coupled-channels analysis it was assumed that the 
low-lying 2' level in **Si is a symmetric rotor and the 
2' state in 6'NNi a one-phonon vibrational level. A 
simple four-parameter Woods-§axon form was used 
for the optical model, and the transition form factor 
was constructed from the usual deformation pre- 
scription, expanding up to second order in the 
quadrupole nuclear and Coulomb deformation 
parameters. 

Calculations within this model space show that 
Coulomb-nuclear interference is more dramatic for 
the mutual channel than for either of the single 2' 
excitation channels. For the single excitation 
channels, Coulomb excitation doniinates the reac- 
tion mechanism at forward angles and nuclear 
excitation at more backward angles. For the mutual 
excitation channel, Coulomb and nuclear compo- 
nents were found to be approximately equal in 
magnitude across the whole angular range of interest. 
Calculations confirming the increased sensitivity of 
mutual excitation over single excitation were 
performed by perturbing the optical-model parame- 
ters by small amounts. 

Si)60Ni a t  

'The calculations also showed that simultaneous 
Coulomb and nuclear excitation of projectile and 
target is an important contribution to the mutual 
excitation cross section. This direct second-order 
process interferes constructively with the two-step 
sequential excitation mechanism. 

1. P. D. Bond et al., to be published. 

STUDlES OF HEAVY-ION CQLLISIONS IN 
THE TIME-DEPENDENT HARTREE-FOCK 

APPROXI MATTON 

K. T. R. Bavies 

TDHF Studies of Kr-Induced Reactions 

K. T. It. Davies 
K. R. Sandhya Devi' 

S. E. Koonin2 
M. R. Strayer' 

Timedependent Hartree-Fock (TDHF) calcu- 
lations have been performed for head-on collisions of 
86Kr +- 139La and "Kr I- '*Bi over a wide range of 
bombarding energies.' Also, at  particular energies, 
these calculations have been done for a number of 
incident total angular momentum (L)  
Studies have been made of both fusion and deep- 
inelastic (DI) scattering. The computer code used is 
based on the approximation that the system is axially 
symmetric about the line joining the centers of mass 
of the colliding ions.',8 

Results of a typical calculation illustrating DI 
behavior are shown in Fig. 5.6 for 84Kr -I- '% at 
= 600 MeV and I. = 140h, which is a moderately 
central collision. ' f ie  two ions come together, 
coalesce, and rotate, with an interchange of nucleons 
and energy. After a fairly long time, scission o c c ~ r s  
from a rather compact shape, and then the two ions 
scatter through an angle of about 40° with an energy 
loss of about 170 MeV. Throughout the collision, the 
two ions distinctly retain their identities, while the 
surface diffuseness and the interior density are 
roughly constant, with some fluctuations due to 
single-particle motion. In Fig. 5.7 we compare the 
calculated final fragment kinetic energies and 
scattering angles with the experimental W ilczy dski 
plot for 84Kr -t '%i a t  = 714 MeV. The line 
connecting the TDHF pcints qualitatively follows 
the ridges of the contours of the experimental double- 
differential cross section. Many partial waves are 
concentrated in the DI region. For I. = 250h, one 
observes a pronounced single-particle fluctuation, a 
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Fig. 5.7. Comparison of mkuhted points, hbcled by the total angular momentum and joined by adanhed line, with the experimental 
Wilczydski plot from nf. 6 for "Kr + *% at &b = 714 MeV. 

feature also found in calculations at E& = 60(9 MeV 
and L = 180h. The calculated points are a bit too far 
forward relative to the data. The most serious 
discrepancy with experiment occurs for the small L, 
or large-angle, events, whichare about50 MeV above 
the experimental ridge; this is a weakness which 
persists in all of the TDHF Kr-induced  reaction^.^" 

Other scattering features which have been 
observed include the following. The calculated mean 
mass and charge of the scattered projectile-like ion 

are very close to those of the initial projectile, which 
agrees with the experimenta1 behavior. However, the 
TDHF mass and charge distribution widths are 
always in very poor agreement with the experimental 
values. For some ~ S E S  there is evidence of "fractiona- 
tion along the mass asymmetry degree of freedom."" 
In all of the studies a t  small angular momentum, the 
final center-of-mass (c.m.) kinetic energy of the 
separated fragments is well below the entrance- 
channel Coulomb barrier and is roughly constant 

......-.... .... ..... ............................................................ 



202 

over a wide range of bombarding energies; this effect 
is due to deformation effects in the exit channel.437 

Figure 5.8 summarizes the fusion behavior for 
head-on collisions of 86Kr + ‘39La. (Similar results are 
obtained for 84Kr + z09Bi.4) First, we see that there is a 
relatively narrow low-energy region (near but above 
the Coulomb barrier) where one finds very long-lived 
coalesced configurations which eventually separate 
into two fragments. The fluctuations in T,,,~ in this 
regime suggest some type of underlying resonance 
structure. Then real fusion occurs for a broad band of 
higher energies. For all energies below the shaded 
region, the Kr-like ion appears to  be “reflected from 
the target,” whereas above the shaded region the Kr- 
like ion appears to “’pass through the target.” Above 
the fusion region we have verified the existence of a 
fusion angular momentuni window. In Fig. 5.8 we 
also note the presence of a fusion energy threshold, 
that is, an energy above the Coulomb barrier below 
which fusion does not occur. Such thresholds have 
also been observed in macroscopic fluid dynamical 
calculations” and can be qualitatively explained as 
follows. The energy above the Coulomb barrier must 
be sufficiently high so that the two ions strongly 

Fig. 5.8. The interaction time, YS the laboratory 
bombarding energy for head-on collisions of “KKr C ‘39La. The 
interaction time i s  defined as the time interval during which the 
minimum density in the overlap region (between the two ions) 
exceeds half nuclear matter denqity. The opencircks are the results 
of the TDHF calculations. The shaded area is the higher-energy 
fusion region. 

interpenetrate one another, and if enough energy is 
dissipated the system may fuse. However, the energy 
of this threshold is extremely sensitive to the two- 
body effective interaction used in the TDHF 
calculation. In Fig. 5.9 we display the rms radius as a 
function of time for TDHF calculations of 86Kr + 
‘39La a t  Elab = 505 MeV and L = 0 with two different 
choices of the finite-range Skyrme in t e rac t i~n .~ ’~  For 
Skyrme I1 the radius reaches a minimum value and 
then increases indefinitely as the system separates 
into two ions. For Skyrme 111 the rms radius 
undergoes several large oscillations and then i s  
considerably damped, as fusion occurs. Thus TDHF 
calculations with the Skyrme I11 interaction give 
fusion at  much lower energies than for Skyrme II. 
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TDHF Calculations OB lS6Xe + '09Bi 

A. K. Dhar' 
B. S. Nilsson' 

K. T. R. Davies 
S. E. Koonin' 

TDHF calculations, using the axially symmetric 
two-dimensional model, have beencompleted for the 
heavy system ' 3 6 ~ e  -t- 2 0 9 ~ i  at a b  = 940 and 1130 
MeVa4 The DI results are very similar to the Kr- 
induced reactions. In Fig. 5.10 we display the TDHF 
results on the experimental5 Wikzyiiski plot for &ab= 
1130 MeV. In general, the agreement with experi- 

very well reproduce the grazing energies and angles, 

, ment is excellent for this system since the calculations 

@cm(dW) 

Fig. 5.10. Energy-anglt correlation for TDHF culcula- 
tiom of '36Xe + ''% at E!A = 1130 MeV, plotted on the 
companding experimental' Wiluylrski plot. TKE is the final 
c.m. kinetic energy of the separated fragments. The TDHF results 
for various total angular momenta a1-e joined by straight lines. 

as well as the experimentally observed strong 
focusing into a narrow angular range in the DI 
region. 

In Fig. 5.11 we demonstrate the pronounced 
three-body behavior whichexistsfor Ekb= 1130 MeV 
and for L values between 0 and about 150.h. Before 
scission occurs, a small alpha-like fragment of matter 
forms in the neck region. In most cases the dynamics 
causes the small fragment to eventually coalesce with 
one of the larger ions, as we see in Fig. 5.1 la for L= 
0. However, for 4, values in the neighborhood of L= 
lQQh, the smail fragment is able to completely 
separate from the two larger ions, thus exhibiting 
alpha-like emission (Fig. 5.1 1 b). Similar behavior 
was found in TDHF calculations of %r + '39La at 
Etab = 710 MeV.6 

Studying head-on collision of this system for a 
wide range of incident energies, we also searched for a 
fusion region analogous to that for the Kr-induced 
reactions. No fusion was found for any ofthe energies 
considered. For Blab < 1508 MeV, the Xe-like ion was 
observed to ''bounce off" the Bi-like ion, whereas for 
EM 2 1520 MeV, the Xe-like ion was seen to "pass 
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through the target." Therefore, if fusion exists, it OHNL-DVG 81-18970 

must occur in a very narrow energy band (-520 MeV) 
near .&b c I500 MeV where a dramatic change from 
reflection to transparency occurs in the scattering 
behavior for head-on collisions. 

1. Daresbury Laboratory, Daresbury, Warrington, England. 
2. Nicls Bohr Institute, Copenhagen, Denmark. 
3. Consultant from California Institute of Technology, Pasad- 
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Results of TDHF Chicdations of l60 + 9 3 ~ b  at 

Emission of Nucleons 
Ellb = 204 MeV, Includi 

K. R. Sandhya Devi' 
M. R. Strayer' 
K. T. R. Davies 

S. E. Koonin3 
A. K. Dhar4 
J. M. Irvine4 

TDMF calculations have been performed for 
8 f 93Nb at f5.b = 204 MeV.5 The model used for 

these studies is the frozeti approximation: in which 
each single-particle wave function $rl is assumed to 
separate into a time-dependent function 4, and a 
time-independent function x,: 

W, 0 = xl (2) 9, (x, Y ,  t ) ,  i = 1 ,  2, . . . ,A, 

16 

where x and y are the coordinates of the scattering 
plane and x, (z) is chosen to be a onedimensional 
harmonic oscillator wave function. In this model, 
nonaxiaal configurations are allowed. 

Figure 5.12 shows a comparison between the 
TDHF results and the experimental' cross-section 
contours on a Wilcryhski plot in  the lab frame. All 
TDMF final lab energies below f ih = 175 MeV 
correspond to negativeangle scattering and have 
h e n  reflected to positive angles for the comparison 
with experiment. Fusion is found for initial angular 
momenta between 1, = 3 1 h and ZL = 75h, with strongly 
damped inelastic scattering observed both above and 
below the fusion region. We find that the total 
reaction cross section is composed of roughly equal 
amounts of fusion and DI scattering. However, a 
recent calculation* of this system using the axially 
symmetric model gives a fused final state for L = 0. 
Thus this discrepancy between the two models makes 
the identification of the lower inelastic branch 
somewhat uncertain. 

Pig. 5.12. Comparison of the TDNF results with the 
cxperirnental (ref. 7) contours of the double-differential cross 
section in the lab frame. The solid circles are thc TDHF points, 
those above the fusion region are connected by a dashed curve, 
while those bslow the fusion region are connected by a full 
curve. 

This reaction also exhibits the emission ofa small 
jet of nucleons very early in the calci~lation.~ This 
behavior is found for both the frozen and axially 
symmetric approximations. The nucleon emission 
occurs roughly 0.2 X s after the rms radius 
reaches i t s  minimum value, when the system attains 
its most compact shape. Figure 5.13 shows density 
contour plots in the reaction plane for 6, = 0 and 1, = 
33h at two times (just before and after the nucleonjet 
is emitted). Note that the emission is mostlyalong the 
x axis, which is the incident beam direction. An 
analysis of the jet reveals that it consists of roughly 
equal parts of neutrons and protons, predominantly 
from orbitals initially localized in the projectile. For 
the frozen approximation, the calculated fast- 
neutron multiplic*it-v in coincidence with DI scatter- 
ing is 

which i s  consistent with the experimental value" of 

M(exp) = 0.15 -+ 0.05. 

As the total angular momentum L increases, we find 
that the number of particles decreases; above a 
critical angular momentum of I, = 70h, no jetting is 
observed. We have also roughly calculated the 
laboratory velocity Visb of the jet. Comparisons are 
being made with predictions of various Fermi-gas 
m ode Is. 
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Fig. 5.13. Nucleon emission for I6O + 93Nb at .& = W 
MeV and for L = 0 and 336. The left-hand pictures are density 
contours in the reaction plane (for p > I! 10 p ~ ) ,  while the right- 
hand pictures show the “skin” of the reaction-plane neutron 
ditribuhon(for l / l O o p ~ < p , , <  l / l O p ~ ) ,  withpO=0.15fmm-3.-Pne 
“skin” of the protan distribution is almost identic21 to that of the 
neutrons. 

Transformations between Harmonic Oscillator 
Wave Functions in 

Different Coordinate Eases 

K. T. R. Davies S. J. Kriegerl 

In a static Hartree-Fock ( H Q  calculation of a 
nucleus, one performs a series of iterations in order to 
achieve self-consistency of the nonlinear equations,2 
How fast the iterative process converges depends, in 
past, upon the choice ofthe initial set of basis states, 
which are asually chosen to be harmonic oscillator 
wave functions. For rapid convergence, it is espe- 
cially desirable that these wave functions have 
symmetries which correspond as closely as pssibk 
to the geometric symmetries of the actual nucleus 
being calculated. Wnfortwnateiy, the basis states used 
do not always correspond to the natural geometric 
shape of the nucleus. For example, suppose one is 
performing the WF iterations in a cylindrical 
oscillator basis (or in cylindrical cpordinates for a 
calculation in the coordinate representation) of a 
spherical closed-shell nucleus. Then it becomes useful 
to construct the initial harmonic oscillator wave 
functions from 

where n, i, m are the usual quantum numbers for a 
spherical representation and fip, nz, m are those for a 
cylindrical representation. Analogous expressions 
can obviously be written down for other cases in 
which the basis (or the coordinate system) is not 
appropriate for the shape of the nucleus being 
studied. 

Using the creation operator formalism of Mosh- 
i n ~ k y , ~  we have derived general closed-form expres- 
sions for the three transformation brackets. 

where nn, rr,, n. are osciellhtor quanta for Cartesian 
coordinates. The expressions otrtainedcootain rather 
simple sums of products of factorials. Formulias for 
all of these quantities have bee12 derived by other 
authors.4 However, we feel that QUT approach has the 
advantage of giving a single: unified derivation of all 
three brackets. Also, our expressions appear in some 
cases to be simpler to evaluate on a computer than 
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those previously derived. These formulas have been 
recently used in constructing static H F  wave 
functions by the imaginary time-step method,’ 
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E€fm of Dissipation on the E ~ ~ ~ ~ s o l ~ t ~ ~ ~  
n c ~ r  the Fission Saddle Point 

K. T. R. Davies J. K. Nix’ A. J, Sierk’ 

For any physical system it is important to 
understand the behavior of small. oscillations about 
its equilibrium positions. For a nucleus undergoing 
fission, the normal modes about its saddle point have 
been calculated several years ago on the basis of the 
nonviscous liquiddrop model.* However, since that 
time, it has been recognized that large-atnplitude 
nuclear motion such as that which occurs in fission 
and heavy-ion reactions involves some dissipation of 
collective energy into internal single-particle excita- 
tion energy.3 It is. therefore, important to be able to 
calculate the small oscillations when the equations of 
motion include viscosity. 

Two equivalent methods have been developed for 
determining the eigenvalues and eigenvectors for 
small oscillations near an equilibrium point when 
dissipation is present. One method relies on the 
Lagrangian formulation of the equations of motion, 
and the other relies on the Hamiltonian formulation. 
The eigenvalues arc, in general, complex, but for 
unstable or overdamped motion they are purely real. 
The Hamiltonian can be expressed as a sum of single 
harmonic oscillations, but these cannot be inter- 
preted as n~rmal modes of motion. Calculations of 
various nuclei are currently in progress. 
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DYNAMICS FROM A 
MICROSCOPIC AND A MACROSCOPIC 

VIEW POINT 

C. Y. Wong 

The comprehensive program to study nucleas 
dynamics from a I~iCrOsCQpiC and a macroscopic 
viewpoint has been continued. We list below the 
recent advances. 

Elastic Nuclear Vibrations 

C. Y. Wong N. Azzk’ 

Previously, we showed that starting with the time- 
dependent Martree-Eock approximation, the equa- 
tion of motion for some collective motion of the 
nuclear fluid can be approximated by the Lam6 
equation appropriate for the propagation of elastic 
waves,* the properties of elasticity being a peculiar 
manifestation of the qnantum stress tensor.3 We have 
now considered the nuclear giant resonances as 
elastic vibrations of a nucleus.* Eigenenergies and 
widths for the isoscdar electric multipole states (O’, 
I-, 2’, 3-, 4+, ~ . .)and the isoscalar magnetic multipole 
states ( I + ,  2-, 3‘, 4, - .  .) are obtained. The energies 
and the widths of the O’, 2’, and 3- states agree well 
with those of the observed giant resonances. Nuclear 
viscosity coefficients and the incompressibility of 
nuclear matter are extracted. As the surface tension 
and Coulomb charges are also taken into account, 
both the high-lying electric multipole “giant reson- 
ance” state and the low-lying h611iquid-drop” states 
emerge as eigenstates of the same charactesistic 
equation. Similarities and differences between these 
two types of states can therefore be assessed. 

Calculations of the elastic mode of giant 
multipole resonances has been extended to other 
types of collective vibrations involving spin and 
isospin waves. We have determined the relevant 
electric and magnetic multipole statcs for the 
isovector, the spin vector, and the spin-isovector 
modes. We find that for a given electric or magnetic 
state with multipolarity 1 different from zero, the 
lowest eigenenergies for the different modes of giant 
resonarices (isoscalar, isovector, spin-vector, spin- 
isovector) are approximately degenelate ’ On the 
other hand, the positions of the I“ =O’ states depend 
on the nuclear incompressibility and the symmetry 
energy coefficients. Their eigenenergies can be quite 
different. The theoretical eigenenergies for the giant 
isovector electric multipole states compare well with 
experimental data. 
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E x t ~ n ~ e ~  TDHF Chkulations 

C. Y. Wong K. T. R. Davies 

Previously, we formulated an extended time- 
dependent P-Tartxee-Fock approximation (ETDWF) 
to include particle collisions due to residual interac- 
tionsq6 We have studied numerically a concrete case 
in the collision of 16@ and 4oc21 in the extended time- 
dependent Hartree-Fock approxima tiona7 We find 
that particle collisions are inhibited by the presence 
ofa large single-particle shell gap. The fusion window 
persists even in the ETDHF approximation. 

Mean Field Effects in Intermediate-Energy 
eM/ A )  4- 4oCa Collisions 

C. Y. Wong K. T. R. Davies 

To compare with the results of heavy-ion 
collisions obtained with the assumption of nuclear 
hydrodynamics,’ we have examined the effects of the 
mean field in intermediate-energy heavy-ion colli- 
sions with the TDHF appro~imat ion .~  It is found 
that there is a prominent volcano effect in which the 
high-density region resulting in the collision pro- 
duces a repulsive potential to drive the nucleons away 
from this region. ~y such an  effect, the “0 nucleus is 
completely ~ ~ s ~ n t e ~ ~ a ~ ~ ~ ~  in the collision of and 

nucleus becomes only nioderately excited after the 
collision. 

M ~ V  per nucleon, while the 40 

Studies of Tramverse ~~~~~~u~ Widths in In- 

Collisions 

K .  van Bibber” C.  Y. Wong 

Previously, in our investigation of the interrnedi- 
ate-energy heavy-ion peripheral reaction, we ob- 
served an interesting orbital dispersion effect due to 
the motion of the projectile before breakup. We have 
now examined the systematic decrease of the 
transverse momentum width as a function of the 
isotopic charge of the fragment.” It is found that this 
isotopic effect may be due to  the final-state Coulomb 
interaction between the fragment and the exploding 
protons on the same side of the other nucleus. 

Fragmentation a Hrsrd-Scattering Processes 
in ~ ~ ~ t ~ ~ j s ~ i ~  Heavy-Ion Collisions 

C .  Y. Wong R. Blankenbecler12 

We have examined the direct fragmentation 
process and the hard-scattering processes in relativis- 

tic heavy-ion  collision^.'^ In terms of these two 
processes, the proton-inclusive data of Anderson et 
al. for the reaction M i- ’*C - p -I- X at different 
bombarding energies have been successfully ana- 
lyzed. It is found that direct fragmentation domi- 
nates the cross section at 0” and 180”. On the other 
hand, the hard-scattering process dominates the 
quasi-elastic peak when the transverse momentum 
far exceeds 0.1 GeV/c. 

The examination of the direct fragmentation and 
hard-scattering processes leads to  the proper scaling 
variables for the two different prmesses.ld They give 
the Feynmann scaling variable a t  the ultrahigh- 
energy limit and can be considered the generalization 
of the Feynmann scaling variable in the case when the 
rest masses are not negligible. These variables have 
been successfully applied t o  the proton and the pion 
production in relativistic heavy-ion reactions. In 
terms of these variables, the counting rules of 
Schmidt and Blankenbecler” are found to be 
approximately valid. 

A Basic Distribution Model for Intermediate-Energy 
Heavy-Ion Collisions 

C. Y. Wong 

To examine intermediate-energy heavy-ion colli- 
sions, we introduce a basic distribution model’6 
which includes the peripheral fragmentation model 
of Feshhach” and Goldhaber’* as a special case. The 
model is applicable to both peripheral and central 
collisions and is not limited to isotropic basic 
momentum distributions. In terms of such a model, 
the experimental data for “Ar at 800 MeV per 
nucleon for the production of proton and composite 
particles in the central region can be successfully 
analyzed . 
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THE UNISOR NUCLEAR STRUCTURE 
THEORY PROGRAM 

G. A. Leander' 

A theory program which corinects UNISOR-the 
university isotope separator facility located at  
ORNL-with the theory division was started in April 
1981. The line of research it includes now is  
concerned with the theoretical understanding and 
spectroscopic signatures of nuclei whose single- 
particle and collective features may interact strongly. 
This area has a large interface with the experimental 
activity at  IJNISOK and moregenerally at  the heavy- 
ion center. Listed here are some of the in-progress 
projects in this program. 

In order to compare systematically several 
distinct elements of the interacting boson-plus- 
fermion model with earlier core quasi-particle 
coupling models and results, a scheme of calciilation 
is being developed in collaboration with F. Dia'nau 
and S. Frauendorf (University of Tennessee and 
Dresden). Subsequent calculations will be applied to 
a spectroscopic analysis of odd-A nuclei in the 
neutron-deficient 2 = 52 to 60 region. This region is 
poorly understood and relevant for experimental 
reasons. 

Defsrmcd Nuclei 

Recent calculations' have charted a region of 
light actinide nuclei where the potential energy 
according to the folded Yukavva model k minimized 
for parity-breaking shapes. Currently, generaliza- 
tions of standard models for low-energy states are 
being made and applied to  check the overall 
plausibility of the theory. A crucial experiment, 
suggested in same detail together with A. Winrher, 
would be to measuredirectly the octupole moment of 
'"Ac. 

Nuclei at  Very High Spins 

Recent work based on the cranking model has 
predicted a variety of band charactcriistics in rare- 
earth nuclei. lmproved techniques and investigations 
relevant to the cerium region, AOW being studied at  
ORNL, are planned with S. Frauendorf (University 
of Tennessee and Dresden). In order to  obtain quasi- 
continuum gamma-ray spectra from microscopic 
theories, a probability spectrum method is being 
developed in collaboration with Y. S. Chen (Univer- 
sity of Tennessee and Institute of Atomic Energy, 
Academia Sinica, Peking). Current topics include 
cranking and particle-rotor calculations to evaluate 
the MI contributions, Monte Carlo cascade calcula- 
tions to study the applicability of a temperature 
concept, and a random matrix model to investigate 
band structure a t  high level density. 

1. UNISOR. 
2. Collaboration with P.  MGller, R. S. Shclinc, A. Sierk, et al. 

THEORETICAL ATOMIC PHYSICS 

R. L. Becker C. Bottcher 

Our research has concentrated on processes 
involving inner-shell electrons or highly excited 
outer-shell electrons, for which the independent 
Fermi particle (IFP) description is most nearly valid. 
Coupled-channel quantum-mechanical theory is 
used for the innershell reactions and classical 
trajectory Monte Carlo theory for the Rydberg 
collisions. A major task for the future is the 
developmcnt of methods for electrons in intermedi- 
ate shells where dynamical correlations with other 
electrons, during a collision with an  ion, are expected 
to be important. Below we review the main projects 
of the past year. 

Contributions of multiekctrsn peocesses to innea- 
tramfer rand vacancy production (R. I>. 

Becker, A. I,. Ford,' and J. F. Reading') We denote 
by uc,vK the inclusive cross section for producing all 
final states containing a t  least one charge transfer to 
the projectile and at  least one vacancy in the target K 
shell. In the IFP model, multielectron processes, such 
as transfer from the L shell, together with ionization 
or excitation from the K shell, contribute to ~ C , V K .  

Different pathways (reaction mechanisms) leading to 
the same final state have interfering amplitudes. Our 
previous coupled-channels calculations of inner-shell 
charge transfer and vacancy production for p + Ar 
collisions have been extendcd2 to the bare projectiles 
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a and C6' with 1 t o  9 MeV amu-'. The contributions 
of rnultielectron processes to  our calculated DE& 
increase strongly with a,. For Z, = 6, uhyKdiffers by 
up to a factor of 3 from the single-electron value, 
U&K. The first experimental data for the projectik- 
charge dependence of the cross section uc,vK have 
recently been obtained by Rodbro et al. at Aarhus 
with H', We2', and Li3' on neon. We have performed 
ca~cu~a t ions~  for these MSCR. Figme 5.14 shows that 
for He2' the inclusion of multielectron processes 
improves the agreement with the data but that for 
Li3" the data do not extend to  low enough impact 
energy to confirm the predicted enhancement by 
muhielectron processes. (Another predicted mani- 
festation of TFP many-electron effects in ionatom 
collisions is the intensity distribution of x-ray 
satellites, which is discussed separately below.) Both 
the experiments and our calculations exhibit a 
dependence of UC,VX on 2, less strong than the factor 
2; contained in the OBK approximation. 
A new version of atomic-orbital coupled-channels 
theory, the "one-and-a-half-center expansion"' (J. F. 
Reading,' A. I,. Ford,'and R. L. &cker)in thenear- 
symmetric situation where the charges of the target 
and projectile nuclei are nearly the same, a single- 
centered expansion in target orbitals becomes 
inaccurate because it fails to allow for the depletion 
of probability density near the target, caused by the 
charge transfer. A novel approach to this problem 
retains the computational advantage of the single- 
centered expansion yet maintains unitarity. It is 
based on the observation that when a large number 3f 
target-centered states are employed, a projectile- 
centered state can be well described by the target- 
centered basis when the projectile is near the target 
and only becomes independent of that basis when the 
projectile moves out of the region of interaction. In 
the full two-center coupling method the matrix of 
time-dependent coefficients of the single-electron 
states becames ill-conditioned when the projectile is 
close to the target, because of the redundancy (strong 
overlap) of states. The time dependence of these 
coefficients loses physical meaning so long as the 
redundancy persists. In our new method the time 
dependence of each charge-transfer coefficient is 
prechosen to within a constaut factor. These 
constants, the charge-transfer amplitudes, are deter- 
mined self-consistently. A simple, physically reason- 
able choice of the time dependence leads to a solution 
which can be expressed in terms of that of the single- 
centered expansion. The accuracy of the method has 
been demonstrated in a calculation, shown in Fig. 
5. IS, of the proton-hydrogen collisions in the 15-100 
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Fig. 5.14. Cross SCC~~QMI uctrx fop producing {be c h u p -  
transfer rtrtc in coimidcace with 8 Xikll hole in the tnrget. Cross 
sec?ions for a neon target and H', He", and Li" projectks are 
given as a function of projectile energy Edivided by the projectile 
mass m. The solid squares that comprise the highsnergy half of 
the H' data are from C. L. Cocke ct al., Phys. Rev. A 16, 224 
(1977); the other experimental points are from M. Rgdbro et al., 
Phys. Rev. A 19. 1936 (1979). 

keV energy range. Extensive use of the method is 
planned. 
Norutatistical theory of multiple vacancy production 
in atomic collisions5 (R. L. Becket, J .  F. Reading,' 
and A. L. Ford') Till now, interpretation of x-ray 
satellite data has been limited to the use of models in 
which the emissions of electrons are treated as 
statistically independent. This assumption leads to a 

...............I ... I.. . .::... . ..............i..i.l I I.,.,.j.., ....... 
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Fig. 5.15. Cross ssctions for proton-hydrogen collisions. 
(4) Cross section in units of 10. ’~  cm2 for n = 2 excitation in proton- 
hydrogen collisions. The experimental points (with error bars) are 
from J. T. Park et al., Phys. Rev. Ler r .  34, 1253 (1975) and Phys. 
Rev. A ,14, 608 (4976). The full curve labeled FFR is the Theo- 
retical single-centered expansion result of Fitchard et al., hys. 
Rev. A 16, 1325 (1977). The crosses and open circles are from the 
pcrturbative and unitary versions, respectively, of our new ”one- 
and-a-half-center expansion” method. (6) Cross section in units 
of IO Ih cm’ for ionization in proton-hydrogen collisions. The full 
cume, crosses, and open circles are as in u. The experimental 
points (with error bars) are from the following sources: triangles, 
Park et al., hys. Rev. A IS, 508 (1977); squares, Fite et al., Phys. 
Rev. 119,563 (1960); circles, Gilbody and Ireland, Broc. Roy. Soc. 
London 277, 137 (1963). 

product of binomial distributions, one for each shell. 
However, we found that even in the IFP model of the 
target atom, quantum theory predicts that the holes 
are correlated. At a given impact parameter the IFP 
probability for producing several holes in a given 
shell can be written as a term containing only 

probabilities for the individual vacancies, which 
reduces for %verage holes” to  the binomial distribu- 
tion, plus a correlation term which involves interfer- 
ence among amplitudes for the single-electron 
transitions. Expressiolls for the general case have 
been derived and will be used. 
Initial4 d e ~ ~ ~ ~ ~ n ~ ~  of ion-Rydberg-atom cross 
sections6 (R. L. Recker and A. D. MacKella?) In the 
first experiment on ionic collisions with (n, 0-selected 
highly excited Rydberg states (produced by laser 
excitation), MacAdam et al,* recently succeeded in 
obtaining a value for the largest expected cross 
section, that for the “/-changing” transitions, in 
which n is unchanged. To explain these data and to 
provide predictions of others tocome, we worked out 
for the first time a classical ensemble corresponding 
to the manifold of hydrogenic quantum states of 
specified n and I and performed classical trajectory 
Monte Carlo calculations for all the cross sections 
(excitations, ionization, and transfer) in (He’ or Ar’) 
+ Na(n 3 1, 1 = 2 or I I  - 1) collisions. Substantial 
initial-ldependence was found, as shown in Fig. 5.16 
for the ionization and electron transfer. The 1- 
changing cross section was close to the experimental 
datum. 

..- 
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7. University of Kentucky, Lexington. 
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1 Solution of the Schrddinger Equation 

C. Bottcher 

We have developed methods of solving the time- 
dependent Schrodinger equation in two or three 
dimensions in the presence of Coulomb interactions. 
Propagation of the wave function in time is achieved 
by the Peaceman-Rachford algorithm, while the 
wave function is discretized in space by expanding in 
finite elements. As an application of the methods, we 
have chosen the ionization of a hydrogen atom by 
electron impact in the vicinity of the ionization 
threshold, 

e C H(1s) - e + e  + H’ . (1) 

Thc problem is converted into a time-dependent one 
by considering the evolution of a wave packet. 
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Fig. 5.16. Classical trajectory Monte Carlo ionization 

and charge-transfer cross sections, with statistical standard 
deviations, for specific initial I reduced impact s p d  s = Y/v., 

with v, = e*/&. The circles are for 21 15 G S/n< < 31 15 and the 
squares for 14/15 < I / n ,  < I ,  where I, is the classical angular 
monirntwm divided by and n, is the classical principai quantum 
number, (Rydberg/ @‘ ’. 

Studies of a two-dimensional model, which neglects 
the angle between the two electrons, have already 
been published. 

We now have fully three-dimensional solutions of 
( I ) ,  and typical results are shown in Fig. 5.17. The 
differential probability of ejecting an electron of 
energy E is plotted vs E for severalvalues of the angle 8 
between the outgoing electrons. The results confirm 
the long-established speculation that near threshold 
there is a significant probability that electrons will be 
ejected with the same energy and 8 - 180”. 

These calculations represent the first accurate 
solution of any collision problem with two unbound 
charged particles. Since full use was made of the 
vector processing capacity of a Cray-I computer, 
they are also a t  the limit of computer technology. A 
wide range of other applications, for example, to 
heavy-particle collisions, is planned in the near 
future. 
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Fig. 5.17. The differential probability of electron ejection is 
plotted vs the fraction of available energy for three values of the 
angle between the outgoing elearom, 0 = 8”, 84”, and 172’. The 
probability integrated over all 0 is also shown, labeled “tatal.”The 
proms considered is a 16-V electron initially incident on a 
ground-state hydrogen atom. 

Autoionizing Contributions to Hectron Impact 
Ionization of Positive Ions 

C. Bottcher D. C .  Griffin‘ M.  S. Pindzola’ 

In close association with the Fusion Atomic 
Collisions Experimental Group, we have been 
searching for positive ions for which the excitation of 
autoionizing states makes a significant contribution 
to the total electron impact ionization cross section. 
Cases have been found where autoionization is 10-20 
times the direct mechanism; the position and 
magnitude of the excitation structures are predicted 
theoretically in reasonable accord with experiment. 

Figure 5. I8 compares theory and experiment for 
electron impact on ~ i ~ +  for which the excitation step 
has the form 

............................... ...... . .......... ~ ..,... 
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ENERGY (eV)  

Fig. 5.18. The ionktion cross section for electrons incident on 
Ti3+ is plotted vs tSe initial electron energy. The points with error 
bars are the measurements of Falk et al. described elsewhere in this 
report. The dashed curve is the Lotz semienlpiricalformula, which 
provides an upper estimate of direct ionization. The full curve is the 
distorted-wave theory of Griffin et al. (divided by 2 3 ,  which 
allows for excitation-autoionization. The dotdashed curve is the 
same theory convoluted into the experimental energy profile. 

e +- [ ( r ~ p ) ~  n d  - e + [ ( ~ p ) ~  (nc02! (2) 
with n = 3,4, and 5 respectively. The theoretical cross 
section was calculated in a rather simplified version 
of the distorted-wave method, then convoluted into 
the experimental energy resolution profile, and in all 
cases reduced by the same factor (divided by 2.5). It is 
clear that positions of the autoionizing thresholds are 
well predicted, and we arc hopeful that more 
elaborate calculations will reduce the discrepancy in 
absolute magnitude. Though the scattering theory 
used is rather crude, the initial- and final-state wave 
functions were calculated using state-of-the-art 
atomic structure codes developed a t  LASL. 

More precise calculations have indeed been 
carried out for Ai3', Si4', and Mg', where the effects 
are smaller, but nonetheless interesting, and experi- 
mental data are also available. In general, the 
agreement is good, though certain features cannot be 
correctly described in the distorted-wave framework. 

__ _I___. 
I .  Guest assignee from Wollins College, Winter Park. Fla. 
2. Consultant from Auburn University. 

Charge Transfer to Highly Stripped Ions 
at Low Energies 

C. Bottcher T. G .  Heil' 

Processes such as 

at  energies below 200 eV are currently of the highest 
interest in the design of magnetic fusion devices. At 
these low energies, it is necessary to use the fully 
quantal formulation initiated by Dalgarno and Heil. 
From the viewpoint of applications, it is desirable to 
know the cross sections for all stages of ionization of 
a given species. We have completed a survey of all the 
stages of Cq' from q = 2 to 6. We have been able to 
compare our predictions with the recent measure- 
ments of Phaneuf on C4' for q = 3 to  6; in all cases, 
agreement is reasonable; for example, the conipari- 
son for q ::: 3 ,4  is  shown in Fig. 5.19. 

The cross sections for q = 4 and 5 were obtained 
using a new method developed for highly charged 
projectiles with some remaining electrons. Such 
methods are required if the large number of cases 
required in applications are ever to be surveyed in 
detail. The method provides new insight into the 
physics of the problem; for example, it is possible to 
explain why the capture cross sections to C4+and Be4' 
differ by several orders of magnitude at  lowenergies. 

I .  ORAU consultant from University of Georgia, Athens. 

Response of Molecules to Coherent Radiation 

C. Bottcher C. Feuillade' 

For some time, we have been engaged in a 
program of setting up realistic descriptions of the 
response of few-level atomic and molecular systems 
to coherent radiation. By "realistic," we mean that 
rotational degeneracies are fully incorporated arid 
that allowance is made for collisional relaxation. 
Recent advances include the following: (1) A study 
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Fig. 5.19. Cross sections for charge captm from hydqen 
atoms by very slow rnuIticharH carbon im arc plotted vs the H- 
atom velocity (or the iowncrgy/rmu). T?x dotted lines are the 
quantal calculations of Bottcher and Heil. The open and filled 
circles are the measurements of Phaneuf on G" and c4', 
respective&, as described elsewhere in this report. The full curve is 
the semiclassical calculation of Olson et al. on e'. Other 
experiments at higher energies are also shown (filled points, C"; 
open points, C'+). 

has been completed of the timedependent solutions 
of the two-level system. (2) The two-level equations 
have been extended to three levels. (3) Collisional 
relaxation rates have been worked out forsymmetric 
top molecules. Some progress has also been made on 
Idegenerate Rydberg states. 

We have now assembled all the elements required 
to model the multiphoton excitation processes 
involved in laser isotope separation. 

1. Consultant from Manchester Univcrsity, Manchester, 
England. 

......... .....- , ... 
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6. Nuclear Data Project 

S. J. Ball’ M. .I. Martin4 
Y. A. Ellis-Akovali M. R. McGinnis’ 
W. B. Ewbank2 J. T. Miller’ 
€3. Harmatz S. Kamavataram6 
F. W. I-~urley’~~ M. R. Schmorak 

During the past year the scope of the Nuclear Data Project (NDP) has been 
gradually decreased as responsibility for the publication of the Nuclear Data Sieess 
and for certain other aspects of the Project’s original functions has been transferred to  
the National Nuclear Data Center at BNI, (BNL/NNDC). In October 1980 the 
literature scanning operation was transferred to RNL/NNDC, and in January 1981 
responsibility for maintenance of the Evaluated Nuclear Structure Data File (ENSDF) 
and Nuclear Structure Keferences (NSR) file was also transferred. By June 1981, 
responsibility for publication of the Nuclear Data Sheets will have been transferred to 
BNL/NNDC. 

The Project is now basically an evaluation center. As part of the 1.J.S. Nuclear 
Data Network, the Project will be responsible for the evaluation of nuclear structure 
information in the mass regon A 2 195. The Project will also maintain a complete 
computer-indexed library of published works in experimental nuclear physics and, in 
addition, will maintain copies of the ENSDF and NSR files. These files will be 
provided on tape by BNL/NNDC several times each year and will be maintained for 
the use of members of the Physics Division, as well as f o r  NDP evaluators. 

The Project will continue t o  house the position of editor of the Nirdear Duta 
Sheets. All mass chains from each center in the international nuclear data network will 
be edited here. The editor will have the ultimate responsibility for the quality of what is 
entered into the ENSDF and, thus, for what is published in the Nuclear Data Sheets. 

ACTIVITIES 
Nuclear Structure References (responsibility ROW of 

BNL/NNDC) 

During 1980, over 5000 new entries were indexed 
and added to the NSR file. Monthlylists of new NSR 
entries for approximately 50 mass chains were sent to  
the appropriate evaluator. Two four-month cumula- 
tions of indexed additions to the NSR were published 
in “Recent References” issues of Nuclear Data 
Sheets. As a “library of last resort,” the NDP 
provided copies of about 100 reports and abstracts to 
other centers in support of their data evaluation 
activities. 

Data Evduatian 

In 1980, 1015 new or revised data sets were 
merged onto the ENDSF. These represented corn- 
plete updates for 24 mass chains and significant 
changes for approximately 100 other nuclear decay 
schemes. The ENSDF’ now includes: 

1965 sets of adopted level properties (,4 = 1 to  

2139 sets of decay scheme data 
3688 sets of reaction data 

263) 

Complete copies of ENSDF contents were 
distributed twice through BNI,/NNDC as the 
International File of Evaluated Nuclear Structure 
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and Decay Data  (responsibility now of 
BNL/NNDC). 

As part of the international network for nuclear 
structure data evaluation, the NDP has continuing 
responsibility for 70 mass chains in the region A 2 
195. Revised Nuclear Data Sheets for 1 I mass chains 
were prepared by the NDPin 1980; also provided was 
a thorough review for 1 1  mass chains prepared by 
new evaluators. 

Publication Activities 

Twelve issues of the journal Nuclear Data Sheets 
(over 2100 pages) were prepared and published in 
1980. These included complete manuscripts (draw- 
ings, tables, reference lists) for 23 revised mass chains 
and two issues of “Recent References.” 

Individually and in collaboration with other 
researchers in the Physics Division, NDP staff 
members published or prepared for publication the 
following papers: 

1. Ellis, Y. A., and K S. Toth, “Determination of Q 
Values for Electron-Capture Decay of 172Hf and 

Pt from X-Ray Intensities,” pp. 459-64 in 
Atomic Masses uizd Fundamental Constunts 6 
(Proceedings, Sixth International Conference on 
Atomic Masses, East Lansing, Michigan, Septem- 
ber 1979)0, Plenum, New York, 1980. 

2. Ellis-Akowli, Y. A., K. S. Toth, C. R. Bingham, 
H. K. Carter, and D. C. Sousa,“Electron-Capture 
and Alpha-Particle Decay of ‘90Pb,’7 Phys. Rev. C 

3. Ewbamk, W. €3. (invited paper), “Status of 
Transactinium Nuclear Data in the Evaluated 
Nuclear Structure Data File,” pp. 109-41 in 
Prot-eediqqs, IA  EA Advisory Group Meeting on 
Transactinium bot  ope Nuclear Data (Cadarache, 
France, May 19791, Report IAEA-TECDOC-232 
(1988). 

4. Martin, Evl. J. (invited paper), “ENSDF-Its 
Structure, Contents, and Use in Applied Re- 
search,” pp. 2--16 in Roceedings, 1979 Seminar on 

199 

23, 480-86 (1981). 

Nuclear Data, Japanese Nuclear Data Committee 
(Toka i-m ura, Ibaraki-ken, Japan, December 
1979) Japanese Atomic Energy Research Insti- 
tute Report JAERLM8769 (1980). 

5 .  Schmorak, M. R., “Systematics of Nuclear Level 
Properties in the Lead Regisn,”Nucl. Data Sheets 
31, 283-380 (1980). 

Special Activities 

A complete collection of radiations from 1553 
radioactive nuclides based on data in the ENSDF was 
assembled and printed on microfiche. It will be 
distributed in 1981. 

Level and decay information from new evalua- 
tions €or A = 18 to 44 has been extracted from the 
journal Nuclear Physics (Endt and van der Leun) and 
entered into the ENSDF. 

A training session, sponsored and financed by the 
Japanese Nuclear Data Committee and conducted by 
an NDP evaluator, was held in Tokai, Japan, in 
December 1979. Ten Japanese evaluators attended 
this session, and a review of two of their mass chains 
was performed. 

Radioactivity and decay data based on the 
ENSDF are being prepared for an article to appear in 
the Encyclopedia of Chemical Technology. 

In 1980, NDP evaluators responded to  over 60 
requests by researchers outside t he evaluation centers 
for specific information by means of NSR searches, 
ENSDF printouts, and persona! consultations. 

I .  Technical support staff. 
2. Former director; now with Information Division (March 

3. Retired December 1980. 
4. Present director. 
5. Technical support staff on loan from Information Division, 
6. Now with NNDC at BNL (October 19RO). 

1981). 

, . . - . . . .... . . . . . . . . . . . ,...., . ............ . . . _. . . . .,.,.,.,.... , , , . . . . - . . . . . . . . .,.,.,., 



7. Atomic and Plasma Physics Group 

OVERVIEW 
The activities of this section are divided between atomic collisions research 

and plasma diagnostics development. Most of these activities are supported through 
the ORNL fusion program but are executed within the Physics Division. 

The plasma diagnostics activities are primarily the development of 
far-infrared (FIR) lasers and the arrangement of these lasers into configurations 
which can probe high-temperature plasmas like ISX-€3 and EBT-P. Laser systems 
for measurement of ion temperature, electron density, and internal magnetic field 
distribution in such plasmas are under development. Principal progress during this 
reporting period has been development of Faraday rotation (rotation of laser-light 
polarization by a magnetic field) as a probe which will follow the electron current 
density in plasma by sampling the local magnetic field. A laser system which serves 
both to develop this technique and to provide current plasma parameter data is in 
place on the ISX-B. This and the other systems in progress all require further 
development but are expected to be significant new tools for studying plasma 
dynamics. 

The atomic physics activities are not dependent on any particular fusion 
energy device but are basic physics studies directed prkarily at  processes and 
collision reactants of fusion interest. Important progress has been achieved in our 
understanding of electron impact ionization of ions and of both electron capture and 
ionization in collisions of multicharged ions with atomic hydrogen through the 
experimental activities described here. In addition, there has been strong interaction 
in these areas with atomic theory activities here at ORNL (see Chap. 5 of this 
report) which has helped guide the experimental activities and has provided the 
theoretical work with specific new challenges. The atomic physics group also 
operates the Controlled Fusion Atomic Data Center, which categorizes all 
publications on atomic collisions and attempts to compile and evaluate atomic data 
for fusion. 

CONTROLLED FUSION ATOMIC 
DATA CENTER 

D. H. Crandall 
B. J. Farmer 
P. M. Hafford 

C. F. Barnett 
D. C. Gregory 
F. W. Meyer 

R. A. Phaneuf 

The data center categorizes all publications on 
atomic collisions and compiles and evaluates atomic 
data for fusion. In keeping with the center’s 
responsibilities, three editions of the indexed bibliog- 

raphy of atomic and molecular processes for the 
period 1978-80 have been completed during the 
present reporting period. The data center categorizes 
all bibliography on atomic collisions and on some 
areas of particlesurface collision studies. This 
bibliography is used in compilation and evaluation of 
numerical atomic data for fusion needs. 

The most time-consuming part of the work has 
been the bibliographical categorization in which 
about 3000 entries per year are selected from the total 
literature and divided into one or more of 1 14 process 
categories within 10 areas of collision studies. 

216 
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Author, title, reactants, energy, and category are 
specified in computer file entries which can be sorted 
according to any of the input data. Inaddition toour 
use, these bibliographies are used by the IAEA and 
Japanese data centers, as well as by individual 
scientists. Copies of the bibliography are published 
and disseminated throughout the. United States and 
abroad (available through the NTIS). 'We are 
searching 198 1 publications for the bibliography, 
which will receive similar distribution. 

In October 1980 a workshop between U.S. and 
Japanese data centers which are compiling and 
evaluating atomic collision data €or fusion interests 
was held at the Joint Institute of Laboratory 
Astrophysics in Boulder, Colorado. The principal 
purposes were to review procedures used in evalua- 
tion or selection of recommended cross sections and 
to identify both technical criteria and specific 
collaborative efforts which could improve this data 
selection process. The report U. S.-Japan Workshop 
on Atomic Collision Data for Fusion (ORNL/TM- 
7675) contains the abstracts of the discussions and 
presentations and an overall review of the meeting. 

In a cooperative effort with the Atomic Transi- 
tion Probabilities Data Center of the National 
Bureau of Standards, we: have continued publication 
of the bimonthly newsletter Atomic Datu for Fusion. 
The IAEA is also publishing a similar bulletin which 
covers bibliographical citations of atomic data. In 
order to avoid duplication we are helping to supply 
bibliographic information to the IAEA, and at the 
same time the QRNL-NBS newsletter is shifting 
emphasis toward publication of actual numerical 
data of current interest for fusion. An author and 
subject index has beeti published for 1979 (vol. 5 )  and 
1981) (vol. 6) as a supplement to these newsletters. 

We are planning a third volume of cross sections 
and rates for fusion impurity ions. To this end we 
have completed a compilation of electron impact 
excitation cross sections for iron ions where data 
have been selected from the many calculations as the 
best available values but cannot be evaluated in the 
usual critical sense because no experimental data are 
available. Cross sections at one to seven specific 
collision energies for about 800 transitions in iron 
ions have been compiled. A compilation of atomic 
data for oxygen ions covering electron impact 
excitation and electron capture from hydrogen is in 
progress as a joint endeavor with the Japanese data 
center at IPP-Nagoya. 

DISSOCIATION OF TRIATOMIC 
HYDROGEN MOLECULAR IONS IN Hz 

C. F. Barnett 

Dissociative cross sections to form positive and 
negative fragments have been measured for isotopic, 
triatomic, hydrogen ions in Hz gas in theenergy range 
10 to 60 keV. This investigationwasmotivated by the 
theoretical prediction that the formation cross 
section of €4' from HD2'would be different from that 
of H< producing M' due to the nonsymmetric 
vibrational configuration of HD2'. Also, previous 
measurements indicated that dissociation of HD2' in 
Hz produced a measurable D- formation cross 
section, but the H- produced was less than hck-  
ground. These processes are of general interest and 
have specific application in interpreting ion source 
operation. 

Measurements were done in the conventional 
manner. Ions were produced in an rf ion source, 
accelerated to the desired energy, mass analyzed, 
passed through a static gas cell, energy analyzed by a 
parallel-plate electrostatic analyzer, and detected by 
Faraday cups. Cross sections were determined by 
measuring the rate of increase of the ion fragment 
current as a function of the gas cell pressure, 

During the course of the measurements, several 
problems were encountered which prevented accu- 
rate cross-section determinations: (I) Differential 
scattering cross-section measurements of the positive 
ion fractions indicated scattering greater than +7" of 
H' from HDz' dissociation. This places a require- 
ment of unusually large diameters for gas cell exit 
aperture and detector entrance aperture. (2) The 
dissociation cross section is dependent on the ion 
source pressure, with the cross section decreasing by 
as much as a factor of 2 when the ion source pressure 
increases. This pressure dependence suggests that the 
cross sections are sensitive to the vibrational level 
populations of the triatomic ions. (3) The fraction of 
negative ions formed in the dissociative process hasa 
background contribution dependent on the gas cell 
pressure. With the present apparatus no satisfactory 
method has been devised to subtract out this 
contribution, 

The following tentative conclusions can be stated: 
(1) Within the statistical fluctuations of the measure- 
ments in this energy range, no differences in Hf or D' 
formation cross sections were measured. Also, no 
differences were found in the dissociative collisions to 
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produce H i ,  HD', or DC. (2) Cross sections are 
dependent on the vibrational level of the triatomic 
ion. ( 3 )  Cross sections for the formation of positive 
ions are of the order IO-'' to cm2 and for 
negative ions cm2. 

Atomic collision theory predicts that if diatomic 
or triatomic hydrogen negative ions exist. the 
molecular ion must be in an excited electronic state. 
Preliminary measurements of the formation of DF, 
D3-, and HD2- by doubleelectron collisions of the 
parent positive ion in H2 indicated a cross section of 
IO-'* to lo-'' cm2 in the 10- to 50-keV energy range. 
Subsequent measurements proved that these cross 
sections were obtained from the positive molecular 
ion being dissociated in the HZ gas cell with the D' of 
one-half or one-third Ebeing deflected into one of the 
plates of the energy analyzer. The D' was reflected 
from the surface as D- at the analyzer voltage 
required to deflect the fullenergy component into the 
Faraday cup. As the gas cell pressure was increased, 
the amount of D' increased along with the reflected 
D-, giving rise to an apparent cross section for the 
formation of negative molecular ions. By making 
changes in the analyzer and detector geometry this 
spurious signal was eliminated, and Dz- and D3- ions 
were not observed. For 30 keV, Dz+ and DJ+ in Hz 
upper limits can be placed on the double-electron 
capture of 5 X lo-'' cm2 and 2 X cm2 
respectively. 

BEAM SPECIE ANALYZER 
FQR INTENSE NEUTRAL BEAMS 

C. F. Barnett J .  A. Way R. R.  Feezell 

Uncertainty bas existed in the past as to the 
relative energy specie concentration of intense 
neutral beams used in heating tokamak plasmas. In 
an attempt to provide a quantitative instrument to 
measure the one-half, one-third, and full-energy 
component of the beams, a three-channel. neutral 
particle, energy analyzer has been fabricated and 
calibrated for H" particles. H" withenergies 3.5 to 55 
keV was passed through an N2 gas cell maintained at  
charge equilibrium pressures. H' ions formed by 
stripping collisions were energy analyzed by a 45"; 
parabolic, electrostatic analyzer and detected by 
three Faraday cups spaced to intercept the three 
energy components. The conversion efficiency of the 
analyzer system increasedfrom 0.11 at 3.5 lceV too.% 
at 55 keV. Statistical analysis of the calibration data 
yielded an accuracy of +3%. 

Preliminary data on a neutral beam line with a 
PDX- or ISX-B-type source indicated the following 
components in the neutral beam: full energy, 0.42; 
one-half energy, 0.34; and one-third energy, 0.24. 
These results may be compared directly with results 
obtained by Langley using a beryllium-crystal 
technique, which gave a full-energy component 
of 0.36, a one-half energy of 0.26, a one-third energy 
of 0.32, and a component of one-seventeenth energy 
of 0.06. Both sets of measurements indicate much 
larger fractions for the low-energy than was 
previously supposed. 

ELECTRON LOSS FROM ATOMIC 
EN IN COLLISIONS WITH 

MULTICHARGED IONS 

F. W. Meyer H. J. Kim 

An ion-atom crossed-beams approach' i s  being 
used in an ongoing study of electron loss from 
hydrogen atoms during collisions with multicharged- 
ion projectiles. We have investigated the excited-state 
dependence, ion-charge scaling, and velocity depen- 
dence of electron loss from excited hydrogen a t o m  
(10 < n < 24, where n is the principal quantum 
number) in collisions with multicharged ions having 
charge ( 1  < q < 4) at coliision velocities spanning the 
range 2.2-3.3 X 10' cmjs. 

The fast atomic hydrogen beam used in the 
experiment was obtained by passing epergy-analyzed 
protons through a neutralizer cell. In addition to 
producing principally ground-state hydrogen atoms, 
the electron-capture neutralization also yields a small 
population of excited hydrogen-atom states whose 
abundance as a function of principal quantum 
number, n, was measured to have the forma/n3 in the 
range 9 < n < 24. The experimental yield of protons 
due to collisional electron loss from this atomic 
hydrogen beam is given by 

N 

where the Pn is the population oft  he excited states, on 
is the total electron loss cross section for each of the n 
levels and N is the maxinlurn value of PP in the beam. 
The value ofN,  ranging from 9 to  24, was varied by 
changing :he strength of a static, transveise, electric 
field situated upstream of the collision region, in 
which the excited hydrogen atoms with n > N are 
field ionized and attenuated from the neutral beam, 
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By taking differences between proton yields obtained 
for two different field ionizer settings, the collisional 
behavior of a selected band on n levels could be 
isolated and studied. 

The trend of the present data as functions of 
projectile charge q and collision velocity v is 
consistent with the (q/v)' dependence of electron loss 
predicted by Born approximation calculations and 
by classical theory, both expected to be valid in the 
present velocity regime (v > ve). Figure 7.1 shows the 
dependence of collisional electron loss from the band 
of Rydberg levels (17 G n d 24) of atomic hydrogen 
on projectile charge q. Electron loss from the band of 
Rydberg levels (10 G n G 14f,of atomic hydrogen 
exhibits a similar dependence on projectile charge 
and collision velocity. 

The n dependence of electron loss from H(n) 
colliding with N3' (Fig. 7.2)2 can also be understood 
in terms of the above theories. However, one must 
consider' in addition to collisional ionization of the 
initial Rydberg state, excitation from the initial state 
to higher n levels (in the present case, n> 27) that can 
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be field ionized by the transverse electric field in 
which the collisions occur. 

In addition to charge-transfer neutralization of a 
proton beam, the fast atomic hydrogen beam used in 
the experiment could be prepared by gas stripping an 
H- beam. It was found' that while both ways of 
preparation resulted in a Rydberg state population 
consistent with the form a / d ,  the vafue of the 
population coefficient a was a factor of 2 lower for 
neutral beams produced by stripping H- than for the 
beams produced by neutralizing H". 

Figure 7.3 shows the n dependence of electron 
loss YI from H(n) produced from H', and electron 
loss YZ from H(n) produced from H-, during 
collisions with N" at v = 2.3 X 10' cm/s. Using these 
two sets of data points and the above form for Y(N', 
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Fa. 7.3. Total electron lorn from H(n) colliding with N3*nt v = 
2.3 X 10' cm/s as a function of AY, the maximum value of n in the 
neutral beam. Open circles, neutral heam formed from K; closed 
circles, neutral beam formed from H'. 

the ground-state electron-loss cross section can be 
estimated wing the relation 

The value of 01 obtained using the above 
expression is (3.0 k 1.4) X lo-'' cm2. This value is 
consistent with the sum of measured cross sections 
for electron capture' and ionization: the two 
dominant processes contributing to electron loss. 

I .  H. J. Kim and F. W. Meyer, Phys. Rev. Lett. 44, 1047 

2. L. C. Johnson, Astrophys. J. 174, 227 (1972). 
3. R. E. Olson, private commumication (1980). 
4. F. W. Mryer and H. J. Kim, 'Electron Loss from Atomic 

Hydrogen in Collisions wieh W"," contributed paper for XI1 
ICPEAC, Gatlinburg, Tenn, (July 1981). 

5. R. A. Phaneuf, F. W. Meyer, and R. H.  McKnight, Phys. 
Rev. A 17, 534 (1978). 

6. M. 8. Shah and H. B. Gilbody, The Queen's University of 
Belfast, Research Report (1981). 
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ELECTRON-ION CROSSED-BEAMS 
EXPERIMENT 

D. H. Crandall 
R. A. Phaneuf 
R. A. Falk' 

D. C. Gregory 
J. W ,  Hale 
G. 13. Dunn' 

A variety of experiments have been performcd 
since the last reporting period. Both electron impact 
ionization and electron impact excitation have been 
studied, but principal results have been for ionization 
and for the role of excitation-autoionization in total 
ionization cross sections. Previously ',' we found that 
for the simple lithium-like ions of C3+, N4+, and 0" 
the excitation of an inner-shell electron followed by 
autoionization resulted in an  abrupt rise in the total 
ionization cross section at  the inner-shell excitation 
threshold energy and that the relative importance of 
this process increased with ionic charge along the 
isoelectronic sequence. This excitation- 
autoionbation mechanism is likely to lx important 
for many ions of high electronic charge and is a 
subject of some interest in basic collision studies, 
fusion energy plasma investigations, and astrophy- 
sics.4 

During the present, reporting period we have 
measured cross sections for electron impact ioni7a- 
tion of Cz+, 02+, AIZ', Si3', Ti3+, 2r3+, €If3', Ne3+, Ar3+, 
Kr3', Xe3', and Ta3+ (where 2' and 3' ions could be 
studied with the particular apparatus arrangements 
employed). We are attempting to  identify trends in 
ionization, particularly in the excitation- 
autoionization components. For instance, A12', Ti", 
2r3+, and Hf3' all have alkali-like electronic struc- 
tures, and the singly charged alkali-like ions of Mg', 
Ca', Sr', arid Ba', are the primary cases for which 
e x c ~ ~ a ~ ~ ~ n - a u ~ Q ~ o n i z a ~ ~ ~ ~  had been studied' before 
our work. The most dramatic excitation- 
autoionization effects observed t o  date are apparent 
in our T?, 2r3+, and Hf3' data (shown in Fig. 7.4) for 
energies near the ionization threshold. The Lotz 
fo rmul  predictions4 are generally used as the 
simplest and best estimate for direct ionization by 
electron impact. For the cases shown in Fig. 7.4 the 
ionization cross sections are enhanced by more than a 
factor of 10 due to An = 0 excitations of the form np6 
nd - np5 rad2 which then autoioniie (n  is the principal 
quantum number of the outermost electron orbitals; 
for example, n = 4 for zr33,  

Simultaneously with our experimental studies, 
theoretical activities here at  ORNL (see Atomic 
Theory Sect. of Chap. 5. )  and elsewhere (e.g., see ref. 
6) have provided improved predictions of both the 
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~ i .  7.4. Electron impact ionirationcraosloctionrof.Fi3+,Zb),, 
and Hf3' as a function of ckctrm energy near ionization thbreshokl. 
The dashed curves are the direct ionization predicted by the Imotz 
fonnula. The arrow indicate threshold for ionization of ground- 
state ions. Error bars are 1 std. dev. statistial variations taken as 
representative of relative uncertainty, points without bars having 
statistical uncertainty smaller than the point. Total absolute 
uncertainty is better than +10% at high confidence. 

direct ionization and the excitation-autoionization 
contribution to ionization. These theoretical activi- 
ties allow detailed comparisons between predictions 
and observations which are providing improved 
physical understanding. A comparison of theory and 
experiment for details of the Ti3+ case are shown in 
Fig. 5.18 in Chap. 5.  

Perhaps the best systematic approach to studying 
electron-ion collisions is to progress along isoelec- 
tronic sequences so that the number and arrangement 
of electrons on the ion is constant, but the ionic 
charge increases. The current studies are aimed at 
doing this for the sodium-like sequence for which we 
have studied Mg', A1" and Si3+. Detailed results for 
AI2+ are shown in Fig. 7.5. The effects of excitation of 
the form 2$35 - 2p53snl followed by autoionization 
are apparent in both the experiment and the theory. 
However, the excitation 2pe3s - 2p53s3p (indicated 
as 2p-3p on Fig. 7.5), which is largest in the 
theoretical prediction, is missing or quite small in the 

-- - -  
ENERGY k V l  

Fip. 7.5. Electron impact bnhtion of Ala* near ioniUtioa 
threshold. The solid curve is the distorted-wave calculation of 
Younger (ref. 6)  normalized to experiment at 70 eV by rnultiplylng 
by 0.65 and with the excitationautoionlation results of Griffm 
et al. (Chap. 5 of this report) added to the results of Younger. The 
arrows indicate energies for excitation d 2 ~ ~ 3 s  - 2p53snI from 
Griffin et al. 

experiment. This same result is found for Mg' and 
Si" and i s  not unique to a particular theoretical 
variation. We do not yet understand thisdiscrepancy, 
but the detailed comparisons are providing specific 
information for development of impr oved theoretical 
approaches. 

Another general insight derived from these 
studies is that the importance of indirect processes, 
like excitationautoionization, increases with the 
number of electrons on the ion. We have studied a 
total of 13 ions of charge 3* ranging from B3' to Ta3', 
In order of the increasing number of electrons, there 
is a steadily increasing relative importance of indirect 
to direct ionization (with some particularly strong 
effects for specific electronic structures such as the 
alkali-like cases). 

A number of publications, invited and contri- 
buted papers at conferences, and review papers are in 
progress based on these studies, (References 7-9 are 
examples.) We will extend these studies to cases of 
higher initial ionic charges of particular interest to 
fusion and astrophysics and where our understand- 
ing of electron impact ionization is not well 
established. The experiments become progressively 
more difficult for higher charge states and will 
require improvements in both experimental tech- 
niques and ion sources. 

1. Research participants from the Joint Institute for Labom- 
tory Astrophysics, Boulder, Colo. 
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Rev. A [see also S. M. Younger, Phys. Rev. A 63, 1138 (198!)]. 

7. R. A .  Folk, C. H. Dum, D. C. Griffin. C. Borrcher, D. C. 
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LOW-ENERGY ELBCmON 
CAPTURE MEASUREM EN’%$ 
R. A. Phaneuf R. €3. Hughes’ 

In addition to their fundamental significance, 
electron capture collisions of highly ionized atoms a t  

very low velocities are inaportant in many astrophysi- 
cal and laboratory situations. During such collisions, 
the electrons in the system have sufficient time to 
adjust to the slowly varying interatomic field, and a 
quasi-molecular theoretical description of the colli- 
sion becomes necessary. In order to evaluate 
developing theoretical methods, experimental data 
are needed on simple few- or one-electron systems 
involving highly charged ions. To address this 
problem, a Esulsed-laser-produced plasma has been 
used as a source of highly ionir.ed atoms, and a time- 
of-flight apparatus has Seen developed to study 
electron capture by nearly and fully stripped carbon 
ions colliding with hydrogenatoms a t  unprecedented 
low energies (IO to wo e ~ j a n a u ) ? ~  

The apparatus is shown schematically in Fig. 7.4. 
The thermal diqsociation atomic hydrogen gas-target 
cell was calibrated in an auxiliary experiment, using a 
probe beam of 20-keV protons, I n  Fig. 7.7 the 
experimental cross sections for c”‘ + M and c’+ + B 
collisions’ are compared with theoretical calcula- 
t i o n ~ , ~ - ~  and in the C5’ case with higher-velocity 
measurements.10 The C5’ data substantiate the 
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Fig. 7.7. Ekwtron capture crws sections for C" f H (solid 
points and solid cupve) and C6+ + H (open paints, crosses, and 
broken curves). Circles are present experimental results, and 
squares are data of Crandall et al. (ref. IO). Solid curve is 5-PSS 
calculation of Shipsey et al. (ref. 4), long-dashed curve is 6 PSS of 
Salop and Olson (mf. 5), dash-dot curve is I 1  PSS of Vaaben and 
Briggs (ref. 6 ) ,  short-dashed curve is 3 PSS of Bottcher and Heil 
(ref. (1), dotted curve is distorted-wave calculation of Ryufuku and 
Watanabe(ref. 91, and crossesare8 PSSand IOPSSofCreenetaL 
(ref. 7). 

magnitude and weak velocity dependence predicted 
by the ~ive-perturbed-stafionary-state QPSS) calcula- 
tion of Shipsey et aL4 In contrast, the C6+ + H 
measurements show the strong falloff with decrea- 
sing velocity predicted by the PSS calculations, 
but are significantly below the distorted-wave theory 
of Ryufuku and Watanabe.' Present experimental 
data for C? + N and C3' -k W are compared with 
theory in another section of this report.* Measure- 
ments on Oy* and Feq' ions are in progress. 

I Participant on sabbatical from the University of Arkansas, 

2. R. A. Phaneuf. IEEE Trans. Nucl. Sci. NS-28 1182(19811). 
3. R. A. Phaneuf, Phys. Rev. A 24, 1138 (1981). 
4. E. J .  Shipsey, .I. C. Browne,and R. E. Olson,J. Phys. B 14, 

5.  A. Salop and R. E. Olson, Phys. Rev. A 16, 1811 (1977). 
6. J .  Vaaben and J .  S. Rriggs, 9. Phys. B 10, L.521 (1977). 
7. T.  A. Green, E. J. Shipsey, and9. @. Brome,  Phyx Rev. A 

8. C. Bottche and T. Hei1 (unpublished 1981). See Chap. 5 of 

9. H. Ryufuku and T. Watanabe, Phys. Rev. A 19, 1.538 

IO. D. H. Crandall, R. A. Phaneuf, and F. W. Meyer, Phys. 

June-November 1979. 

869 (1981). 

23, 546 (1981). 

this report. 

( 1979). 

Rev. A 19, 504 (1979) and unpubtished data 1979. 

MEASUREMENTS OF TOKAMAK 
POLOIDAL FIELDS 

BY FARADAY ROTATION 

D. P. Hutchinson 
P. A. Staats 

K. L. Vander Sluk 
C. H. Ma 

We have been developing FIR lasers near the0.4- 
mm wavelength for measurement of several plasma 
parameters. A principal objective during this 
reporting period has been development of a system 
for measuring the rotation of the laser polarization 
vector by the magnetic field of a tokamak plasma. 
Only the component of magnetic field which is 
parallel to the light propagation direction interacts 
with the polarization, producing the rotation. The 
magnitude of this Faraday rotation for a given chord 
through the plasma is proportional only to the 
poloidal component of magnetic field that changes in 
time during a plasma shot because of changes in the 
plasma current density, which is an  important, time- 
dependent plasma parameter. In order to make a 
useful measurement, the electron density <ne> along 
the same chord must be simultaneously measured. 
The <H> determination is also useful data but has 
been available previously with the FIR lasers in an  
interferometer arrangement.' The new development 
has concentrated on measuring the Faraday rotation 
with the same interferometer laser beam and on 
extending the technique to  a working, multichannel, 
diagnostic system. 

The electron density-Faraday rotation diagnostic 
system tested on the RENTOR tokamak at  Renssel- 
aer Polytechnic Institute has been installed on the 
ISX-B tokamak. During this installation the single- 
channel system used on RENTOR was expanded to 
four channels. Operation of the system has been 
limited to two channels per discharge due to a lack of 
detectors. Figure 7.8 shows electrondensity results of 
a typical ISX-B discharge. The center channel is 
located on the geometric center of the ISX-B vacuum 
chamber, and the outer channel is located 15 cm out. 
The plasma radius i s  27 cm. Figure 7.9 displays the 
first multichannel measurements of both line- 
averaged electron density and Faraday rotation on a 
tokamak plasma in the ISX-B. For these experiments 
all of the laser power was concentrated in one channel. 
to improve the Si N ratio, and different chords were 
observed during a sequence of nearly identical 
discharges. Channel 1 is located a t  the vacuum 
chamber center, channel 2 a t  a radius of 7.62 cm, 
channel 3 a t  lS.2 cm, and channel 4 a t  22.8 cm. Figure 
7.10 is a display of the same results plotted as a 
function of plasma radius with time during the 
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discharge as a parameter. From this figure, increases 
in poloidal flux produced by a current ramp at  t = 40 
ms and neutral beam injection a t  t = 100 ms may be 
observed 

During the past year the submillimeter-wave, 
phase-modulated polarimeter on the ISX-B has been 
modified to provide better electron density and 
Faraday rotation measurements along four chords of 
the plasma column. This modification is the result of 
two major improvements t o  the laser and detection 
systems: (1) use of a hollow dielectric waveguide for 
beam transport to and from the tokamak and (2) 
modification of the electronics to  allow heterodyne 
detection of the Faraday rotation signals. The 
previous optics system utilized open-air transmission 
of the 0.393-mm-wavelength laser beams by a set of 
relay lenses. Loss of light intensity with this approach 
was IO4 to lo6 due to water vapor absorption during 
humid summer days and lens losses due to Fresnel 
reflection and material absorption. The waveguide 
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system uses hollow dielectric waveguides consisting 
of 2.54-cm-ID Plexiglas tubing. Water vapor 
absorption is eliminated by slightly pressurizing the 
waveguide with dry nitrogen. Upon entering the 
waveguide, the submillimeter laser beams assume an 
EHll high-order waveguide mode and are transmit- 
ted without the need for relay lenses to maintain a 
uniform beam size. Thin transparent pellicles of 
Mylar are used to seal the ends of the waveguide 
against the atmosphere. The transmission of this 
waveguide system is more than an order of magni- 
tude better than with the previous lens system, even 
under dry atmospheric conditions. 

The heterodyne detection system makes use of the 
reference interferometer laser beam as a local 
oscillator for a superheterodyne receiver system. The 
electron density variation is measured by comparing 
the phase of the carrier signal at the difference 
frequency between the source and reference laser; the 
system i s  illustrated in Fig. 7.11. The Faraday 
rotation signal appears as sidebands on this Same 
carrier signal and, when demodulated with a square- 
law detection circuit, yields a signal whose amplitude 
is proportional to the polarization rotation of the 
laser beam by the plasma. The results of an initial 
single-channel measurement using the heterodyne 
technique is shown in Fig. 7.12. 

Also by utilizing the heterodyne scheme, we have 
eliminated the need for the lossy polarizer grid in 
each channel of the interferometer-polarimeter 
system. These improvements have made possible 
routine measurements of electron density and 
Faraday rotation over any two chords of the plasma 
column. As before, operation is limited to two chords 
at  a t h e  due to a lack 04 detectors. Sufficient reserve 
laser power is now available to extend this system to 
five simultaneous channels when more detectors are 
obtained. 

During this past year, work has continued on a 
new polarization modulator for the Faraday rotation 
experiment. The present magneto-optic modulator, 
consisting of a ferrite disk in the center of a high- 
current coil, is limited to relatively low modulation 
frequencies (4 to 10 kHz) due to the high current 
required to drive the coil. Also, the ferrite is lossy 
(-30% transmission) at the polarimeter wavelength 
of 0.393 mm. The new modulator operates as an 
electro-optic device and uses an aligned L.iTaOs 
crystal. Rather than linearly oscillating the polark-  
tion proportional to the applied coil current, as with 
the ferrite modulator, the electro-optic modulator 
produces a phase difference between two orthogonal 
axes of the crystal proportional to an applied voltage. 
If the input-laser beam is properly aligned with the 
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crystal, the polarization of the beam is oscillated 
about the initial polarization direction, not linearly 
as with the ferrite, but in a periodic and predictable 
fashion. The functional dependence of the Faraday 
rotation signal produced by the plasma, using the 
L i T a 0 ~  modulator, is identical with that produced by 
the ferrite modulator, which simplifies the data 
analysis and makes the two modulators interchange- 
able. Also, the crystal presents only a small shunt 
capacitance (-25 pF) to a driving circuit, and very 
high modulation frequencies appear possible. When 
fully developed, this new modulator should be 
sufficiently fast to allow studies of magnetic 
fluctuations in tokamaks associated with MHD 
activity. 

-_ 
I .  D. P. Hutchinson, P. A. Staats, K.  L. Vander Sluis, and J .  

B. Wilgen, ORNL/TM-7015 (September 1979). 

PLASMA ION TEMPERATURE 
MEASUREMENT BY 

THOMSON SCATTERING 

C. H.  Ma 
K. L. Vander §his 

D. P. Hutchinson 
P. H. Staats 

The use of Thomson scattering ofa submillimeter 
laser beam as a diagnostic technique for the 
determination of plasma ion temperatures has been 
proposed. To provide a proper submillimeter laser 

source an unstable resonator was designed in 
conjunction with a large-volume beam expansion 
amplifier. Basic to this design is a high-power, 
tunable, pulsed, @ 0 2  laser needed to  optically pump 
the DlO molecules, which are the active media for the 
submillimeter resonator and amplifier. 

Subsequent evaluatiori of the output of this 
submillimeter source has provided the following 
conclusions, based on data derived from a Fabry- 
Perot interferometer and time studies of the wave 
forms recorded with a 0.5-ns resolution transient 
digitizer . 

The tunable, pulsed, COz laser will provide 60 J of 
narrow-frequency (FWHM < 20 MMz) pump energy 
in a 158-ns pulse. Furthermore, the operation of the 
laser is uncomplicated and reliable. 

Several general conclusions may also be drawn on 
the basis of our evaluations and analyses of the 
unstable resonator and beam-expanding amplifier 
high-power laser system. First, the oscillator was 
found to be very efficient and to have the proper 
frequency characteristics; however, the amplifier did 
not meet the requirements because the amplification 
of a Raman transition is power dependent, making 
the expansion of the beam and consequent reduction 
of power density counterproductive. Also, the far- 
field beam profile of an unstable resonator depends 
upon a diffractive recombination of the annular near- 
field beam. An optic (e.g., an amplifier) placed in the 
near field of the oscillator must meet surface and 
angle tolerances characteristic of an interferometer in 
order to permit proper recombination of diffracted 
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amplitudes and phases. This results in an unusually 
sensitive alignment requirement for the amplifier. 

A further deficiency of the tested diagnostic was 
due to the fact that the combined oscillator-amplifier 
system, consisting of the unstable resonator and 5 m 
of 6-h-diam amplifier, has inherent flaws in the 
frequency characteristic that make it unsuitable as a 
Thomson-scattering laser source. Although this 
system does produce the required power level, it 
suffers from superradiance because of the amplifier 
length. 

It appears that the length of a Ggh-power laser 
system needs to be made a secondary consideration. 
Since an oscillator is an excellent amplifier, a linear 

oscillator of sufficient length (3 to 5 m) would be a 
proper choice to produce a laser source of 1-MW 
power with an W H M  of 30 M W n .  The spurious 
multiple longitudinal modes anticipated with the use 
of a linear oscillator can be controlled by dispersive 
or absorptive methods. Further, our experience 
indicates that, with appropriate modifications, an 
injection-tuned, COZ, pump laser may be used to 
achieve the 200-as pulses. 

Based on information gained from the first series 
of experiments, additional design and development 
work are proceeding on the coherent light source as 
well as on other aspects of the Thomson-scattering 
diagnostic system. 



8. Accelerator-Based Atomic Physics 

INTRODUCTION 
P. D. Miller 

The period covered by this progress report has witnessed a number of 
significant developments within the Accelerator-Rased Atomic Physics Group. In the 
sections which follow, the details of some of these experiments may be found, but the 
highlights will be summarized here. The merged heavy-ion-electron beam experiment 
has been designed, constructed, and installed. Progress toward measuring a 
dielectronic recombination cross section will be described. An experiment has been 
done in collaboration with Bell Labs, Brookhaven, and the University of Aarhus to 
quantify the deviation from a projectile Z z  dependence of bare-ion stopping powers in 
a crystalline channel. The very puzzling result i s  that for the range of projectile Z and 
the projectile velocity chosen, the stopping power divided by Z2 is a constant. In 
another channeled-ion experiment the influence of ionic charge and mass on the 
transverse oscillation frequerncy in planar channels as a function of oscillation 
amplitude was investigated. The results showed a surprising sensitivity to the details of 
ionatom potentials assumed. The studies of resonant coherent excitation ofchanneied 
ions was continued, and new results utilizing planar channeling of one- and 
two-eleeetron ions will be presented. Multiple electron-loss cross-section studies for 
Fe4+ ions incident on a wide variety of gases were completed. In large molecules, 
evidence of shadowing for the loss of one electron was shown, and effects of multiple 
excitation in the case of manyelectron loss were demonstrated. 

Collaboration with universities and other divisions within ORNL has 
continued. The University of Tennessee continued its studies of convoy electrons by 
showing the possible influence of the second Born approximation in leading to 
asymmetries in the forwardejection spectrum of electrons by bare ions incident on gas 
targets. This experiment and others involving electron cusps will be described in the 
following sections. A new activity of the UT group in collaboration with Texas A&M 
University is concerned with the trapping and storage of recoil heavy ions formed by 
the collision of MeV heavy ions with a gas. These trapped recoil ions may then be used 
for very-low-enegy (eV) charge exchange studies. This activity was started using a 
grant from the ORNL Seed Money Committee. 

The group consisting of a collaboration between ORNLand NorthTexas State 
University has continued its studies of vacancy production mechanisms by 
investigating direct ionization of the M shell of heavy-atom targets and by investi- 
gating A4 electron transfer from heavy-atom targets to projectileK-shell vacancies. 

Since the period of the last annual report, the Enge split-pok magnetic 
spectrograph has been moved from the EN tandem to the Holifield Heavy-Ion 
Research Facility (HHIRF). To replace its capability, an Elbek spectrograph has been 
obtained from Los Alamos, Funding has been granted for the installation, pumping, 
camera modifications, power supply, and scattering chamber for this instrument. The 
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conceptual design studies for this project will be completed during 1981, and 
installation wil take place during 1981 and 1982. 

The first three atomic physics experiments have beenapproved by the Program 
Advisory Committee for the HHIRF. One of these is a collaborative experiment 
between Kansas State University and QRNL to investigate double Kelectron transfer 
from a titanium target to a high-energy bare projectile by means of detecting K 
hypersatellite lines from the target. The second approved experiment is an  
investigation, by the University of Tennessee group, of electron cusps at high velocities, 
and the third experiment is an investigation of beam foil bare-ion capture and 
excitation of hydrogenic ions of chlorine to the 2p and higher n,p states by carbon foils. 
This last proposed experiment is a collaboration between Murray State Univemity; 
Warwell, UK; and ORNL. 

MERGE ELECTRQN-HEAVY-ION BEAMS 
P. F. Dittner 
W. B. Dress 
P. D. Miller S. Datz 

C. D. Moak 
P. H. Stelson 

An apparatus to merge an ion beam from the 
ORNL EN tandem with a highdensity beam of 
electrons has been constructed. The first goal of this 
project is to study dielectronic recombination(DER) 
in a number of lighter ion species, for example, 

oxygen, chlorine, and silicon. A major goal is to 
obtain DER cross sections of heavier ions at charges 
and relative energies which would be of interest to 
those studying plasma energy-loss mechanisms. 

At present, the apparatus has been constructed 
and installed in the ORNL EN tandem on a dedicated 
ultrahigh-vacuum beam line. Figure 8.1 shows a 
schematic of the system. Our double-gridded, Pierce- 
type electron gun produces a space-charge-limited 
electron beam having a perveance (P = Z/ Y3’) of 
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10 A/(V)3’2. The waist of the focused electronbeam 
( D  - 3 mm) occurs about 6 mm downstream from the 
exit aperture of the gun anode. The electron beam is 
injected axially into a region having a constant axial 
magnetic field ( Bz) produced by a solenoid. The value 
of B, is adjusted such that Brillouin flow results; that 
is, the beam has a spatial distribution such that p = a 
constant ( I  d rmux) and p = 0 ( I  > r,,J and has a uni- 
form axial velocity and rotates as a solid cylinder 
about the axis with the Larmor frequency. The region 
over which the electron beam is so confined by B, is 
- 1  m long. After leaving the solenoid the beam ex- 
pands radially due to space charge repulsion and is 
collected on a water-cooled beam dump. The ion 
beam enters the electron beam region through an - ‘12-mm-diam hole in the cathode of the electron gun 
and travels along the electron beam axis. The relative 
velocity, vr, between the ions having velocity v, and 
the electrons having velocity ve can be varied byvary- 
ing either v, or ve and with greater than or less than 
v,ve. The ion beam emerging frorn the interaction 
region is then charge-state-analyzed by a deflecting 
magnet. The initial beam (charge = q) impinges on a 
Faraday cup, and those ions that have captured an 
electron (charge = q -- 1) strike a solid-state detector 
and are subsequently counted. 

Several experiments have been performed with 
ion beams of 32-MeV Os+, 45-MeV Cl”, and 28-MeV 
Si4+ and electrons of the appropriate energy to 
provide a resonant relative energy for DER. For 
these ion beams (initial charge q-k) the fraction of 
(q  - I )+  ions, which mask the ‘6real”signal, has been 
larger than could be explained by charge capture 
from the background gas density (as determined from 
various gage readings and a residual gas analyzer). 
However, a DER signal should have been observable 
for reasonable theoretical estimates of the cross 
sections. 

As an example of the operating parameters of the 
experiment, consider the case of 45-MeV C1”, a 
neon-like ion. The series limit for the transition 
C17+(2p6) + e - C16+(2p53dnl) occurs for an electron 
energy (E,) relative to the C17+ of 247 eV. Thus, for 
45-MeV C17+ ions, the two resonant laboratory 
electron energies are 1787 and 118 eV. For the 
1787-eV case, giving a higher electron density, the 
electron current is 80 mA. The electron density would 
be 3.5 X lo9 electrons/cm3 under a Brillouin flow 
condition. For an estimated cross section of 1.3 X 

cm’ (calculated assuming that the FWHM of 
E, - 1 eV), the probability of an incident CI’” 
changing to C16+, in a low enough n state to survive 

passage through the charge-state analyiing magnet 
without being Stark stripped, is -2 X 

The background capture event rates per incident 
C17’ are 6 X lo-’ with the electron gun off and 18 X 

with the electron gun on. In  this experiment the 
electron beam energy was swept over a 100-V range 
centered about the resonance corresponding to a 
40-V range in relative energies. Under the assumed 
conditions of the experiment, a recombination 
probability ofO.1 X lo-’ would have been observable 
(Le., -0.1 of the value estimated from the calculated 
cross section). However, no signal was seen within 
this limit. Similarly, no resonance was observed for 
beams of 0” and Si4+. The possible reasons for the 
lack of observation of resonant DER include: 

1. An anomalously low electron density in the region 
of space occupied by the ion beam. 

2. A very much larger velocity spread of the electron 
beam than would be expected under Brillouin 
flow conditions, 

3. The cross section is significantly less than 

At present we are conducting theoretical and 
experimental studies related to possible sources of 
additional velocity spread of the electron beam. 

expected theoretically. 

CHARGE-STATE DEPENDENCE OF 
CHANNELED-ION ENERGY LOSS 

J. A. Golovchenko’ C. E. Thorn2 
A. N. Goland’ r-I. E. Wegner’ 
J. S. Rosner2 H. Knudsen3 

C. D. Moak 

The charge-state dependence of channeled-ion 
energy loss has been determined for a series of ions 
ranging from fluorine to chlorine along the ( I  IO) 
direction in a silicon crystal. Energy losses for both 
bare ions and ions partially clothed with bound 
electrons at  E/ A E 3 MeV/ amu have been measured. 
The energy loss rate for bare ions foliows a strict Z? 
scaling. The clothed-ion energy losses appear to 
demonstrate screening effects that agree qualitatively 
with simple estimates. 

Theoretical analysis by Ashley, Ritchie, and 
Brandt4 indicated that stopping powers would be 
expected to show departure from a strict 2’ scaling, 
an effect first observed by Barkas, Dyer, and 
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Heckman.' Lindhard has pointed out that higher- 
order correlations for stopping power must include 
not only the Z ?  term but also a Z: term of comparable 
size (known as the Bloch term6).' Recent reports for 
protons, alpha particles, and lithium ions indicate the 
presence of both Z: and terms in the stopping 
power.8 

We have measured the stopping powers of bare 
ions in the range 9 < 21 < 17 in crystal channels of 
silicon. It was expected that the Z: and & terms 
would be large. The results are shown in Fig. 8.2, and 
it appears that no higher-order effects occur. 
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A theoretical extension of the Bloch term to our 
range of nuclear charge shows that (see Fig. 8.3) the 
term exhibits a Z: behavior at low ZI, but the term 
becomes almost exactly a 2: term in the range 
9 < Z, < 17. Calculations of both Z: and z": terms for 
our cases for extreme limits of assumed crystal 
electron density are compared with the data in 
Fig. 8.4. The possibility exists that, for channeled 
particles in this range of 21, a cancellation occurs 
between the Z :  and Zt terms. 

Experiments with clothed ions indicate that dis- 
continuities in stopping power occur when changing 

WITH BLOC? TERM 
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- 
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Fig. 8.4. --ion experimental results compared with e& 
mate including Bloch comction and/ or polarization term. 

from ions having only K-shell electrons and ions 
having three or more electrons. 

I .  Bell Laboratories, Murray Hill, N.J. 
2. Brookhaven National Laboratory, Upton, N.Y. 
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SINGLE AND MULTIPLE ELECTRON-LOSS 
CROSS-SECTION MEASUREMENTS 

G .  D. Alton P. D. Miller 
L. B. Bridwell’ C. M. Jones 
M. Lucas’ Q. C. KesseP’ 
C. D. Moak A. A. Antar3 

M. D. Brown4 

Experimental studies of projectile-ekctron- 
loss processes resulting from interactions between 
20-MeV Fe4+ and a variety of gaseous targets have 
been continued. The principal emphasis was placed 
on molecular-target effects with the objective of 
delineation of differences in electron-loss processes of 
atomic and molecular targets. Studies were con- 
ducted with a variety of targets including He, Ne, Ar, 
Kr, Xe, H2, N2, 0 2 ,  CH4, CQ, CHF3,CF4,and SF6. 
The experimental arrangement was identical ta that 
used in similiar studies previously 
Several interesting target- and projectile-related 
effects were observed during these investigations. 

Shell effects, attributable to changes in the 
binding energy of projectile electrons prior to and 
following the argon-like electronic configuration, 
were observed in the electron-loss cross-section data 
for noble-gas targets. This effect, illustrated in 
Fig. 8.5, is characterized by a change in shape of 
electron-loss cross section vs final projectile charge 
state q on either side of q = 8, which corresponds to 
the argon-like configuration of the projectile. 

Electron-loss cross sections vs target atomic 
number obtained from a noble-gas target indicate a 
slight decrease in cross sections between ZZ = 18 and 
ZZ = 54. This effect, previously observed for other 
projectile-noble-gas target combinations,” is be- 
lieved to be attributable to differences in the 
polarizabilities of targets in this region. The data 
shown in Fig. 8.6 illustrate this phenomenon. 

“Nonadditivity“ and “density” effects both play 
roles in projectile-electron-loss processes during 
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Fig. 8-5. Ektron-bsa cxoss wtion vs final projectile c h g e  
state produced in He, Ne, Ar, Kr, and X t  targets. The data have 
been plotted on a linear scale in order to illustrate the change in 
shape of the cross section vs projectile final charge-state curves at 
q = 8. The changes are attributable to the increase in binding 
energies between the 3d and 3p subshells and illustrate a so-called 
“shell effect.” 
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interactions between high-energy multielectron pro- 
jectile and gaseous molecular target as evidenced by 
the data shown in Fig. 8.7. A plot of electron-loss 
cross section per atom vs final projectile charge state 
indicates that the molecular targets COz, CF4, and 
SFs are not as effective .as neon for producing 
projectile charge states q > 8, while they are more 
effective €or producing charge statesq>8, and allare 
approximately equal at  q = 8. Thus these data reflect 
“nonadditivity”effects for 4 < 8 and “density”effects 
for q > 8. “Nonadditivity”refers to the case where the 
total electron-loss cross section per molecule is less 
than the sum of the cross sections for the individual 
constituents. This effect is attributable to shadowing 
of individual atoms by other atoms or groups of 
atoms during the interaction. The “density” effect 
occurs because the projectile can undergo multiple 
collisions during passage through a molecular target. 
Such high-frequency collisions can lead to enhanced 
electron loss over that which would result from the 
summation of individual cross sections of the 
constituents for a particular loss process. 

OR%-OW6 794655111 
40- - I I 1 1 I ,  - - - 

20 M@V F c + ~  
Q Ne 
A COe 
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q 

Fu. 8.7. CQmpariPon of tb ekctroll-loes cross sections p ~ r  
atoar data produced in C@, CFh and SFS with those p r o d d  in 
neon .s a function of fitrpl projectile charge state. The data 
illustrate a “nonadditivity effect* observed in molecular gases for 
charge states q < 8 and a “density effect” for charge states y > 8 

A prescription of what is termed the mean atomic 
number which the target appears to possess during 
interactions with molecular targets, leading to single- 
electron loss, has also been deduced. The formula 
is 

Z2/n = Zz, /n2 , (1) 

where n is the number of atoms in the molecule. A 
plot of singleelectron-loss cross sections vs the mean 
atomic number per atom calculated from expression 
(1) is shown in Fig. 8.8. We note that all measured 
molecular target data increase monotonically with z,/ n and fall along a cuwe which passes through the 
noble-gas data. The solid line in Fig. 8.8 represents 
cross-section values calculated from a modified Bohr 

I .  Murray State University, Murray, Ky. 
2. University of Sussex, Sussex, Bright on, England. 
3. Univemity of Connecticut, Storrs, Conn. 
4. Naval Surface Weapons, White Oak, Silver Spring, Md. 
5 Phys. Div. Annu. Prog. Rep. Ilec. 31. 1978. QRNL- 
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6. C. D. Moak, L. B. Bridwell, H. A. Scott,G. D. Alton,C. M. 

Jones, P. D. Miller, R. 0. Sayer, Q. C. Kesse1,and A. Antar, Nucl. 
Instnrm. Merho& 150, 529 (1978). 

7. H. Knudsen, C. D. Moak, C.M. Jones, P. D. Miller, R.O. 
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FORWARD EJECTED 
ELECTRON SPECTROSCOPY 

I. A. Sellin' R. Marrus6 
M. Breinig' R. Laubert' 
S. B. Elston' 
L. Liljeby3 M. Suter* 
R. S. Thoe4 S. Huldt2 
C. R. Vane' S. Datz' 
H. Could6 S. Overburyg 

M. M. %hue?  

An experiment was performed to make initial 
tests of a possible second Born term as the source of 
asymmetry in forward electron ejection by fast bare 
nuclei. The shapes of continuum capture cusps 
arising from ejection of target electrons by 15- to 
18-a.u. Ar'*+ nuclei transversing He, Ne, and Ar were 
investigated. Observed asymmetries were then 
compared with the second-Born-term asymmetry 
conjecture by Shakeshaft and Spruch" and with the 
alternative first-Born-term asymmetry counter- 
conjecture by Chan and Eichler." Present evidence 
favors the former conjecture, as shown in Fig. 8.9. 

In a second experiment the velocity dependence 
of the widths of electron-loss cusps in the range 7 to 
12.5 a.u. was investigated. For Siq+, OQ+, and Cq' 
projectiles traversing He, Ne, and Ar targets in the 
velocity range 7 to 12.5 a.u., the FWHM was found to 
be independent of the ion velocity. These results 
disagree with theoretical predictions predating those 
of Day" and restrict the velocity dependence of the 
anisotropy parameter p in Day's theory. 

In a third experiment, the spectrum and yield for 
convoy electrons produced by 1- to 8.5-MeV/u Cq", 
04+, and Ni" ions traversing equilibrium-thickness 
polycrystalline C, Al, Ag, and Au targets, and (I  10) 
and (100) axial channels in thin gold monocrystals, 
were measured. By studying convoy electron produc- 
tion in coincidence with emergent ions ofcharge state 
qe, it was found that the yield integrated over electron 
velocity for channeled ions depends strongly on qer 
but the shape was found to be independent of q., v 
and target material. For polycrystalline and 
randomly oriented monocrystalline targets, the yield 
was found to be independent of emergent ion charge 
state 4.. The data suggest that convoy electron 
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Fig. 3.9. Comparison of the central portion of ECC cusps 
obtained for 18.1-a.u. Ar"' on He dah the overlaid convoluted 
line shapea read from ref. 10 (A)  and ref. 11  (D).  The respective 
best-fit theoretical shapes ( B )  and ( E ) ,  when convoluted with the 
measured apparatus function (cuwe N), produce fits ( A )  and (D) .  
A narrower more symmetric ECC spectrum for 8.5-MeV/u Ar"' 
on He is shown in ( G ) .  Curves ( C )  and ( F )  display ten-channel 
moving averages of the corresponding deviation spectra 
(y, - ynr vs i). 

production is a bulk process and that convoy 
production is initiated by capture events requiring a 
close approach to lattice sites (within about 0.65 A for 
gold). The similarity of the convoy spectra to 
analogous spectra observed for projectile electron 
loss in gases suggests that subsequent electron-loss 
collisions determine the basic shape of the convoy 
spectrum, which is then modified by electron scatter- 
ing out of the forward direction in such a way as to 
yield a skew toward high electron energy. 

I .  Part-time employee from the University of Tennessee, 
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STORED HIGHLY IONIZED 
PARTICLE SPECTROSCOPY (SHIPS) 
S. L. A. Huldt' 
S.  D. Berry' 
M. Breinig' R. M. Holmes' 
W. S. Burns' 
D. A. Church' 

S.  B. Elston3 
C .  A. Glass' 

R. A. Kennefick2 
1. A. Sellin3 

The preliminary goal for this project is to confine 
slow (-10 eV), multiply charged ions in a volume 
(-1 cm3) for times limited only by charge-changing 
collisions with the residual gas atoms. Ions are 
produced in the center ofa trap in collisions between 
a target gas and a beam of highly stripped projectiles 
with energy of -1 MeV/ u. The trap is of the Penning 
type, which utilizes a combination of magnetic and 
electrostatic fields. The motion of the trapped ions is 
characterized by three distinct frequencies related to 
the trap parameters and to the charge-to-mass ratio 
of the ions. These frequencies are utilized both for the 
detection of ions and for selectively expelling one or 
more unwanted constituents by exciting the trap at a 
corresponding frequency. 

In a run during April 1981, neongas with pressure 
in the range IO-' Torr was ionized by a 30-MeV 
chlorine beam traversing the trap along the direction 
of the magnetic field. Peaks in the trap frequency 
spectrum corresponding to Neqt, q = 2, 3,4, and 5 ,  
were identified, and the confinement time as a func- 
tion of gas pressure was measured. These results are 
shown in Fig. 8.10. The times ranged from -50 to 
-8W ms and indicated that, in spite of the crude 
electrode geometry of the present trap, the escape 
mechanisms due to imperfections in the field con- 
figuration are of little significance on this time 
scale. 

Efforts are being directed toward further develop- 
ing the ion detection scheme and toward including 
provisions to momentarily increase the gas pressure 
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Fig. 8.10. Power absorption spectrum ofa trappcd population 
of Nezo (91% natural abundance) and Nez2 (9%). 

by letting a "gas puff" into the trap with a duration 
much shorter than typical confinement times. 

1. University of Tennessee, Knoxville. 
2. Texas A&M University, College Station. 
3. Part-time employee from the University of Tennessee, 

Knoxville. 

RESONANT COHERENT EXCITATION 
OF CHANNELED IONS 

C. D. Moak 
J. A. Biggerstaff P. Hvelplund' 
8. €I. Crawford' H. Knudsen' 
P. F. Dittner H. F. Krause' 
S. Datz' P. D. Miller 

J. Gomez del Campo 

S .  N. Overbury' 

Hydrogenic ions of B, C, N, 0, and Fand helium- 
like ions of N, 0, and F have been shown to exhibit 
resonant coherent excitation from thek n = I to their 
n = 2 states caused by periodic electric potential 
oscillations which occur as the ion moves through 
axial or planar channels of a thincrystal of gold.3 The 
resonance velocities of the ions exhibit shifts and 
splittings which are the result of the crystal fields 
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acting upon the one- or two-electron ions. Compar- 
hons with theoxgr show fairly good agreement except 
for certain weak resonances which do not appear or 
appear at unexpected values of the resonance 
~e loc i ty .~  For the case of planar channeling, 
resonances can be tuned both by velocity variation 
and by variation of the planar channel ge~rnetry.~ 
Two identical geometries with trajectory path lengths 
which differ by 41% were used for the data in 
Figs. 8.11 and 8.12. The increase of path length did 

0.58 

0.54 

?? 

0.50 .- i 
0.46 t 

not strengthen the resonances but only produced a 
slight increase in resonance width, and the conclusion 
is that the thin-side path length is enough to produce 
the maximum effect and that particles passing 
through additional path length have lost too much 

I 

energy to remain in resonance. 
In Fig. 8.13, planar resonances appear for both 

hydrogenic ions and helium-like ions. The input ions 
were all helium-like; the figure demonstrates that an 
ion can change charge in the crystal and then undergo 
resonant coherent excitation. 
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Fig. 1.12. (110) planar momncee of O'* in gold. Path length 
2014 A 1 0 . 3 O  from (100). 
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Fig. 8.13. Oxygen $+ ions on gold 98" from 100 axis in 

100 plane (tilt an@ = P). 



237 

The process of "planar tipping" has been used to 
gradually eliminate ion trajectories of small trans- 
verse amplitude and cause extinction of the 
resonances. The data shown in Figs. 8.13 to 8.15 
indicate that different parts of the resonance profile 
do not come from different trajectories, since noshift 
or shape change occurs as the crystal tilt is 
increased. 

1. Chemistry Division. 
2. Aarhus University, Dept. of Physics, DK-8000, Aarhus C, 

Denmark. 
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INTERPLANAR POTENTIALS DERIVED 
FROM TRANSVERSE OSCILLATIONS 

OF 3.S-MeV/amu HELIUM AND LITHIUM 
NUCLEI IN PLANAR CHANNELS OF SILICON 

C. D. Moak S .  Datz' 
J. Gomez del Campo 
J. A. Biggerstaff 

P. F. Dittner 
H. F. Krause' 

P. D. Miller 

Transverse oscillations of ions moving in the 
planar channels of a crystal give information about 
their stopping powers vs amplitude of oscillation and 
about the restoring forces operating on the ions. In a 
previous paper, M. T. Robinson analyzed data on 
3-MeV alpha particles, IO-MeV oxygen ions, and 
15- to 60-MeV iodine ions in crystals of gold; at  these 
energies, the effective charges of the ions were 
unknown and had to be inferred by analysis of the 
channeling data.2 In this study we have used light ions 
a t  high enough energy to  assure that each ion is a bare 
nucleus. Ions of 'He, 4He, Li, and 'Li at  
3.5 MeV/amu have been used to give both a change 
of charge and change of charge-to-mass ratio. 
Robinson's analysis has been recast, since in this case 
the ions' effective charges are known. A new 
procedure has been utilized to examine how well 
various approximations for interplanar potentials 
can be made to fit the data. 

Figure 8.16 illustrates the selection of energy-loss 
groups according to angle of emergence ofchanneled 
particles, and Fig. 8.17 shows that as the crystal is 
rotated for increased path length, the geometry 
selects particles of longer oscillation wavelength and 
smaller energy loss. The data in Fig. 8.18 show the 
variation of stopping power in various groups as path 

6 

length is increased; the upper part of the figure shows 
the result of computer analysis to  give unambiguous 
identification of the various loss groups. 
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Fig. 8.17. Shifts of planar channel energy-bss groups ~8 
crystal thickness. 
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Fig. 8.16. Sckction of ener@ms groups according to angle of emergence of channeled particles. 
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The results demonstrate that planar channeling 
energy-loss groups provide a very sensitive test of the 
form and size of the interplanar potentials, provided 
that the particles are totally stripped of electrons. 
Almost all of the data indicate that, as expected, 
different isotopes behave identically in planar 
channeling oscillations [Le,, v ~ ( r n ~ ) l ’  = v s ( m ~ ) ” ~ ,  
where v is the oscillation frequency and m the ion 
mass]. The data prove that the Moliere potential, as it 
is commonly used, does not fit t he correct form or size 

- of the real interplanar potentials in silicon. In 
contrast, the Hartree-Fock potential provides an 

accurate fit to the data. The absence of any dif- 
ferences between helium and lithium indicates that, 
within the experimental errors, both nuclei behave as 
good test charges for the crystalline potentials in 
silicon. 

I .  Chemistry Division. 
2. M. T. Robinson, fhys. Rev. B4, 1461 (1971). 

Y 
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G AND M-SMELL VACANCY PR 
BY DIRECT IBNHZATIQN AND ELECTRON 
CAPTURE TO THE PROJECTILE K SHELL 

F. D. McDaniel' P. D, Miller 
R. 6.  Abridge' R. S. ~ e t e r s o n ~  
M. C. Andrews' A. Ramyya' 
F. Breyer' P. v. b o 4  
J. L. Duggan' L. Rayburn5 
A. Hamdi' Y. P. Sangsingkeow' 
R. Mehta' A. Zander6 

During the past two years we have made a great 
deal of progress in our study of inner-shell ionization 
in ion-atom collisions. We have determined the 
projectile charge-state dependence of inner-shell 
ionization for G7 and M-shell* ionizations by 
measuring both the direct ionization (DI) and 
electron capture (EC) contributions for selected 
collision systems. Previously, it was thought that 
inner-sbell ionization depended on the nuclear charge 
of the ion and was independent of the number of 
electrons the ion possessed. Earlier measurements by 
the present authors9 and others" showed that the 
number of electrons on the ion was very important 
primarily due to EG mechanism from the target 
atom to the high-velocity ion. These EC transitions 
were possible only if inner-shell vacancies existed on 
the ion a t  the time of the collision. In fact, for some 
collision systems, the EC mechanism can be 
dominant over the DI mechanism for producing 
inner-shell vacancies. 

The DI measurements have been compared with 
perturbed stationary-state calculations recently pre- 
sented by the present authors." We have just 
published an extensive comparison of our EC cal- 
culations in the perturbed stationary-state approxi- 
mation with binding and Coulomb deflection to  all of 
the available EC data in the literature for the Kshell 
for fully stripped ions.'* These EC calculations have 
provided very good agreement with other data in the 
literature as well as our own data for projectile atomic 
number (21) to target atomic number(%) ratios G . 5  
for low ( t ~  intermediate projectile energies. Beyond 
Z , /  Zz 0 3  the calculations and rncasurements begin 
to  diverge for the K shell. 

Figures 8.19 and 8.20 show the EC results 
obtained for the L shed for ';F and ::Si ions, 
respectively, incident on d d d ,  67H0, and WAU targets. 
The dashed curve represents the Oppenheipner- 
Brinkman-Kramers calculations of Nikolaev,' while 
the solid curve shows the present perturbed 
stationary-state calculations.* 
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Fie. 8.19. Ekctron capture mulb for the LskU for ?F ions 
incident on %d, 6'Ho end 19Au targets 

We are attempting to extend these measurements 
to larger Z l / Z z  ratios and to higher velocities to 
further test these theoretical approaches to inner- 
shell ionization. 

I .  North Texas State University, Denton. 
2. Vanderbilt University, Nashville, I'cnn. 
3. University of Tennessee at Chattanooga. 
4. Emory University, Atlanta, Ga. 
5. University of Texas at Arlington. 
6. &st Texas State University, Commerce. 
7. F. D.  McDaniel, A. Toten, R. S. Peterson, J. L. Duggan, 

S. R. Wilson, J. D. Gressett, P. D. Miller, and G. Lapicki, Phys. 
Rev. A 19, 1517 (1979). 

8. R. Mehta, J. L. Duggan, F. D.  McDaniel, M. C. Andrews, 
R. M. Wheeler, R. P. Chaturuedi, P. D. Miller, and G .  Lapicki, 
IEEE Trans. Nucl. Sci. NS-28, 11122 (1981). 

9. P. D. McDaniel, J .  L. Duggan, G. Basbas, P. D. Miller,and 
G. Lapicki, Phys. Rev. A 16, 1375 (1977). 

10. T. J .  Gray, P. Richard, C .  Gealy, and J. Newcomb, Phys. 
Rev. A 19. 1424 (1979). 

I I. R. Rice, G .  Basbas, and F. D. McDaniel, At. Dura Nucl. 
Data Tables 20, 503 (1977). 

12. G. Lapicki and F. D. McDaniel, phys. Rev. A 22, 18% 

13. V. S. Nikolaev, Zh. Eksp. Teor. Fiz. 5l,1263(1966)[Sov. 
(1980). 

Phys.-JETP 24, 847 (1967)J. 
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cwL-ouG- is not violated. The process can be described by the 
following reaction: 

Fk. 8.20. Electron captun results for the L-shell for :$Si ions 
incident on *%d, 67Ho and "Au targets. 

STUDIES OF W E  LIFETIME, 
PHOTODETACHMENT, AND COLLISfONAL 

DETACHMENT OF He- 

G. ID. Alton R. N. Compton' 
D. J. Peg$ 

A rather comprehensive research effort has been 
initiated which is designed to study auto-, photo-, and 
collisional-detachment processes involving interac- 
tions with He-. These investigations were initially 
motivated by a controversy between e ~ p e r i m e n t ~ ~  
and theory7 over the possibility of a long-lived 
doublet state of He-. The required mechanism for 
production of the doublet He-state is through single- 
event collisional processes in which two electrons are 
transferred to an energetic He' ion from an electron 
donor such as an alkali or alkaline-earth metal. 
Doublet He- is expected to be produced predomi- 
nately in single collisions between He' and an 
exchange vapor provided that multiple collisional 
processes are negligible and that the Wigner spin rule 

(1) He' + X - He- + X" . 

While experimental results3-6 suggest the possibility 
of reaction ( I ) ,  they are in direct conflict with the 
theoretical results of ref. 7. 

The use of an alkaline-earth metal (Ca? exchange 
vapor is rautinely used for the production of He- at 
ORNL, and therefore this particular experiment, 
which involved use of the negative-ion injector for the 
6-MV tandem accelerator, was particularly suited for 
existing facilities. The negative-ion source used was a 
duoplasmatron charge exchange source which 
utilizes a Ca' vapor exchange ceu. The experimental 
apparatus used for lifetime determinations is 
illustrated schematically in Fig. 8.21. The auto- 
detachment lifetime is determined by measuring the 
ratio of the electron current collected on a 26-cm- 
long, positively biased plate to the He- current 
arriving at  the Faraday cup. The ion transit time 
across the parallel plate arrangement is varid by 
changing the ion beam energy. The range of energies 
used spans the energy region from 40 to 1 0  keV. In 
order to eliminate background electrons resulting 
from interactions with the residual gas (PO e 1 X lo-' 
Torr), measurements were made as a function of Nz 
pressure. The extrapolated ordinate intercept at zero 
pressure was then used to determine the lifetime of 
He-. The results of these measurements are shown in 
Table 8.1 along with other reported values. The 
results of these measurements are in good agreement 
with the lifetime of the known (Is2s2p)4Po state, 
which has been shown to be produced in sequential 
collisions. 

TaMc 6.1. Mtasuted lifetima of He- 

Source of He Lifetime (ps) Reference 

Me' -t He 18.2 I 1  
9:; 12 He' -k N1 

HC' + K 11 .5+5 ,3453-90  
He" f K 10 k 2, 16 -t 4, 500 ? 200 

10.5 ? 2 Present He' + Ca 

13 
14 

The experimental apparatus shown in Fig. 8.21 is 
compatible without modification for the determina- 
tion of He- photodetachment cross sections, and 
therefore little effort was required to initiate these 
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Fig. 8.21. Exprimentat apparatus. Not shown are the flash-lamp-pumped dye laser, optical multichannel analyax, and photodiode. 
The autodetached electron energies were determined with a double-focusing electronstatic energy analyzer inserted in place of the parallel- 
plate detector. 

experiments. The mechanism of He- production was 
via the two-step collisional process 

He’ + X - He(ls2s)’S i- X’ , 

H c ( l ~ 2 s ) ~ S  -k X - He-(ls2~2p)~P + X’ , 
where X is the exchange vapor (Ca’). The negative- 
ion source used in these experiments was also the 
duoplasmatron<harge exchange source with a Cao 
vapor exchange cell. 

1 .Q A) was 
used in a crossed-beam configuration to produce 
photodetached electrons from an He- ion beam 
which were detected in a channel electron multiplier 
as shown in Fig. 8.21. The range of photon energies 
employed (in these experiments, 1.77 to  2.5 eV) was 
sufficient to detach either of the 2s or 2p electrons 
which are bound by 1.22 and 0.077 eV, respectively, 
and therefore detachment into either continuum 
He(%) or He(’P) f e is possible. Typical ion currents 
of IO-’ to A of mornentum-analyzed He- were 
focused through a collimation system into a Faraday 
cup by means of an einzel lens. The photodetached 
electrons, produced during interactions between the 
photon and He- beams, were swept into a channel 
electron multiplier by applying a negative potential to 
the bottom parallel plate. Background problems were 

A flash lamp tunable dye laser (AA 

essentially eliminated by gating a boxcar signal 
averager during the firing of the laser. Absolute 
photodetachment cross sections were determined by 
calibration of the data with known cross sections for 
0- having reported accuracies of +3%. Beams of He- 
and 0- were alternately introduced into the 
experimental arrangement, and the S(He-) and S(O-) 
dectron signals were measured, Cross sections for 
He- were then determined from the following simple 
relation: 

where I(We-) and I(O-) are the beam intensities of 0- 
and He-, respectively, and V H ~ -  and vu- are the 
respective velocities of the two species. The results of 
these measurements, reported in ref. 9 and shown in 
Fig. 8.22, are the first photodetachment measure- 
ments made over an extensive photon energy range 
(1.77 to 2.5 eV). 

In addition to the previously reported experi- 
mental results, studies have been impleniented to 
investigate the energies associated with the auto- 
ejected electrons as well as to study collisional-ejected 
(‘4cuspi’) electron phenomena. For these experiments 
the parallel plate arrangement was replaced with 
a high-resolution spherical-sector analyzer (not 
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plotted against photon energy. 

shown). The autoionizing state for He- was found to 
agree within experimental error to  that associated 
with the He- (ls2~2p)~P electronic configuration. No 
other energy levels were detected indicating the 
existence of a single He- metastable state. A 
significant group of electrons with energies cor- 
responding to the velocity of the ion beam was 
observed in addition to the autodetached electrons at  
19.74 eV. Some of these electrons are undoubtedly 
due to photodetachment by background black-body 
radiation as well as collisionally produced. The 
number of such photoejected electrons can be 
calculated from known photodetachment cross 
sections. Calculations indicate that a significant 
number of this group of electrons may be attributed 
to background radiation. Experiments are being 
planned to determine the mechanisms responsible for 
these electrons. As well, further photo- and colli- 
sional-detachment experiments are in progress 
involving He- and other ions. 
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EN TANDEM OPERATIONS 

TO APRIL 1981) 
(COVERING PERIOD-JANUARY 1979 

6. F. Wells P. D. Miller 

The period covered by this report marked the 
conclusion of the era during which the EN tandem 
was operated primarily as a nuclear physics facility 
and marked the commencement of the era of its 
operation as a primarily atomic physics facility. In 
Table 8.2, for example, the first activity, Heavy-Ion 
Reaction Studies, was concluded during 1979, 
whereas the second activity, Merged Electron- 
Heavy-Ion Beams, was not started until 1980. During 
this period 5002 operating hours were provided to the 
experimental groups. A major “down period” was 
experienced in July-August 1980 to  replace the 
accelerator main tubes. Considerable time was spent 
conditioning the new tubes before satisfactory 6-MV 
operation was achieved. During 1979 the Enge 
spectrometer magnet was removed from the 
EN tandem experimental area and reinstalled at the 
Holifield Heavy-Ion Research Facility. Conceptual 
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Table 8.2. Renearch activities on thc tandem 
Van de etraaiT accelerator 

(January 1979 through April -XI, 1981) -_ I I._.._ 

Approximate 

utilized beam time 
Type Investigators percent of 

- _____ 

Heavy-Ion Reaction Studies Ford, Shapira, Bomar,” Dacal,’ Ortiz,b 18.6 

Merged Electron -Heavy-Ion Beams Dittner, Dress, Moak, Miller, Datz,‘ 16.9 
Heavy-Ion Vacancy Production McDaniel,d Duggan,d Miller, Zander: 15.5 
Hydrogcn Depth Profiling Moak, Miller, Sellschop: Tsongj 10.5 
Forward Ejected Electrons and Trapped, 10.3 

Gomez del Campo 

SeUin; Peg: Thoe,h Elston: Glass,’ 
Breinig,’ Berry,’ Schauev,‘ Holmes,’ 
Rozet,’ Liljeby,’ Latz,‘ 

Slow, Highly Charged Heavy Ions 

Gas Jet Development Ford, Shapira, Park,’ Thorntorr‘ 8.6 
Radiation Damage Studies Appleton,” Noggle’ 8.2 

5.7 
Carbon Foil Lifetimes Bair, Jones, Stelson 3.6 
(p,n) Reaction Yields Leading to Positron &air, Miller 0.8 

HHlRF Buncher Prototype Development Milner, Ziegler 0.5 
Radiation-Induced Creep Reiley,“ Cook“ 0.4 
X-Ray Satellites for the Study of Chemical 0.4 

Radiative Electron Capture in Diamond Moak, Lucas,’ Bridwell,” Miller, Sellschop‘ 

Emit ters 

Vane, McDanie1,d Rarnan, Kim, O’Kelly,’ 
Environment Young,” Hulett” 

-___ 
“Vanderbilt University, Nashville, Tenn. 
’University of Mexico, Mexico City. 
‘Chemistry Division. 
%North Texas State University, Denton. 
‘University of Witwatersrands, Johannesburg, S. Africa. 
’Pennsylvania State University, University Park. 
gPart-time employee from the University of Tennessee, Knoxville. 
kawrencc Livermore Laboratory, Livermore, Calif. 
’University of Tennessee, Knoxville. 
’University of Virginia, Charlottesville. 
‘Solid State Division. 
’University of Sussex, Sussex, England. 
“Murray State University, Murray, Ky. 
“Metals and Ceramics Drvision. 
“Analytical Chemistry Division. 

design engineering has been completed for the Low-Mass Target Room experimental area. This 
installation of an Elbek spectrometer magnet in area serves the merged electron-heavy-ion beams 
its place. experiment. A cryogenic pump and associated 

Improvement of the beam lines and their vacuum copper-seal beam line has also been installed at  the 
cleanliness has continued with the completion of a output of the 90’ binding magnet in the Shielded- 
cryogenic-pumped, copper-seal beam line from the Target Room experimental area, which serves the 
main analyzingmagnet tothe switching magnet in the rest of the experiments on the accelerator. 
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Due to the long lead time required in executinga 
high-energy experiment, several experiments of a 
diverse nature were being worked on during the past 
year. Work was completed on the interaction of r'd 
at 15 GeV/c in collaboration with Florida State 
University. Papers published were on multipion 
production, neutral three-pion resonance formation, 
and on the investigation of higher-mass even-G parity 
states. 

This last publication presented evidence, to more 
than 4'12 standard deviation significance, for the 
existence of two previously unreported broad dipion 
states with masses in excess of that of the g (1 700). In 
addition to the fit of the dipion mass spectrum to a 
Breit-Wigner shape with a smooth polynomial 
background, our evidence for the existence for these 
higher-mass states was augmented by the fact that 
they were virtually mandated by the previously 
determined branching ratio for the $decay into r'rr- 
relative to r+r-roro. That is to say, that without 
higher-mass states and with the assumption of a 
smooth background, our derived branching ratio, as 
well as the mass and width of the go, would not be 
reconciled with previous experiments. Analysis of the 
reaction .rr'd-ppprr+r-(MM) also suggested that the 
go meson may have nonzero branching ratios into 
~(550)tr 'r-  and into 77'(958)7r'n-. Since publication 
of this work, a high-statistics study of the reaction 
rip - K + K-n at62 GeV/c Ir momentum4 has also 
found evidence for two, probably I" = I + ,  states 
beyond the g, with masses and widths substantially 
equivalent to the values deduced in our paper. 

Another conventional bubble chamber experi- 
ment done in collaboration with MIT and Tohoku 
University concerns the r p  interactions at  8 GeV] c. 
This film represents the largest single data sample 
of medium-energy r-p interactions in existence 
(-800,000 events). Results relating to the decay 
modes of the charged g { 1700) meson are d iscussed in 

9. High-Energy Physics 
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detail later. Study of the reaction r-p - r p r ' r -  at 8 
GeV/c shows that it is dominated by p o l y ,  and A" 
production, much of which is a product of the decays 
of A I ,  A3 ,  and P (1470) resonances. Considerable 
double-resonance production [poAo, P A o ,  p o p  
(1520)j and poN* (1698) have also been isolated and 
analyzed by double-Regge exchange models. 

A r'p interaction experiment at  16 GeV/c in the 
SLAC Hybrid Facility with a lead-glass detector has 
been worked on in collaboration with Duke Univer- 
sity and Florida State University. All of the film has 
been scanned, and over 50,000 events have been 
measured on the spiral reader at  ORNL. The 
software analysis system is in the final stages of 
development. Events have been successfully passed 
through to the data summary tape level. 

During 1980 several papers were published from 
our 147-GeVlc ~r-p  experiment and our 147-GeVlc 
r"/ K'/p-proton interaction experiment. The Fermi- 
lab Hybrid Bubble Chamber Experiment is a 
collaboration of the International Hybrid Spec- 
trometer Consortium. From the r- experiment, a 
study of leading particles and diffractive dissociation 
of both beam and target particles was affected. The 
observation of the beamlike leading pion signal was 
possible only because of the improved momentum 
resolution provided by the downstream PWCs of the 
hybrid system. Among the principal results presented 
here was the measured equality of beam and target 
dissociation-both being equal to 1750 pb to within 
our experimental errors. It was also observed that A" 
(1216) production occurred predominantly in the 
target dissociation channel p - psr'r-. 

The r- experiment also was the basis of a study of 
multiparticle correlations and high transverse mo- 
mentum "jets." 

During the past year, papers were also published 
whose theses were studies of inclusive A'+production 
and of incllusive neutral-strange particle production 
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from 147-6eV/ c T'/ K'lp interaction in hydrogen. In 
the former paper it was shown that only Pomeron 
exchange was important at  the beam vertex at  our 
energy. Data concerning the inclusive distributions of 
the variables x,y,t' and p :  showed that they all had 
very similar shapes for the different reactions: T> - 
A++ x, K'p - A" x, and p p  - A" x. Furthermore, the 
integrated At+ inclusive cross sections were propor- 
tional. to the total cross sections. This result is 
consistent, not only with Pomeron exchange at the 
beam vertex, but also with the same exchange 
mechanism for all of the reactions at  thep, A++vertex. 
This latter exchange was found to be in good 
agreement with the exchange of a pion trajectory. 

The inclusive neutral strange-pan ticle paper 
presented our study of K,, A, and A production from 
the interactions of protons with each of the positive 
beam particles. Cross sections were given for all nine 
inclusive reactions. The invariant cross-section 
distributions were also presented as a function of the 
Feynman scaling variable x and the C.M. rapidity y .  
The &distributions with their fitted slopes indicated 
that the slopes of A, A production from ~ ' p  
interactions were somewhat larger than those from T- 

beams at  higher energies (>I50 GeV/c). 
We have taken data for a charm search and 

vector meson production experiment in 20-GeV y-p 
collisions in the §LAC 40-in. hybrid bubble chamber 
facility. This experiment is done with a large 
international collaboration. Nearly monochromatic 
gammas are obtained from a backscattered laser 
beam. For secondary particle identification and 
triggering downstream PWCs, a two-stage seg- 
mented gas Cerenkov counter and a 2.8 X 1.2 X 14 
radiation length lead-glass Cerenkov counter are 
employed. In addition to the conventional photo- 
graphs, a high-resolution camera takes pictures of the 
interaction vertex region to detect short decays of 
charmed particles. Several thousand events have 
been measured on the ORNL spiral reader, and 
preliminary results have been presented on the 
charmed production cross section and the lifetimes of 
charged and neutral D mesons. 

New 1.2 X 1.2 ni drift chanbers and I-m-square 
PWCs have been built at  ORNL to improve the 
downstream hybrid system at FNAL for a new 200- 
6eV experiment. A test run with several of these 
counters was completed in May 1981. The complete 
system will include 16 large position-sensitive counter 
planes designed and constructed a t  ORNE. 

Design of a neutron-antineutron transition exper- 
iment in collaboration with Harvard University has 
progressed to the stage where a proposal has been 

prepared. A detailed discussion of this proposal is 
given in a subsequent section. 

1. Part-time employee from the University of Tennessee, 
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Although the even-6 parity mass region from 1.5 
to 1.8 GeV/c2 has been exhaustively investigated, the 
precise physical interpretation of the experimental 
data has yet to be delineated. The current assessment 
of this mass region would appear to $e that of the 
Particle Data Group,3 whereby all even-6 parity 
resonances in this region are assumed to be various 
manifestations of the g (1700) unless proved 
otherwise. Because of the wide divergence of the 
various parameters reported for the g in different 
experiments, the experimental situation is far from 
resolved. We present our data from a rather large 8- 
GeV/ c r-p experiment done in collaboration with 
MIT and Tohoku University, where we establish that 
the wy-decay mode of the g- is one of its more 
substantial channels. This decay channel has, in the 
past, been controversial, even though the narrow 
width of the w should permit an unambiguous 
determination of the magnitude of its presence. We 
also show that the om-branching fraction is more 
significant than that of the ( A ~ T ) -  and present our 
data concerning the production of p mesons as decay 
products of the g-. 

Our data derives from a 780,000-picture study of 
r-p interactions at  8 GeV/c taken at the SLAC 82411. 
hydrogen bubble chamber. The sample reported 
consists of the following numbers of events: 

1 .  r-p - r-rOp (12,055 events, CT = 0.733 2 0.020 

2. ar-p - T-.-TT-T? ?r'p (22,969 events, u = 1.60 k 0.04 

The full, uncut bosonic mass spectra from these 
channels are presented in Fig. 9.1. Both spectra have 
been fitted with Rreit-Wigner resonances superim- 
posed upon fourth-order polynonial backgrounds. 
The parameters derived from these fits, together with 
their associated errors, are given in Table 9.1. The 

mb), 

mb). 
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Fig.9.1.(a)FulIa-na massspectrumfromn-p- n-nop;(b) 
full n+n--*-ro mass spectrum from n-p - nSn-r-nDp. 

TaMe 9.1. Meson prodwtian data from tke 
reactians S-p - *-rap, d - r - - r - - r 0 p  

Final Mass Width Cross section x 2  per n deg 
state (MeV) (MeV) (fib) freedom 

p - p  777 -+ 3 161.6 176 -t 5 1.6/37 
g - p  I654 -.k 9 I26 k 22 34 f 4 
8-p 1239 .t 8 I85 +. 20 50 c 4 
g-p 1699 k 13 239 rf: 34 85 c 9 1.1/31 

gross fraction of two-pion decays of the g- i s  0.40 It 
0.07, which agrees well with the world average 
reported by the Particle Data Group.3 This number 
ignores any contribution from the possible decay 
mode It should be noted that the mass 
and width of the 471. g- decays exceed the values 
determined in the dipion decays-a fact we attribute 
to the relatively larger background present in the 4n 
spectrum. The g- and B- (1235) are, however, both 
present in the 4n spectrum at approximately the 100 
level. 

The neutral 3 n  mass spectrum is dominated by 
the presence of the w. The observed cross section, 
mass, and width (I') of the O+ determined without 
regard to our resolution, are 185 l lt7 pb, 783 t 1 MeV, 
and 33 k 1 MeV respectively. Probably the most 
striking aspect of g' decay is the wide divergence 
reported in the wn' decay fractions. Since the m is a 
narrow resonance, produced in moderate-energy 
pion-induced reactions with minimal background, 
the determination of the am' decay fraction would 
appear to be straightforward. However, the reported 

to all m'n--~+r' decay fractions often stand in 
stark contrast with one another. These range from 
0.33 2 0.07 (ref. 4) to an wpper limit only of 0.09 (ref. 
5). The most recent high-statistics determination was 
in the form of an upper limit6 whereby the w7r fraction 
was found to be less than 0.1 1 at a 95% confidence 
level. In Fig. 9.2 we plot the em- and 71.4- rr-m-7P 
spectra a t  low-momentum transfers to the 4rr system. 
Also shown in Fig. 9.2 are the results of our fits to 
these data. The 471. spectrum was fit with Breit- 
Wigner resonances for the Bandgsuperimposed on a 
fourth-order polynomial in the mass. The parameters 
for the B and g as well as the quality of the fits are 
given in Table 9.2. The relevant branching ratio is 
thus found to be g- - wr- lg -  - aTtm-m-rrO ~ 0 . 3 8  2 
0.07. 

Close inspection of Table 9.2shows that while the 
widths of the g in the o m  and 4 ~ r  channels are 
comparable, the mass of the w ~ s i g n a l  in thegregion 
i s  significantly lower than in the full 47r spectrum. TQ 
further investigate whether the observed wm state i s  
appropriately identified with the g ,  we looked at the 
mr scattering angular distributions obtained io the 
Gottfred-Jackson frame, for the B, g, and a higher- 
mass background region (1.8 to 2.0 GeV/c2). The 
cos B distribution for the B is substantially Rat, 
thereby being consistent with a predominantly S- 
wave UT decay. In the g and the 1.9 2 0.1 CeVlc2 
regions, a bump near cos 8 = 0 suggests the 
involvement of higher partial waves. These distribu- 
tions are quite similar to those obtained by Thomp- 
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son et a1.: who found the mass of their second m-r 
enhancement to be 1686 k 9 MeV] c2-a value wholly 
compatible with that of the g. A similar peak in the 
WT- mass at 1690 +- 15 MeV/cZ has recently been 
reported by Evangelista et ai.' from an -200- 

Table 9.2 B -- a d  g prductiorn parameters from the 
T + * - T - * O  and wp- final states 

Mass Width Cross section x2 per n deg 
(MeV) (MeV) (rb) freedom 

B - ( 4 r )  1250 & 10 163 +- 21 26.4 k 25 0.77J36 
g - ( 4 r )  1675 2 10 215 f 30 64 f 4.5 
B - ( w r )  1253 2 8 145 +. 20 27 2 3 0.78/30 
g-(w*) 1601 -fr 16 212 2 42 24 f 3.5 

Meson 

~ - . ~ .  

event/ pb experiment, using the CERN Omega 
Spectrometer. 

Our data also yield information on the other 
purported decay channels of the g involving AZ and p 
mesons. Because of the strong high-quality WT- 

signal in the g- region and because the exclusion of a -  
events can scarcely affect the amounts of p produc- 
tion (or A2 production if restricted to  the p a  decay 
mode), the remainder of our discussion of the n-h-r- 
no channel will devolve from data from which o 
events have been purged. The d 7 r - 7 p  spectrum 
when the other neutral three-pion combination is in 
the w region displays a small enhancement in the 
neighborhood of 1 GeV/c2 as well as a smallish eo 
signal over a rather flat background extending 
beyond 1.6 GeVlc'. The elimination of w events has 
the additional benefit of reducing the large low-mass 
backgrounds. 

Reported values for the branching ratio of the g* 
into (A27r)* are also in rather broad disagreement. 
Although some  author^^.^ have found the A ~ T  decay 
channel to represent a rather insignificant fraction of 
charge g decays, others have reported6"' it to account 
for fractions as large as 0.60 f 0.15 and 0.66 k 0.08. 
Our data support the former results. In Fig. 9.3 we 
present the 3n spectra ( n - f r r - 7 ~ ~  and ~ T - T - )  for 
those events whose 47r mass is in the g region (1.56 
<M4& 1.78 GeV/ c). Since the 3a decay of the Az has 
not been observed except through the intermediate 
prr state,371' these spectra are restricted to those 
events for which the appropriate dipion combina- 
tions contain a p of the proper charge, that is, p+ or p- 
in the n--trr-rro spectrum and po in the n-i-7r-rr- 

spectrum. The mass cut used to  define the p meson is 
0.66 to 0.86 GeV/ c2. The histograms clearly indicate 
that the fraction of A2 events, in the g region, which 
subsequentlydecay into the prrchannelis quite small. 
The fits shown in Fig. 9.3 have been constrained so 
that the A2 width is at least 50 MeV. Neither fit yields 
an A2 intensity as large as 8% of the g- signal. 
Furthermore, both fits have a lower confidence level 
with the inclusion of the ,q2 than they did when the fit 
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Fie. 9.3. Forevents witha4rmassintheg-rtgioh}r'p9( C0.2GeV2withneither d-r+ masscombinationintheu,region:(a)p+a 
+ maBB, (b) pou- mass. 

was purely of the form of a quadratic background. To 
more accurately quantify the At7r branchingfraction, 
we have added the two histograms together. The 
resulting fit (to a quadratic background and Breit- 
Wigner Az) has an intensity of 33 k 22 events, with a 
x2 per 26 degrees of freedom of 1.1. Correcting for the 
fraction of p mesons excluded by our mass cuts 
(36%), our A27-r branching fraction becomes 

g- - (Azn)- - (p7r7r)- - rrtr-n-zp 1 (g- - nfrr-n-r") = 0.08 1 0.13. 

It is felt that this number is truly an upper limit, since 
the existence of any p+ signal from g- decay is quite 
tenuous. The p+ appears as a somewhat less than 3u 
enhancement and then, at  that level, only when the 
mass and width of the p are permitted rather wide 
latitude in their definition. From another point of 
view, it would peccant, on the basis of our data, to 
proclaim a p+ signal from g- decay. Nevertheless, in 
order to set an upper limit to the A2n branching 
fraction, the p+, as determined by our fits, was 
treated on a basis identical to that for the po and p-a 
Because of the tiny AZ signal, a background 
subtraction was deemed superfluous. 

The degree of involvement of p mesons incharged 
g decays has been another controversial feature of 
this resonance. The branching fractions reported for 
the p7ra state relative to all 47r decays have mostly 
been near although Thompson et aL4 
suggest that this ratio is "probably <0.40." Because 
of our exclusion of orevents, the pmr/4~branching 

ratio cannot, perforce, exceed -0.62. As has been 
emphasized by several groups, 4* the determination 
of the appropriate p content of g decay products 
requires a careful consideration of the nonresonant 
background contributions to the p signals. Our 
procedure is to determine the intensity of p*, po, and 
p events in the g region and in a background region 
(1.35 to 1.55 and 1.8 to 2.0 GeV/c2). The lowermass 
part of the background region has too few events to 
allow a meaningful assessment of the various p 
signals in it by itself. From a fit to the 4n mass 
spectrum, antiselected on w events, the number ofg 
events and background events in the g and back- 
ground regions is known. If we nowassume that the p 
signals have only two sources, namely, from g decay 
and from background production, the number of p 
events associated with g- decays can be determined: 

g- p-nf-+/g- 47r = 0.36 t 0.12, 
8- - poT-nQ/g- --. 471. = 0.47 10.11 
g- - p + p z - / g - -  4n  ~ 0 . 1 3  +- 0.10. 

As mentioned in connection with the Az7r branching 
ratio determination, the pS fraction, while finite, is of 
inferior statistical quality. The weak p+ signal from 
g- decay is entirely consonant with a negligible (A27r)- 
decay fraction. 

The final g- decay fraction in the ' Irt~-n-ff  
channel to which we address overseives is that 
fraction which decays simultaneously to p- and po 
mesons. Over the years the fractions of 47r decays 
which proceed through the channel g- - p-p" has 
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plummeted from more than 70% (refs. 9, 10, 14) to 
the more recent determination4@ of 0.13 -t 0.19 and 
0.12 rf: 0.1 1 .  At least part of the cause of these rather 
divergent values would appear to derive from the pp 
decay appearing as a threshold enhancement in the g 
region of the 4n spectrum and from the necessity of 
executing a background subtraction. The number of 
p events in the 1 T - t ~ -  and n-7r" spectra for events 
which have a 47r mass in the g- region is given in Table 
9.3. Because our 47r g signal extends to 1.56 GeV/c2, 
no meaningful background region subtraction is 
possible from the mass region beneath the g region. 
Correcting for the number of g events lying outside 
the g mass limits and the number of p events not 
included by our p mass cuts 37% p- and 29% of p o  . 
We find the branching ratio, 

g - p-po/g  - d7r-7r-7rOlalI 

The large error derives principally from the indicated 
background subtractions and the -10% errors in the 
determinations of the p signals. It should be noted 
that the determination of the p - d n -  and porr-rro 
given above was relevant to  the entire g signal, 
including the w~ fraction. With the wrr events 
excluded, the fractions of the remaining g's which 
decay to p- and po are 0.68 _t 0.22 and 0.81 ? 0.19 
respectively. Although the errors are not in- 
substantial, these data are clearly consistent with a 
significant fraction of simultaneous p-po decays. 

0.31 ? 0.15. 

Table 9.3. Decay branching ratios for g- ~ W I I  
- _  ~ 

g --* r - - r O / g  - u+R-R-*o  = 0.40 k 0.07 
g- -l. w*-/g- - mfu--a-a0 - 0.38 2 0.07 
g- - (A*")- - (Par)- 

+ rfr-u--no/g- --*. a + u - r - ~ ~  = 0.08 _t 0.13 
g- - p-a+*-/g- - (4x1- = 0.3b 2 0.12 
g -  - p+a--a-/g- - (4r)- = 0.13 k 0.10 
g- - *  p0ro-a-jg- -9 (4r)- = 0.47 2 0.11 
g- - -  p-po/g- - ( 4 i r -  = 0.31 k 0.15 

For ease of reference, the principal results are 
collected in Table 9.3, where it should be emphasized 
that all fractions are relative to the entire g signal in 
the 7ri-rr-7r-rro spectrum. 
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Baryon number has long been assumed to be an 
absolutely conserved quantity; no strong experi- 
mental evidence suggests otherwise. Experimental 
observation of its violation would have important 
implications for our understanding of nature and for 
efforts to describe all forces in one unified theory. 
Extensive theoretical effort is being expended to 
extend the unification of electromagnetic and weak 
forces to include strong interactions as weIL5 An 
almost universal prediction of these grand unified 
theories (GUT) is the existence of processes whichdo 
not conserve baryon number, A B  f 0, notably the 
prediction of the decay of the proton. Once one 
considers possible extensions of minima! CUT to 
include a nonminimal Higgs sector,6" or if one 
considers partial unification schemes which do not 
contradict present data on electroweak interactions,8 
it is found that AB = 2 processes may exist, notably 
the process n - rP. Experimental verification of the 
existence of n - Ztransitions wouldconstitute a most 
fundamental discovery about the behavior of matter 
and would serve to discriminate among general 
classes of unification schemes. We propose to search 
for these transitions, using the Oak Ridge Research 
Reactor (ORR). 

If one considers the following mass matrix for n 
and states, 

where X = M,, -I- V,, Y = rM;r f V;, M, is the neutron 
mass, V, is the external potentials experienced by a 
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neutron, and CY = h] T,:, T,% k i n g  the n - ii mixing 
time, one sees that diagonalizing yields eigenvalues 
AI,* = M, t_ F‘: i- a’, and the resultant transition 
probability becomes f l t ) , s  =2( 1 -cos or)sinZBcos2e, 
where we have taken A4, = Mii9 Vn =- Vr9 and one has 
w = ~ J v , Z  + m2/Spz9 tan e = a/ vn2 + (11’. Since 
one Can estimate6 from observed matter stability on 
the order of T 2 10”years that M G IOw2* e V  4 V,, the 
eigenstates of the diagonalized Hamiltonian are n 
and E t o  good approximation, and the expression for 
P(t),il-can be expanded for small w and 8 to give 

This yields a maximum transition probability P,,, = 

A convenient figure of merit to  employ for 
comparison of various experimental arrangements is 
Nt2, where Nis the number of neutrons observed, and 
t is the observation time. A comparison of reactor- 
and accelerator-produced neutrons from various 
existing facilities that might be available to us 
showed that the ORR with a flux of 15 X B0I3 
neutrons cm-’ sec-’ at the “goat hole” port with an 
area of 1400 cm2 has the highestfigure ofmerit ofany 
facility considered. 

Since neutrons have a magnetic moment p, = 
- 1 . 9 1 ~ ~  and since zn = -z-, any external magnetic 
fields remove the n - Zdegeneracy. Writing P ( ~ ) G =  
C Y * / ( ~ B ) ~  sin’ ( y W ) ,  that is, assuming removal of the 
n,E degeneracy by magnetic field perturbations only, 
one sees that a gain in P(tj,,zis realized by decreasing 
the perturbing magnetic field Buntil p3t 1. At that 
point, expanding sin2 (pBt) yields P(b),2it- S 
[cr’/(p~)~] x (p8rl2 = (at)’. The maximum field 
allowed to attain pBt < I for thermal neutrons 
traveling a 20-m flight path is B< 1 1  mC. 

We propose to use the ORR to introduce as many 
free neutrons as possible into a magnetic-field-free 
region, meeting the above criterion for a relatively 
long time (10A2 s). We then woiild search for the 
presence of antineutrons. This is most easily done 
by allowing any antineutrons present to annihilate 
on matter and searching for the characteristic 
2Mnc2 ( ~ 2  GeV) of energy released. The vast majority 
of annihilation products are pions with a mean 
multiplicity of about 4.5 per annihilation. Since one- 
third of the pions are neutral and decay immediately 
to two gammas, we should on the average have three 
charged pions and three high-energy gammas 
originating from an annihilation. We estimate from 
the figure of merit and an observation time of 

ff2/ v:. 

120 days that we can observe neutron-antineutron 
transitions if the period is less than 18’ s. The current 
best estimate for the n-Etransition time is of the order 

Many questions need to be answered before this 
experiment can be undertaken. The most serious are: 
(1) Can the reactor-associated and the cosmic-ray 
backgrounds be overcome so as to allow signal 
detection with the sensitivity indicated? (2) Can a 
detector be designed to accomplish this aim? To 
answer these and other questions, a preliminary 
design of the experiment and detector has been made. 
‘The experimental layout (see Fig. 9.4) shows some of 
the design considerations that will be incorporated. 
The reactor neutron nux will be further moderated 
with DzO and a bismuth gamma-ray shield. From 
calculations using a one-dimensional radiation 
transport code, it appears possible to decrease the fast 
(I- epithermal) neutron/ thermal neutron flux ratio by 
a factor of 20 and to decrease the gamma-ray flux by 
at least a factor of 1000 aver the open-port values, 
whik maintaining a curreat of 2 X i0I3 thermal 
neutruns/s on target. Next there will be a floodable 
section of beam pipe and a movable lead gamma- 
beam stop so the neutron and gamma beams can be 
stopped as desired. A 20-m-long drift pipe will be 
magnetically shielded with several layers of mu metal 
to reduce the field lo less than I mG. Inside the pipe 
there will be a coil so that a magnetic field can be 
introduced at  will in order to  kill the n-Z transition 
effee?. This will greatly aid in identifying the genuine 
effect when it is observed. The pipe will also be 
evacuated so that the gas should not serve as an  
annihilation target. The annihilation cross section for 
thermal neutrons is unknown, but is estimated to be 
at least of the order of E b. The target is chosen to be 
very thin to minimize neutron and gamma scattering 
into the annular detector. It will be a thin CD2 plastic 
2.5 X I O  g/cm2 thick covering a 1-m2 area of the 
beam. ‘ f i e ,  beam will be transmitted through the 
target and dissipated in a Loearn dump (not shown). 
Surrounding the beam pipe and detector is a 3- to  
5-ft-thick concrete shield. The detector is further 
shielded by 3 k of steel that serves to reduce the 
cosmic-ray ~ a c ~ ~ ~ o u ~ ~ .  Between the concrete and 
steel shields is a s c ~ t i l $ a ~ ~ o ~  veto counter. Charged 
cosmic-ray particles that penetrate the outer steel 
shieid will be vetoed by this counter with aneffective- 
ness of or ~ o P .  

The detector (Fig. 9.5) will consist of an  array of 
64 lead-glass Cerenkov counters surrounding the 
target and further segmented scintillation lead 
sandwiches. ‘The lead glass was chosen because it is 

of io7” s. 
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Fig. 9.4. Isometric view of the proposd n - f i  mking experiment at the Oak Ridge Research Reactor. 
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Fi. 9.5. SkecChcs of detector Jayout: beam view (left) and side view (right). 



very insensitive to low-energy neutrons and gammas 
but will efficiently detect the gammas from the i7 
annihilation. It also will detect the charged pions. The 
scintillation lead counters will further serve for 
particle identification and give directional informa- 
tion essential for background reduction. 

Several tests have been undertaken in connection 
with the design of the neutron-antineutron mixing 
experiment. Radiation damage tests have been made 
on several materials to be used in the detector. The 
innermost active layer of the detector in the present 
design is a set of lead-glass blocks. A smdl block of 
the correct type of lead glass was exposed to a 
3000-rad dose from an intense 6oCo source located at 
QRNL. Some yellowing of the glass was observed. A 

-rad, exposure was made, completely 
block. It was then demonstrated that 

the glass c ~ u l d  be cured by exposure to the ultraviolet 
radiation in sunlight. l h e  expected dose to the lead 
glass in one year o€ running is less than 50 rads of 
gamma-ray flux, considerably less thart the above 
doses. 

Blocks of lead glass, plastic sciiatillator, and 
Lucite were exposed to radiation from the Pool 
Critical Assembly at ORWH, a lO-lkW training 
reactor. All blocks were encased in 0.05 in. of 
cadmium to absorb thermal neutrons. This was done 
to simulate the experiment environment in which 
layers of 'LiZW3 and boron will be used to absorb 
thermal neutrons before they reach the detector. 
Exposures were made at total fipst-neutron fluences 
between 2 x I@ and 5 x 10" neutrons/cm', t1111s 

exceeding the calculated fast-neutron dose in the 
detector for a one-year run by a factor of 100. No 
increase in light absorption below 6ooe) A, as 
measured with a spectrophotometer, was found fox. 
the plastic scintillator or the kucite at the maximum 
fluence used. For the lead- amples, no increase 
in  light attenuation below 8, was found for a 
fluence of 5 x 10'~ neutronslcm', while a 10% 
increase in attenuation was found f o ~  5 x IOi1 
neutrons/ cm2. 

Tests of the pulse-height response of the lead glass 
to neutrons in the energy range- 10 keV to 100 MeV 
were made at the Oak Ridge Electron Linear 
Accelerator $5-m beam h e ,  Neutron response 5Cthe 
SFS ]lead glass was observed for neutrons above T, = 
7 MeV; it was checked that the response was due to 
neutrons by using the lead glass to measure the 
absorption of 7- to  me^ neutrons by paraffin 
and comparing the results with calcu~akd values of 
the absorption. It is hypothesized that the observed 
response is due to an{n,n9y) process. with subsequent 
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detection of the Cerenkov radiation from Conipton 
electrons produced by the gamma rays emitted. No 
detectable response was found for neutrons of 
10 keY < T, < 2 MeV. The pulse heights fos even 
1100-MeV neutrons are quite small, corresponding to 
those of low-energy gamma rays. This in 
pulse pileup due to neutron response ofthe innermost 
detector will not be a problem for the experiment. 

Tests of the lead-glass pulse-height response to 
the neutrons and gamma rays emitted by a 2 5 2 ~ f  
fission sourcc and by a "Co source w a r  also made. 
An integral efficiency of -v10-' was obtained, again 
suggesting that pileup ofsoft reactor gamma rays will 
not be a problem. 

Monte Carlo studies ofthe event signatuie ~f the 
annihilation of an antineutron have been carried out 
to the level of computing all particle momenta and 
determining detector acceptance and efficiency of 
possible trigger schemes. The output of thk program 
i s  being used as input to a t i ~ h ~ ~ e r g y - ~ a r t ~ c ~ g  
transport code. From this calculation the response of 
the detector to real events is k ing  determined. The 
results of the acceptance ~ ~ ~ ~ ~ ~ ~ ~ ~ o n s  show that a 
triggering multiplicity of three or @eater can be used 
while retaining an overall detection ek'ficiency of 
-58%, which will aid greatly in cosmic-ray 
rejection. 

We are setting up a program to carry tbrough 
studies that would finalize the design of the 
experiment within a year. The various easb are: 

1 .  

2. 

3. 

4. 

5 .  

Detaiied engineering design studies in s d e r  to 
arrive at a conceptual design for the experiment 
and to obtain a reliable cost estimate for the 
experiment. 

Safety analysis of the experiment in conjunction 
with the engineering design to ensure the project 
meets all safety requirements. Potential hazards 
from reactor-produced radiation could be 
especially severe €or this experiment. 

Detailed neutran and gamma-ray transport 
calculations to determine necessary shielding 
arrangements and to evaluate induced activation 
~~~0~~~~~~~ the considerable length af the 
experiment ~ ~ ~ ~ r ~ ~ ~ s .  

Monte Carlo cakulations to design and study the 
performance of the proposed detection apparatus. 
Event signatures and cosmic-ray rejection 
capabilities will be studied. 

Measurements of detector element perforname 
done in smdLscde mock-up at the reactor in 
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6. S. L. Glashow, Harvard Preprints HUTP-59, HUTP-79, 

7. N. P. Chang, AIP Conference Proceedings No. 72, 

8. R. E. Marshak, R .  N. Mahapatra, Riazuddin, VPI Preprint 

be given to reactor-associated back@ounds therein: A. Salam, ibid, p. 525; S. L. Glashow, ibid, p. 539. 

1980. 

VPI 1980, p. 142; J .  C. Pati, hid, p. 84. 

and reactor-induced activities. 

I .  Part-time employee from the University of Tennessee, 
Knoxville. 

2. Engineering Physics Division. VPl-HEP-80/7. 
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%i Reaction,“ &I!. Am. Phys. SOC. 23, 743 (1980). 6 

Ronningen, R. M., R. C. Melin, J. A. Nolen, Jr., G. M. Crawley, J. E. Finck, and C. E. Bemis, Jr., 
“Multipole Moments from Proton Scattering at 35 MeV to Ground Band States in 232Th and 234p236‘238 U,” Bull. 
Am. Phys. SOC. 25, 740 (1980). 

Wood, J. L., E. F. Zganjar, and J. D. Cole, ‘“The Decay of Mass-Separated ‘87m6T1 and Evidence for 
Nilsson States in “‘Hg,” Bull. Am. Phys. SOC. 25, 739 ( 1980). 

Ninth World Conference of the International Nuclear Target Development !ibcMy, Gattinburg, Tennessee, 
October 12-16, 1980 

Auble, R. L., and D. M. Gaibraith, “A Procedure for the Rapid Evaluation of Carbon Stripper Foils.” 

Jones, C. M., ”Notes on Carbon Stripper Foils.“ 
Ziegler, N. F., E. 6. Richardson, J. E. Mann, R. C. Juras, C. M. Jones, J. A. Biggerstaff, and J. A. 

Benjamin, “Status of the Oak Ridge 25-MV Tandem Accelerator.“ 

sixth Conference on the Application of Accelerators in Reeenrch and industry, Denton, Texas, November 3-5, 
1980 

Symposium of Northenetern Accelerator Personnel, Madbn, Wisconsin, October 13-15, 1980 

Allred, D. D., D. C. Booth, B. R. Appkton, P. D. Miller, C. D. Moak, J. P. F. Sellschop, C. W. White,and 
A. L. Wintenberg,”The Hydrogen Content of Multicomponent Amorphous Silicon Alloys by 19F Nuclear Reac- 
tion AnaI~is .~’  

Alton, €3. D., “Single and Multiple Electron Loss Processes in MeV Heavy Ion-Target Collisions.” 

Alton, G. D., L, B. Bridwell, M. Lucas, C. D. Moak, P. D. Miller, C. M. Jones, Q. C. Kessel, A. A. Antar, 
and N. D. Brown (invited paper), “Single and Multiple Electron Loss Cross-Section Measurements from 20- 
MeV Fe4” on Thin Gaseous Targets.” 

Becker, R. L., J. F. Reading, and A. L. Ford, “Nonstatistical Theory of Multiple Vacancy Production in 
Atomic Collisions.” 

Carter, H. K. (invited talk), “Isotope Separator Experiments at the Cyclotron Facility: ORIC.” 

Cornpton, R. N., G. D. Alton, and D. 3. Pegg (invited talk), ”Photodetachment Cross Sections for 
He-cpO.y’ 

Elston, S. B., I. A. SeIlin, M. Breinig, S. Huldt, L. Liljeby, R. S. Thoe, S. Datz, S. Overbusy, and R. Laubert, 

Huldt, S .  (invited talk), “Convoy Electron Production in Amorphous Solids and Monocrystalline Targets.” 

Johnson, B. M., D. C. Gregory, K. W. Jones, D. J. Pegg, P. M. Griffin, T. )I. Kruse, J. t. Cecchi, and J. 0. 
Ekberg (invited talk), “Anomalies in the Beam-Foil Measurements for An = 0 Transitions in Highly Ionized 
Members of the Li, Na, and Cu Sequences.” 

“Production of Convoy Electrons by Highly Ionized Atoms Traversing Soiids.” 

Laubert, R., S .  Huldt, ha. Breinig, L. Liljeby, S. Elston, R. S. Thoe, and I. A. Sellin, ”Convoy Electrons 
from Soliids in Coincidence with the Final Projectile State.” 

Mehta, R., J. L. Duggan, F. D. McDaniel, M. C .  Andrews, R. M. Wheeler, R. P. Chaturvedi, P. D. Miller, 
and G. Lapicki, “Projectile Charge-State Dependence of Target M-Shell Ionization by I .42-MeVJ amu Fluorine 
Ions.” 

Pegg, D. J., and M. L. G a i k d  (invited talk), “Time-Resolved Spectroscopy of Ions Using CW Laser 
Excitation.” 

Phaneuf, R. A. (invited talk), “Production of High-&? Ions by Laser Bombardment Method.” 

Raman, S. (invited talk), “Thermal, Resonance, and Average-Resonance Neutron-Capture Spectros- 
copy.” 

.... I.. I._.- ........................................... ., . .... 
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3Q-A~r3 1, 1981 

Young, 0. R., R. L. Fergussn, A. Gawon, D. C. Hensley, F. E. Obenshain, F. Plasil, A. N. Snell, G. A. 
Petitt, C. F. Maguire, K. G .  Young, and D. G. Sarantites (invited talk), “Equilibrium and Nonequilibrium Light- 
Particle Emission in Deeply Inelastic Reactions at 8-13 MeV/amu.” 

International Sem8nar am Ion (Mainly Heavy)-Atom Collisions, Debrecen, Hun 
Reading, J. F., A. L. Ford, and R. L. Becker, “lorn-Atom Collisions: The Symmetric Region.” 

Dittner, P. F., and W. B. Dress (invited talk), ““Merged Electron Heavy-Ion Beams.” 

Phaneuf, Ea. A., and D. €3. Crandall, “Collisions of Low-Energy M ~ l t ~ c ~ a ~ ~ ~ ~  Ions.” 

Sellin, I. A., ”‘Charge Transfer to the Continuum by Heavy Ions in Atomic Hydrogen.” 

Atomic Physics Prog Contractors’ ~ Q ~ ~ s ~ Q ~ ,  hgeanne, ~ ~ K ~ ~ Q ~ ,  April 1 --& 188 1 

U.S.-Mexico Cooperative Joint Workshop on Atomic Physics of Negative Ions, Galindo, Mexico, Apri! 1-4, 
1981 

Barnett, C. F., “Dissociation and Electron Capture Collisions of Diatomic and Triatomic Hydrogen Ions in 
Hz and Xe.” 

U.S.-Mexico Joint Seminaw on the Atomic Physics sf Negative Ions, Q ~ e ~ e t ~ ~ 5 ,  Mexico, A~~~~ 1-4, 1981 

and MD1’ in €32: 

Barnett, C. F. (invited talk), “Formation of Negative Ions from Dissociative Collisions of H;, D;, KD’, 

Meyer, F. W., and H. J. Kim: “Electron Loss from Rydberg States of Atomic Hydrogen in Collisions with 

dge, Tennessee, April 13-16, 
Multiclaarged Ions.” 

Third I ~ t e r ~ ~ ~ Q n ~ ~  Conference on ~ ~ ~ ~ ~ ~ t a t i ~  Aeeelermbar T e c ~ n ~ ~ ~ ~ y ,  
1981 

Auble, R, E., “Radiation Lifetimes and Failure Mechanisms of Carbon Stripper Foils.” 

mtaff, J. A. (invited talk), “New Developments in Electrostatic Accelerator Control Systems.’’ 

Jones, C. M., “The ak Ridge 25-MV Tandem Accelerator.’’ 

eaiearn Physical %ciety, ~ a ~ ~ i ~ ~ r e ,  Maryland, Apdl 2 
Breinig, M., and I. A. Sellin, “Atom Capture to the Continuum,” Bull. Am. Phys. SOC. 26, 601 (1981). 
Chan, Y. D., D. E. DiGregsrio, J. L. C. Ford, Jr., J. Gomez del Campo, M. E. Qrtiz, and D. Shapira, 

Ford, J. L. C., Jr., R. Novotny, D. Shapira, R. L. Parks, and S. T. Thornton, “A Windowless Supersonic 

Fulmer, C. B., R. L. Auble, J. ’8. Ball, F. E. Bertrand, E. E. Gross, D. C. Hensley, S. Mukhopadhyay, and 

Goodman, C .  D., C. C. Foster, D. E. Baiarum, C. Gaarde, J. Larsen, C. A. Goulding, D. J. Horen, 
J. Rapaport, T. N. Taddeuwi, and E. Sugarbaker, “The Reaction I4C(p,n) I4N and Missing Gf 

11. Am. Phys. SOC. 26, 634 (!!%I). 

Goulding, C. A. G. D. Goodman, C. C. Foster, J. Rapaport, T. Taddeucci, E. Sugarbaker, C. Gaarde, 
J. Larsen, D. Horen, and T. Masterson, “Asymmetry Measurements of the @,n) Reaction on Carbon Isotopes at 
Ep == 160 MeV,’” Bull. Am. Phys. SOC. 26,623 (1981). 

Hicks, R. S., R. L. Huffman, R. Lindgren, B. Parker, G. A. Peterson, S. Raman, and C. P. Sargent, 
“Evidence for Enhanced Electric Currents in ’‘‘Pb,’’ Bull. Am. Phys. SOC. 26, 591 (1981). 

Horen, D. J., C. D. Goodman, J. Etapapon, ‘r. N. Tuddeucci, C. Gaarde, D. E. Bainum, C. A. Goulding, 
M. B. Greenfield, E. Sugarbaker, T. Masterson, S. M. Austin, A. Galonsky. and W. Sterrenberg, “Energy 
Systematics of the Giant GT and the L = 1, S = 1 Resonances for A 3 90,” Bd. Am. Phys. SOC. 26,535 ( 1981). 

“Fusion Cross Sections Induced by ‘OB -t ”O,” &lI. Am, Phys. SOC 26, 554 (1981). 

Gas-Jet Target for Heavy Ions,’* Bull. Am. Phys. SOC. 26, 595 (1981). 

G. R. Satchler, ““B Scattering at 79.6 MeV,” Bull. Am. Phys. Soc. 25, 553 (1981). 
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McGrory, J. B., and B. H. Wildenthal, “A Shell-Model Description of Giant MI States in Even-Even 
Calcium Isotopes,” &/I. Am. Phys. Soc. 26, 689 (1981). 

Novotny, R., Y. D. Chan, K. A. Erb, J. L. C. Ford, Jr., D. Shapira, J. D. Moses, andJ. C. Peng, “28Se+ I2C 
Reaction Products at Backward Angles,” &Il. Am. Phys. Soc. 26, 61 1 (1981). 

Obenshain, F. E., F. E. Bertrand, M. Blecher, R. L. Burman,R. D. Edge, K. Gotow, E. E. Gross, M. Hamm, 
M. J. hitch,  M. A. Moinester, B. M. Preedom, R. P. Redwine, and J. R. Wu, “Positive Pion-Nucleus Elastic 
Scattering at 20 MeV,” Bull. Am. Phys. SOC. 26, 581 (1981). 

Petitt, G. A., A. Gawon, J. R. Beem, B. Cheynis, R. L. Ferguson, F. E. Obenshain, F. Plasd, 6. R. Young, 
M. JGskelainen, D. G. Sarantites and 6. F. Maguire, “Neutron Emission Measurements in the Reactions ”C+ 
‘”Gd and 2”Ne f ‘%id at 177 and 249 MeV,” Bull, Am. Phys. Soc. 26,539 (1981). 

Raman, S., 0. Shahal, and G .  G .  Slaughter, “Test of Axel-Brink Predictions by a Discrete Approach to 
Resonance-Averaged Spectroscopy,” Bull. Am. Phys. Sac. 26, 535 (1981). 

Rhoades-Brown, M,, M. Guidry, R. Neese, and R. Donanplo,”Comparison of theQuantumand Classical 
S-Matrix Approach to Heavy-Ion Inelastic Scattering,” Bull. Am. Phys. SOC. 26, 623 (f981). 

Riedinger, L. L., W. K. Luk, H. Ower, S. Frauendorf, D. R. Waenni, S. A. Hjorth, N. R. Johnson,and 1. Y. 
Lee, “High-Spin States in ‘%f,’” Bull. Am. Phys. Sac. 26, 620 (I98 1). 

Sandhya Devi, K. R., M. R. Strayer, K. T. R. Davies, A. Dhar, and S. E Koonin, ”Prompt Emission of 
Particles in TDHF Calculations,” Bull. Am. Phys. SOC. 26, 591 (1981). 

Schawr, M. M., M. Breinig, I. A. Sellin, S .  B. Elston, C. R. Vane, R. S. Thoe, M. Suter, and R. Laubert, 
“Systematic Study of Electron Loss Cusps in the Velocity Range 7- 12.5 A.U.,’” Bull. Am. Phys. Soc, 26,602 
(1981). 

Shapira, D., Y. D. Chan, K. A. Erb, J. L. C. Ford, Jr., R, Novotny, J. D. Moses, and J. C. Peng, “Excita- 
tion Functions for *%i f “C Reaction Products,” Bull. Am. Phys. SOC. 26, 61 1 (1981). 

Silk, J. D., H. 10. Holmgren, K. Van Bibber, D. L. Hendrie, T. J. Symons, 6. D. Westfall, P. N. Stebon, S. 
Raman, R. L. Auble, and J. R. Wu, “Fragmentation of l6O Projectiles at 100 MeV per Nucleon? BufL Am. Phys. 
Soc. 26, 540 (1981). 

Soundranyagan, R., S. Ramavataram, A. V. Ramayya, J. H. Hamilton, and R. L. Robinson, “Two- 
Quasiparticle-Plus-Rotor-Model Calculations of 76r7n’8QKr,” Bull. Am. Phys. Soe. 26, 538 (‘98 I) .  

Sugarbaker, E., D. Lind, T. Masterson, C. D. Goodman, C. G. Foster, D. J. Aoren, J. Rapaport, 
T, Taddeucci, G. Goulding, M. Greenfield, D. Bainum, A. Galonsky, S. Austin, W. Sterrenburg, C. Gaarde, and 
J. Larsen, “Isovector Giant Resonances Observed in L12’116r124 Sn(p,n) Reactions at Intermediate Energies,’” &If. 
Am. Phys. SOC. 26, 535 (1981). 

Taddeucci, T. N., J.  Rztpaport, D. E. Bainum, C. C. Foster, C. E). Goodman, C. Gaarde, J. h m n ,  C. A. 
Goulding, M. B. Greenfield, D. J.  Horen, T. Masterson, and E. Sugarbaker, ”Neutrons Produced by Quasi-Free 
Scattering of Protons at 160 MeV and 200 MeV,” 3 ~ 1 1 .  Am. Phys. SOC. 26,636 (1981). 

Wong, 6. Y., “Giant Isovector, Spin Vector, and Spin-Isovector Multipole Resonances as Elastic Vibra- 
tions,” &Il. Am. Phys. SOC. 24, 536 (1981). 

Yamada, M., A. V. Ramayya, C. IF. Maguire, J. Pi. Hamilton, D. C. Hensley, M. L, Halbert, R. L. 
Robinson, F. E. Bertrand, and R. Woodward, ‘“Partial Fusion Reactions Accompanying Proton, Deuteron, and 
Triton Emissions,” Bull. Am. Phys. Soc. 26, 554 (1981). 

Young, G. R., J. B. Ball, F. E. Bertrand, B. Cheynis, R. L. Faguson, I. Y. h e ,  R. Novotay, F. E. 
Obenshain, D. Pelte, F. Plasil, R. L. Robinson, C. F. Maguire, and G. A. Petitt, “Coincident Light-Ion Spectra 
from Reactions of 204-MeV I6O f 93Nb,” Bull. Am. Phys. SOC. 26, 539 (1981). 
Second Workshop on Grand Unification, Ann Arbor, Mfehigan, April 24-25, 1981 

Cohn, H. O., T. A. Gabriel, R. A. Lillie, P. D. Miller, F. E, Obenshain, R. R. Spencer, G. R. Young, M. S. 
Goodman, R. Wilson, W. M. Bugg, G. T. Condo, T. Handler, and E. L. Hart, “A Sensitive Search for Neutron- 
Antineutron Mixing.’q 



12. General Information 

Prepared by R. L. Bscker, L. J. Wawkins, J. Melton, W. k. Stair, and C. R. Wallace 

SCIENTIFIC PE 

The research personnel of the Physics Division are: separated here into staff, gilests (indoding 
students), and consultants. Information is given regarding staff changes (nea members, transfers to 
other divisions, and t ~ r ~ ~ n a t i ~ ~ s ) ,  temporary assignments of staff members to other institutions, guests 

) from abroad ani from U.S. institutions, iitidesgiaduatP stLidents, con- 
ORNL, and consultants under contract with Oak Ridge Associated Uni- 

versities (ORAU). 

J. K. Bair (HHIRF - Tandem Accelerator) - 

C. E. Bemis (Macroscopic Reaction Studies) - 

S. Elston (High-Energy Atomic Physics) - With 
Retired in December 1979 University of Terrxaessee; began part-time 

appointment in September 1979 

Formerly with Yale University; begm ap- 
poiniment in August 1980 

R. L. Siergiison (Macroscopic Reaction Studies) 
- Transferred from Chemistry Divisioti to 
Physics Division in June 19’99 

Formerly wiEh Yale IJniversity; began two- 
year appointment in February 198 E 

hysies) - With Texas 

Transferred from Chemistry uivision to K. A. Erb ( M ~ P o ~ s Q ~ ~ c  Reaction Studies) - 
Physics Division in March 1979 

R. A. Broglia (Theoretical Physics) -With Niels 
Bohr Institute; completed temporary appoiiit- 
ment in May 1980; also, began three-month 
appointment in April 1981 

T. A. Carlson (Electron Spectroscopy) - Trans- 
ferred from Physics Division to Chemistry 
Division in Match 1979 

M. P. F w A ~  (Nuclear Structu~e Studies) - 

L. A. Ford (Theoretical 
R. F. Carlton (Oak Ridge Electron Idinear Acceler- 

ator) - With Middle Tennessee State Uni- 
versity; csmpieted temporary part-time 
appointment in July 1980 

Y. Chan (Microscopic Reaction Studies) - For- 
merly with University of ~ ~ s ~ ~ K ~ ~ ~ ~ ~ ~  began. 
two-year ~~~~~~~~~~~ in Septemkr 1973 

B. L. Dichrsan (ORIC Operations) - Retired in 

B. E. DiGregorio (Microscopic Reaction Studie?) 
-With Commisi6n Nacicroal de Energia 
Atomica in ~ ~ ~ ~ 5 s  Aires; begain two-year 

P. F. Dittner (Heavy-Ion Atomic Physics) - 
Transferred from Chemistry Division to 
Physics Division in November 1979 

December 1979 

appQintmeAt ill SepbewbtX‘ 1999 

M University; completed temporary 
stammer crnploymelat in August 1979 

A. I. Gavron (Macroscopic Reaction Studies) - 
From Weizlnanln Institute in Rchovot, Israel; 
resigned in .?illy 1980 atid now with Los 

C. D. Goodman (Microscopic Reaction Studies) 
- Retired in Fcbiuary 1980 and now with 
Indiana IJaiveraity Cyclotron Facility 

m y  (Atonic Collisions) -- Formerly 
with Brookhaven Naticnal 1.aboratory; be- 
gan two-year appointment in December 
I988 

F. A. Grimm (Electron Spectroscopy) - With 
University of Tennessee; transferred from 
Physics Division to Chemistry Division in 
March 1979 

Alnmos National 1 & o i a i ~ s ~  
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. Guidry (Nuclear Structure Studies) - 
ith University of Tennessee; terminated 

part-time a ~ ~ ~ ~ n ~ r n ~ n t  in July 1979; resumed 
part-time appointment irn August 1980 

R. Haenni ( ~ ~ ~ ~ ~ o s c o ~ ~ ~  Reaction Studies) - 
ed in December L980 and now with 

Texas ALM University 

University of Jyvaskyla in Finland; began 
part-time ~ ~ p ~ ~ n t m e ~ t  in September 1980 

S. A. Hjorth (Nuclear Structure Studies) - With 
Research Institute of Physics in Stockholm; 
completed t e ~ ~ o ~ ~ ~ ~  a ~ p o ~ n ~ m ~ ~ t  in 
September 1980 

. A. Huber ~~t~~~~ Theory) - With Columbia 
~ J ~ ~ v e ~ s ~ ~ y ~  c o ~ p ~ e t ~ ~  appointment as 
OWNL ~u~~~~ Intern in August 1979 

A. Z. Mussein ( ge Electron Linear Ac- 
celerator) -- Witln Chiro University; com- 
pleted one-year appointmeni in January 
198l 

N. R. lotnnsan ~ ~ u ~ ~ e ~ ~  Structure Studies) - 
Trans~err~d from Chemistry Division to 
Physics ~ ~ v i ~ i ~ ~  in June 1979 

J. S. Hattula (Nuclear Structure Studies) - 

idge Electron Linear Accelera- 
clear Research Centre in 

a W. L u a s  ~ ~ e a ~ y - ~ ~ n  Atomic Physics) - With 
~ ~ ~ ~ r ~ ~ t y  of Sussex in England; completed 

(MFE Diagnostic 
~ ~ ~ e r ~ ~  with Univemit 

~ p p ~ ~ n t r n e n ~  in August 
ar a ~ p o ~ ~ t ~ e ~ ~  in June 

ergy Atomic Physics) - 
~ e ~ ~ e s s e ~ ~  completed 

NL Summer Intern in 

ixgtrnent in October 

W. W. Novotny (Mictosctapic Reaction Studies) 
- Fomerly with University of 
in Gemany; began two-year appointment 
in March 1980 

V. E. Okracker (Theoretical Physics) - Former- 
ly with Frankfurt University in Germany; 
completed temporary appointment in 
August 1938 (now with Vanderbilt Wniver- 
sity 

Ma S. Ortiz (Microscopic Reaction Studies) - 
With National University of Mexico in 
Mexico City; completed temporary appoint- 
ment in September 1930 

D. J. Pegg (Heavy-Ion Atomic Physics) - With 
University of Tennessee; began part-time 
appointment in April 19’99 

D. Pelte (Macroscopic Reaction Studies) - With 
University of Heidelberg in Germany; com- 
pleted temporary appointment in October 
1980 

S .  Ramavataram (Nuclear Data Project) -- 
Formerly with University of Lava1 in Quebec, 
Canada; completed part-time employment 
in September 1980 (now with Brookhaven 
National Laboratory) 

J. A. Way (MFE Dia ostic Development) - 
Transferred from Physics Division to Instru- 
mentation and Controls Division in February 
1930 

J. F. Reading (Atomic Theory) - With Texas 
AbM University; completed summer ap- 
pointment in September 1979 

adeha-Brown (Nuclear Theory) - For- 
with Argonne National Laboratory; 

begam two-year appointment in October 1980 

L. I r (Nuclear Structure Studies) -L 
ersity of Tennessee; began part- 
tment in September 1979 

D. 6. Sarantites (Nuclear Structure Studies) - 
With Washington University at Sa. Louis; 
c ~ m ~ ~ e t e ~  summer a p p ~ ~ ~ t m e n ~  in August 
1979 

J. P. F. Sellschop (Heavy-Ion Atomic Physics) - 
With University of Witwatersrand in South 
Africa; completed temporary appointment 
in January 1980 
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0. Shahali (Oak Ridge Electron Linear Accelera- 
tor) - With Nuclear Research Center in 
Negev, Israel; completed one-year appoint- 
ment in August 1980 

T. P. Sjoreen (Microscopic Reaction Studies) - 
Formerly with Indiana University Cyclo- 
tron Facility; began two-year appointment 
in December 1980 

M, P. Slusher (Nuclear Structure Studies) - 
With University of Missouri; completed 
appointment as ORNL Summer Intern in 
August 19’39 

R. G. Stokstad (Microscopic Reaction Studies) 
- Resigned in February 1980 (now with 
Lawrence Berkeley Laboratory) 

R. S. Thoe (High-Energy Atomic Physics) - 
Formerly with University of Tennessee; 

d part-time a ~ p o i ~ t ~ e n t  in Dece 
%O (now with Lawrence Livermore 

Laboratory) 

J. 0. Thornson (Electron Spectroscopy) - Trans- 
ferred from Physics Division to Chemistry 
Division in March 11979 

e. Toepffer (The retical Physics) - With Uni- 
versity of W ~ ~ w a ~ e ~ r ~ n d  in South Africa; 
completed temporary appo~~trn$nt in 
March 1979 

@. R. Vane (Applications of Heavy-Ion Beams) - 
with Lawrence Berkeley hbora- 
n two-year appointment in Jam- 

With National Univer- 
sity of Australia in Canberra; completed 
temporary appointment in January 1980 

J. C. Wells (Nuclear Structure Studies) - With 
Tennesee Techno1 a1 University; sum- 
mer a p p ~ i n t ~ e n t  Ridge Linear AE- 
eelerntor) in 1980; began part-time appoint- 
ment in September 1988 

S. S. Willenbrsck (Theoretical Physics) . - With 
Princeton University; c ~ m ~ ~ ~ t e d  appoint- 
ment as QRNL Summer Intern in August 
19863 

Electron Linear Ac- 
celerator) - With Denison University; com- 
pleted temporary appointment in December 
1979 

D. C. Weisser (HHIRF) 

R. R. Winters (Oak Rid 

J. R. Wu (Microscopic Reaction Studies) - From 
University of Maryland; completed temps- 
rary appointment in June 1980 (now with 
Bell Laboratories) 

Temporary ~ ~ i ~ ~ ~ e n ~  of Staff 

Y. Ellis-Akovali (Nuclear Data t) - Assign- 
ed to Lawrence Berkeley ratory, Sep- 
tember 1980-August 1981 

W. B. Ewbank -On loan to the UCCND Manage- 
ment Information Systems Office, October 
1980-March 1981; on loan to the Informa- 
tion Division, beginning in April 1981 

E. C. Halbert (Theoretical Physics) - Assigned 
to the QRNL Energy Division, on loan be- 
ginning in April 1980 

R. L. Macklin (Oak Ridge Electron Linear Ac- 
celerator) - On leave t s  the French Atomic 
Energy Commission at Bmyeres-le-Chatei, 
France, ~ e ~ ~ a ~  198 

J. B. McGrory (Theoretical Physics) - Assigned 
to Gellschaft fiir Sc~w~r ione~s r schung  

) in Damstadt, West Germany, June 

Electron Linear Acceler- 
o the Central Bureau for 
ents, Geel, Belgium, June 

T. A. Wefton (Theoretical Physics) - On leave 
to the Institute for Theoretical Physics of 
the University of Frankfurt in Germany as 
recipient of Hurnbsldt Senior American 
Scientist Award, May 19804ctober 1980 
and also March 1980 - September 1981 

-AupSt 1979 

A. A s ~ ~ ~ ~ ~ h o m a m i  (HHIRF) - With Atomic 
Energy Organization of Iran in Tehran, 
Iran 

D. R. Bes (Theoretical Pbysics) - ,With Comisi6n 
Nacional de Energ& Atomica in Buenos 
Aires, A r ~ e ~ t ~ ~ a  

J. Blachot (Nueletkr Data Project) - With Com- 
misariat a 1’Eraergie Atomique in Grenoble, 
France 
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A. E. Cebdlos (25-MV Tandem Accejerator) - 
With Comision Nacional de Energia Atomica 
in Buenos Aires, Argentina 

I!. Chen (Nuclear Structure Studies) - With 
Institute of Atomic Energy in Peking China 
and also the University of Tennessee 

B. P. Cheynis (Macroscopic Reaction Studies) - 
With Institut de Physique Nucliaire in 
Viueurbanne, France 

G. Cisncros (Atomic Collisions) - With National 
University of Mexico in Mexico City, Mexico 

N. M. Clarke (Microscopic Reaction Studies) - 
With Wheatstone Laboratory, King's College 
in London, England 

C. Coceva (Oak Ridge Electron Linear Acceler- 
ator) - With Comitato Nazionale per 
rEnergia Nucleare, Bologna, Italy 

A. A. Dwal (HHIRF-Heavy-Ion Research) - 
With Universiad Nacional Autonoma in 
Mexico 

C. €3. Dasso (Theoretical Physics) - With 
NORDITA in Copenhagen, Denmark 

R. J. Donangelo (Theoretical Physics) - With 
University of Rio de Janeiro in Brazil 

T. D$ssing (Theoretical Physics) - With 
NORDITA in Copenhagen, Denmark 

P. L. Ekstrom (Nuclear Data Project) - With 
Uniwrsity of Liverpool in England 

M. El-Azab (Theoretical Physics) - With Faculty 
of Science at Assiut University in Egypt 

N. A. Fazzini (25-MV Tandem Accelerator) - 
With Argentine Atomic Energy Commission 
in Buenos Aires, Argentina 

D. H. Feng (Theoretical Physics) - With Niels 
Bohr Institute in Copenhagen, Denmark, 
and Drexel University 

M. L. GaiUard (UNISOR) - With Centre National 
de la Recherche Scientifique in Villeur- 
banne, France, and also the University of 
Tennessee 

M. Ghanbari (Total Cross Sections and Angular 
Distributions) - With Atomic Energy 
Organization of Iran in Tehran, Iran 

A. Gobbi (Microscopic Reaction Studies) - With 
Gesellschaft fiir Schwerionenforschung in 
Darmstadt, West Germany 

H. Gonzalez (25-MV Tandem Accelerator) ,- 
With Comision N a c i o d  de Energia Atomica 
in Buenos Aires, Argentina 

U. Heinz (Theoretical Physics) - With Frankfurt 
University in Germany 

R. M. Holmes (Heavy-Ion Atomic Physics) - 
From University of Reading, United King- 
dom; with the University of Tennessee 

S .  Huldt (Heavy-Ion Atomic Physics) - From 
Lund University, Sweden; with the Univer- 
sity of Tennessee 

C. Jiang (Macroscopic Reaction Studies) - With 
Institute of Atomic Energy in Peking, China 

F. Kearns (Nuclear Data Project - With Univer- 
sity of Liverpool in England 

J. Kirsch (Theoretical Physics) - With Frank- 
furt University in Germany 

H. Knudsen (Heavy-Ion Atomic Physics) - With 
University of Aarhus in Aarhus, Denmark 

W. Kroger (Theoretical Physics) - With Justus- 
Liebig University in Giessen, W. Germany 

R. Latz (Heavy-ion Atomic Physics) - From 
Goethe University, Frankfurt am Main, W. 
Germany; with the University of Tennessee 

G. A. Leander (UNISOR) - With Lund University 
in Sweden 

L. Ferreira (Theoretical Physics) - With Univer- R. M. Lieder (Nuclear Structure Studies) - With 
sity of Coimbra in Portugal Institut fiir Kernphysik Kernforschung- 

sanlage in Jiilich, W. Germany B. Fogelberg (Oak Ridge Electron Linear Acceler- 
ator) - With Studsvik Science Research L. I. Liljeby (Heavy-Ion Atomic Physics) - From 
Laboratory in Nykoping, Sweden Royal Institute of Technology, Stockholm, 

Sweden; with the University of Tennessee S. G. Frauendorf (Nuclear Structure Studies) - 
With Central Institute for Nuclear Research, T. Lindbkd (Nuclear Structure Studies) - With 
Academy of Science in Dresden, East Ger- Research Institute of Physics in Stockholm, 
many, and also the University of Tennessee Sweden 
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E. 

c. 

B. 

J. 

d . 

Maglione (Theoretical Physics) - With Nkls 
W~hs Institute in Copenhagen, Denmark 

@. Mcoharax (Oak Ridge Electron Linear Ac- 
celerator) With University of Liege in 
Belgium 

~ a h ~ ~ ~ i a n  (Neutron Capture) - With Atomic 
Energy ~ ~ ~ a ~ ~ ~ ~ ~ ~ ~ s l  of Iran in Tehran, Iran 

N. Mo (Nuclear Dada Project) - With IJniver- 
sity of Manchester i~ England 

A. Nicolai (25-MV Tandem Accelerator) ,- 
With Coflrrisi~n Naciownl de E m  gia Atomkz 
in Ruenos Aires, Argentina 

I?. R. Poughesa (Mwcmcspie Redction Studies) 
- With Univemity of Paria in France 

P-G. Weinhaad (Thcorctical Physics) - With 
Beutsche X;o~s~~-S%Easags~~aneinscha%t in Bonn, 

ossi (25-MV Tandem Accelerator) - -  With 
Comisirin Na&maR de Energia Atomica 
in Bueslos Airca, Argentina 

Germany 

ear StruetPsW Studies) With 
easch for Nucbar Physics in 

J. P. Rozet (IIeavy-Ion A t ~ m k  Physics) - -  From 
UniversitC P. et M. Curie, Paas; with the 
University of Tennessee 

iversity in Kuwait 
h (Nuclear Data Project) - With Kuwait 

U. Srnilaaxsky (Microsc0pic Reactism Studies) - 

With ~'~~~~~~~ Institute for Science in 
Rehovst, Israel 

W. M. Soffel ('Ihcoreticd Physics] -- With rravak- 
fust University in Germany 

M. 
ETH in Zurich, ~ w ~ ~ ~ ~ r ~ ~ ~ ~  

D. A. raylor (Hea\r~-lon Atomic Physics) - Fram 

Suter (Hsav-Ion Atomic Physics) - With 

~~~~~~~ United Kingdom; 

J. W. Tepl  (Nuclear Data Project) -- With 

with the University of Teni1essce 

Feeh~~fof~sutionsze~~~r_l?E.unr Ewer 
Mathemartik in Karlsrulrc, W. 

- With ~ ~ ~ ~ f y ~ ~ ~ ~ h  Vers 
in Groninpn, The Nctheilands 

ham {Nuclear Data Project) - With 

A. Vitturi (Theoretical Physics) - With Instituto 
di Fisilca Gali!ee Galilei in Padova, Italy 

C, A. Westerberg (Macroscopic Reaction Studies) 

A. 

R. 

J. 

P. 

s. 

S. 

R. P. Bhalla (Heavy-Ion Atomic Physics) - From 

ha. Blechcr (h4icrossopic W e a ~ t i ~ n  Studies) 

North 1"rxas State University 

From Virginia Polytechnic Institute and 
state wniversity 

pic: Reaction Studies) - 

M. Breinig (Heavy-Ion Atomic Physics) -- From 
the University of Tennessee 

North Texas State University 

From Murssky State IJniversity 

Naval Surface Weapeiis 

F. J. B I T ~ ~ P  (EN TandemP1 O y ~ a t i ~ m s )  - 

L, B. BriidweU (Heavy-Ion tatomic Physics) - 

ha. D. Brown (EN Tandem Operations) - From 
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c. w. Ng Ih4aissoscopic: Rcaction Studies) - 
From Virginia Polytechnic Institute and 
Statc University 

'r. L. N i C h l b  (UNISOR) - From the BJBbiversity 

H. 

€4. 

R. 

R. 

4i. 

M. 

B. 

P. 

%a. 

C. 

Y. 

of Tennessee 

Noma (UNISOR) - From the University of 
South Carolina 

Owes (Nnclms Stiactnre Studies) - From 

L. Parks (Microscopic Reactiota: Studies) - 
From the University of Virginia. 

From thc University of Connecticut 

A. Yetitt (Macroscopic Reaction Studies) - 
From Georgia State University 

S. Pundxrila (L4tomic Collisions) - From 
A&im University, ORAU Research Partic- 
ipant 

M. E'ieedeom (Micc oscopie Reaction Studies) 
- From the University of South catxolim 

V. Ras (UNISOR) - From Emory University 

thr UEiivenity of TePnnessee 

Peterson (PIcavy-Ion Atomic P&).Pi@$ - 

G. Ritchie {UNISOR) _- From the Univt~sity 
of South Cnroliira 

Pennsylvania State University 

Frcnr North Tcxrss State University 

R. Rejm (EN randem Operatioas) -- From 

ow (LN 'I'andea Operations) - 

1). G.  Ssraistitcs (Macroscopic Reactitan Studies) 

G .  A. Smitlr (di Tandem Opcrations) - From 

W. Soundraiiayagair-r (UNISOR) - From Vander- 

1). C .  Seusa {UNISBR) - From alae University 

L. H. Spejcwdi (UMISOR) - From Oak Ridge 

Y. S. Su (BN Tandem Operations) - From 

13. l a n e  ('X'hesrctical Physics) - From Yak 

C .  N. Thomas (MIIQIRP; Experimental Facilities) 

- Erorii Washington University 

Yenasylvaiiih State llniveersity 

bilt Ilniversity 

of Tenx..ssce 

Associated Uiiiversitbies 

Cornlirg Glass Works 

- 

Unl.dcrsily 

- From Oak F id@ Associated Universities 

T. ?A. I~cxBS (EkGtrOkI SpeCtssscopy) - FiOm 
the University of Tennessee 

J. 

R. 

S. 

J. 

K. 

1,- 

w. 

M. 

iiig GIass Works 

van der Pkht  (Ma~roscropic Reaction Studies) 
- From Los A ~ a ~ ~ ~  National I,aboiatory 

Vane (Heavy-Ion Atomic Physics) - From the 
University of Tennessee 

E. Varghese (Oak Ridge Elsctron Linear 
Accelerator) -- From the University of South 
Alabama 

A. Vrba (Microscopic Reaction Studies) - 
From the Ihiverslty of Tennessee 

E. Wikatrom (Maasscopic Reaction Studies) 
From  a ash^^^^^ University 

E. William (EN Tandem Operations) - 
From the IJniversity of Tennessee 

W i l S O l l  (EN Tandem Operations) - From 
WaaHVchKd University) 

R. Winters (Oak Ridge Electron Linear Aceel- 
emtor] ..-- From Dcmison IJniversity 

J. L. Wood (UNJSOR) - From Georgia Institute 

W. F. Woodward (Macroscopic 

of TechnoDsgy 

- From Washington University 

H. Yamatin (N~clear StrUctIlse Stl.tdk:fi) - From 
Vassdeshilt University 

the University of Kentucky 
S .  W. Yaks (N~clear Structure Studies) - From 

J .  D. Blizzard (Boiifidd Heavy-Ion Research 
Facility, Accelerator Development 
Millsaps College; Southern CaHe 
Universities Union (SCUU) Scicnce 
at ORNL, Janwry-.4pril 198% 

E. D. Blodgett (Microscopic eaction Studies) 
- From the University of Wisconsin; 1979 
ORAU Student Research Participant at 
ORNL. 

R. Doernei (EN Tandem Operations) - - From 
Texas A&M University 

S. P. Ducharme (Macroscopic Reaction Studies) 
-- From the University of Idowell; 1988 

ent Restarch Participant at  
ORNL 
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, BBy (Atomic CoiEisicans) 
~~~~~~~~t~~ 1979 ORAlT 
~ ~ ~ ~ ~ i ~ ~ n ~  at ORNL 

Ewbatrk (Nuclear 

croscopic Reaction Studies) - 
Texas State University; 1980 

eseareh Participant at 

%. V~ Greene (EN Tandem Operations) - From 
the University of Tennessee; 0RNE Co-op 
Prog1am 

. A. ~ ~ i ~ e ~ ~ ~  ( ~ ~ ~ ~ - ~ n e ~ ~ y  Physics) - From the 

tic Development) -- 
From Earlham College; 1988 ORAU Student 
Research Participant at QRNk 

M. Saxrna (Oak Ridge Electron Linear Accel- 
e ~ ~ ~ o r )  - From Denison University 

gy Physics) - From the 

tomic Physics) - 
rsity; 1979 ORAU 

Physics) From 

search Participant at ORNL 

om the University of Lowell; 1980ORAU 

. Myre ~ ~ a c r ~ s ~ ~ ~ ~ c  Reaction Studies) - 
~ ~ n ~ ~ ~ ~ ~ ~ t  University; 1979 ORAU 

Student Research ~ a ~ ~ c l ~ a n ~  at QRNL 

eay-i[on Atomic Physics) - From 
the University of I’ennessee 

A. L. Paige (Heavy-Ion Atomic Physics) - From 
the ~ ~ v e r ~ ~ t ~  of Tennessee 

L. ~~~~n~ (Negative-Io Source Develop 

RAU Student Participant at 

Student Research Participant at ORNE 

ent) - From a college; 8979 

QRNL 

From the University of Tennessee 

the ~ ~ i v ~ ~ s i t y  of Tennessee 

M. Scfnauer ~ ~ ~ a ~ ” ~ o ~  Atomic Physics) -- 

.?. F. Skiefel (Nuclear Physics Research) - From 

E. Watson (High-Energy Physics) -- From the 

A. L. ~ ~ n t e ~ ~ e r ~  (EN Tan em ~ p ~ r ~ t ~ o n ~ )  -- 

From the University of Tennessee; ORNE 
Co-op Program 

R. A. Wykoff (High-Energy Physics) - From the 
PJniversity of Tennessee 

University of Tennessee 

ORNL Consolltamts 

G. F. Bertwh (Theoretical Physics) .- From 

rink (Theoretical Physics) - From the 

D. A. Brsmky (Nuclear Physics Research) - 

Michigan State University 

rsity of Oxford in Oxford, England 

From Yale University 

€3. Castel (Oak Ri Electron Linear Accel- 
en’s University in Kings- 

ton, Ontario, Canada 

T. P. Cleary (Oak Ridge Isochronous Cyclotron) 
- From World Information and Technology 
Systems Corporation 

I Y. Cusson (Theoretical Physics) - From Duke 
University 

@. H. Davso (Theoretical Physics) - F E - o ~  Niels 
Bohr Institute in Copenhagen, Denmark 

R. A. Dayras (Nuckar Physics Research) - 
From @entre de’Etudes ~ ~ c l e ~ ~ ~ s  in Sa- 
clay, France 

I-,. S. Ferreira (Theoretical Physics) - From Uni- 
versidade de Coimbra in Coimbra, P~rpugal 

C .  FeuiUade (Theoretical Physics) - From Nan- 
Chester UJniverthy in Manchester, England 

3. E. Fowler (Oak ]Ridge Electron Linear Ac- 
celerator) - BRNL retiree; also, part-time 
Professor with the University of Tennessee 

S .  k. A. Huldt (Heavy-fm Atomic Physics) - 
From the University of Tennessee 

B. Gilbody (Atomic Collisions) - From Queen’s 
W n i ~ ~ ~ s ~ t y  in Belfast, Ireland 

W. Creiner (Theoretical Physics) - From the 
IJniversity of Frankfurt in Frankfurt, &r- 
many 

F. lachello (Theoretical. Physics) - From Yale 
~ n ~ v e ~ s ~ t ~  

A. K. Kerman (Theoretical Physics) - From the 
Massachusetts Institute of Technology 



S. E. K ~ o n i n  (Theoietkal P h y ~ i ~ s )  - From the 
California Iiistitute of T e d i i ~ h g y  

\XI. I”“ Ewe (I’heoretical Physics) - From the 
‘IJniversity of Georgia 

C .  F. Maguire (Macroscopic: Reaction Studies) 
- From Vataderbilt University 

J. A. Maruhn (Theoretical Physics) - From 
Frankfurt Uiliversity in Frankfurt, Germany 

E. McDanids (Atomic Collisions) - From the 
Georgia Institute sf ‘l’echaaology 

K. M. McKnighi (Atomic Cross-Sections Com- 
pilations) - From the University of Virginia 

T. 3. Morgan (Atomic Cross-Sections Complla- 

V. E. Oheracker (Theoretical Physics) - From 

M. S. Pindzola (Atomic Collisions) -- From An- 

W. -1. Pinkston (lheoretical Physics) - From 

G. Pollarolo (I heoretical Physics) From the 

tioras) - From Weskyan University 

Vandxbilt Uniwrsity 

bum Uaiversity 

Vandesbilt University 

University of Torino in Toriiio, Italy 

ORAU Cnnsaaltmf~ 

Many university and cokgc  faculty mera~bers and graduate stiidcaii5 visited the ~ h y s i c s  iPi wwri 
for consultation and collaboration during 1979-April I98 1 through arrangenlcnts v i th  Oak Ridge Assil 
eiated 1Jniversities. ‘Ihesc individuals and their affi1iatiGii;s are listed bcBow. 

Abridge, R. G., Vanderbilt University 

Amarakoon, M. D., Louisiana, State University 

Andrews, M. C., North Texas State University 

Antar, A. A., University of Connecticut 

Avignone, 9;. ‘Y., PPI, University of South Carolina 

Azziz, N. J., UAiVeiSiiy uf Fuerto R i a  at May- 

Baker, F. T., University of Georgia 

Barclay, ha. E., Vaiiderbilt University 

I k k e r ,  J .  E l . ,  Saint Louis University 

Blankenbeckr, W., Stanford University 

Braga, R. A., Georgia Institute of Technology 

Braratleg,, W. H., Furman University 

Wridwell, L. B., hhr ray  State University 

aguez 

Burns, W. S., Texas A Griffin, J .  J., liniversity of Maryland 
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s. u. Berry, 

B. Cheynis, 

University of Tennessee 

University of Tennessee 

J. L. Carvalhs, 
n State University 

2). E. DiGreprio, 
National Tecl~nical University 
Buenos hires, Argentina 

University of Tennessee 

University of I'ennessee 

G .  A. Glass, 

R .  E. Neese, 

T. L. Nichols, 
University of Tenncssee 

R. L. Parks, 
University of Virginia 

8. G ,  Ritchie, 
University of South Carolina 

I). ha. Thomas, 
University of Texas 

w. K. Luk, 
IJniversity of ']Tennessee 

F. Plasil 
F. E. Obenshain 

N. R. Johiason 
L. L. Riediasger 

I. A. Selliii 

N. W. Johnson 
M. W. Guidry 

N. W. Johnson 
M. W. Guid~y 

J. E, C. Ford, Jr. 

D. N. Crandall 

Accelerator-based atomic 
collisions expek-imsenFs 

Heavy-ion-induced fission 

Studies of band crossings 
in high angular momentum 
states in deformed nuclei 

Heavy-ion fusiora reactions 

Accelerator-based atomic 
collisions expeiiments 

Heavy-ion ineiastie scattering 
from deformed nuclei 

Transfer reactions with very 
heavy ions populating strongly 
collective states 

Installation and testing and 
initial experiments with the 
seapesssslic gas jet target 

Experimental and theoretical 
investigations of the decays of 
Z G 6 F r  Z"*Fr 

s p e c t ~ ~ ~ ~ t ~  for use onToka 
Lowenergy neentral partick 

A testing of cranking model 
predictions for high angular 
momentun; states 

The research pcrssrinel frequently are involved in professional work incidental to their primary 
laboratory responsibilities. For cxampk, a majority act as referees for over two doma scierutific jour~1a$s, 
principally TTZP Physical W ~ v k w ,  Physical Review I ~ t e r s ,  and Nuclear Phpics. Other activities inch 
those mentioned below. 

G. D. Alton - memlxr, Organizational Com- 
mittee for the 1980 Conference on the 
Application of Accelerators in Research and 
Industry 

J .  B. Ball - -  I Y ~ ~ X X I ~ W . ,  DOEINSF Nuclear S c i e a i ~ ~  
Advisory Conitnittee (NUSAC); member, 
Organking CamrniEtee and chairman for 
the Third International Conference on 
Electrostatic AcceRcrat~s 'I'echnalogy, April 
198 1 ; member, Organizing Committcr for 

1979 Symposium on Heavy-ion Physics 
(BNL); member, OWNL Landscape and 
Architecture Committee 

C ,  F. ~~~~~~~ -- committee member, American 
Physical Society Topical Conference on 
Plasma Diagnostics in High-'-! emperature 
Plasmas; committee member, American 
Physical Society Topical Conference on 
.Atomic Physics in IIigb'remperature !??as- 
-mas; n?tembep, M a t i ~ ~ d .  Academy of SC~~PKX - 
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esearch Council Committee 
Fvlolecukr Physics; member, 

rt-tirnc: f a d t y  membcr, De- 
sics, University of Tennessee; 

reviewer of research proposals for the W.S. 
Department of Energy, Division of Physical 
Research, and for the National Science 
~ ~ U ~ ~ ~ ~ ~ o ~  

C .  E. Bemis, Jr. - memkr, users groups of LBL 

DOE Personnel Security Review Board 

F. 

J, 

@. 

6, 
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Chemistry and Technology, American 
Chemistry Society, 198 1; member, Super- 
MILAC Users’ Group, Lawrence Berkcley 
Laboratory 

C. M. Jones - chairman, Scientific, Committee 
of the Third International Coreferenmce on 
Electrostatic Accelerator Technology, April 

member, Administr;ttive Corn- 
mittee, IEEE Nudear and Plasma Scielrres 
Society; member, Board of Directors, Mid- 
Continent Electronics Conference (MID- 
CON); member, Editorial Adviso,sy Board of 
Pmticie Accelemtors; member, Organizing 
Committee 198 I Pattick Aceelerator Con- 
ference; mitxi~I-aScr, Interwatiofial OrgaPiiziaPg 
Committee, 9th International Conference 
of Cyclotron aa;d Their Applications, Cam, 
France, 19811; IEEE liaison, 1981 Confer- 
ence on Applications of Accelerators in 
Research and Industry; General Ckaitmman, 
1980 Nuclear Science Symposium; Pro- 
ceedings editor, ]Third international Con- 
ference on Electrostatic Accelcmtor Tech- 
naBl0gy 

F. K. McGowan - associate editor, Atomic 
Data and Nuclear Data T a b h  

J. B. Mdirocy meznbw, ORIC Program @om- 
mittee; menher, OWNL Technical Seminar7 
member, ORNL, Computer Advisory Com- 

Division of Nuclear Physics, American 
Physical, Society. 1980 -9 1; mc~tiber, Fellow- 
ship Committee, Division of Nuclear 

82; member, Departmerit of Energy Nu- 
clear lhsory Rie7*.icw Committee 

P.  a. Milkr - f ’~iei~,S~r,  Organizational Conr- 
rnittee for thc 1950 Conference on the 
Application of Accelerators in Reseaacta and 
Industry, Nov. 3-5, 1980; treawwr, h e a l  
Committee, and member of Program COIF- 
mittee of the XI1 Internaaiorral C0nF-q. uemie 
on the J’hysirs of Electrouic and 2 \ t~mic  
CO~~S~OIIS, Jlriy 1981 

C .  U. M ~ a k  - mentor, HKIRF Atomk Physics 
Beam Line; raaember, Local Comrnittzs: foi 
the XII Inteinaliona‘l c0xL~efL“nce on the 

S ~ Q ~ S ,  July 1981 

13-16, 1981 

J. A. Martin 

mittee: chairman, Fellowship Committee, 

Physk?, t4nleriClPn Physical Society, 198 I 

Physi@? Of F,!&CBTOtTk and L4!omk COlIi- 

S. W. Mosko - nmr&er, Electrical. Safety Corn:- 
mittee; Physics Division Erriergy Conserva- 
tion Coordinator 

S. Wamm - meabcr, APS Division of Nuclear 
Physics Program Committee 1979-8 1 ;  
member, lsrt~mabiona1 Advisory Committee, 
International Conference on the: Theory 
and Applications of Moment Methods in 
Many-Fermion Systegats, h i e s  Pdah9snratosy, 
Iowa State University, Sep:. 10-14, 1979, 
Traveling ! xcturer, Oak Ridge Associa!ed 
Univemities, 1979-8 1; aienrbcr, Program 
Committee, Fourth International Sympo- 
sium CHI Neiabron Captute Gamma-Ray 
Spectroscopy, Institute Max von Laue- 
Laagevia, Grc~mbl.:, France, Sept. 7-8 1, 
1981; membci, APS Divisian of Nuclear 
Physics Publications Connrnittee, 1981 - 
82; Editor, Actinide Newsletter, since 191’7 

L. L. Risdinger - visiting scientist, NieBs Bohr 
Institute, Copenhagen, Denmark, July, 

of the VSCB’J Group, Holifield 
Hcavy--Ion Acse8erator Facility; chaia~niin, 
UNISOR Exc,,utive Comnitte 

the Tandem ACGCECTS~W Wrmkhauen Na- 
tional Laboratory, sirice J 

- liaison sfficcs, User’s Group of 
the Molifi.e$d H e ~ p I o n  Kcs~arcls Facility: 
T .rai@r~, C)rga&ing Coin~rittee for Fall 

st, 1979; chairman, Exceu2ivc 

membea, Progrnn1 A4dwisory Com 

It. &. Robinson 

Atomic Data and Ni~clewr Lkta Tables; 
in8 Committee and co- 
cccdings (Phenm? PiAdkh- 

in8 Co., 1?80) of fhc conferencr: on ‘The  
(rm> Reanr:ioo and the Nucleon-Nucleon 
32’0rt-e.‘~ rrUuridf2, Colo. March 29-31, 1979; 

1980)l; is?iicV+.;eF, 

and National Scisnc~ 
mernbe~, OrganiT- 

pole Rew::41pccs, Oak Ridge, 
Oca. 15-1 I, 1979, riicmbw, International 
Advisory Cornmitree for thc Fifth Polariza- 
tion Confercace, S a n t ~  Pc, W. M., Aug. 

visory Committee fer the Topical Research 
Institute of T h t ~ ~ e t i c d  Physics, University 

for the 7, opicd Conferexc 

11-15, 1989; IIXI , Intoapational A& 
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of Washington, Seattle, July 23-August 24, 
1949 

P. N. Stelson - part-time faculty member, De- 
partment of Physics, University of Ten- 
nessee; associate editor, Nucleu~ Physics; 
member, Executive Committee, Division 
of Muelear Physics of the American Physical 
Society; member, Visiting Committee for 
Nudear Science Division, Lawrence Berke- 
ley ~ a ~ o r a ~ ~ r y ~  member, International Ad- 
visory Committee of the International Con- 
ference on Nuclear Physics, Berkeley, 
August 1980 

Stability,” Vanderbilt University, Sept. 
10-13, 1979; chairman, UNISOR Schedul- 
ing Committee; member, UNISQR Salary 
Committee; member, UNISQR Technical 
Committee; guest scientist, Supr-PII1LAC 
and Winch Cyclotron, LBL, and the Cyclo- 
tron Institute, Texas A&M Universit!& 
mentor, Physics Division Library 

T. A. Welton - part-time faculty member and 
cobquium chairman, ‘ ~ ~ p ~ m e n t  of 
Physics, University of Tennessee; reviewer 
of research proposals for the Department 
of Energy and National Science Foundation 

K. S .  Toth - member, Organizing Committee 
for the International Symposium on ‘’Future 
Directions in Studies of Nuclei Far from 

C. -Y. Wang - member, Editoral Board of 
Chinese AIpysics 

PHYSICS DIVISION SEMINARS: JANUARY 1979-APRIL I, 1981 

Those seminars arranged by the Physics Division and announced in the ORNL Technical Calendar 
are listed below. In addition, there were more specialized meetings (not listed), which fell primarily 
into three categories: nuclear research coffees, atomic physics seminars, and theoretical 
During the period of this report M. Halbert served as seminar chairman until July 1980 and then E. K. 
Spejewski through April 1981. 

Date 

1/41 a9 

11 11/49 

1/ 18/79 

1 / 251 79 

2/8 /79  

2/22/79 

2/28/79 

Speaker 

A. van der Woude, Kernfysisck Versneller 
Instituut, Groningen, The Netherlands 

Cheuk-Yin Wong, Division Staff 

R. E. Warner, Qberlin College 

M. W, Guidry, University of Tennessee 

C, H. Johnson, Division Staff 

D. E. Murnick, Bell Laboratories 

Dennis Moltz, Lawrence Berkeley 

Stephen Lundeen, Harvard University 

Laboratory 

R. A. Broglia, Niels Bohr 
Institute, Denmark, and SUNY at 
Stony Brook 

Title 

Excitation of Giant Resonances 

The Origin of the Low- P Fuaion Window 
in Heavy-Eon Callisions 

Double Spectator Poles in 6Li + 6Li Double 
Breakup 

Semiclassical Localization in Heavy-Ion 
Scattering 

S and Ca Neutron Total Cross Sections: 
Single-level, Multi-level, and Picket 
Fences 

Laser-Induced Nuclear Orientation 

Recol Atom Mass Analyzer 

Precision Subnatural Line Width Spec- 
troscopy: A Biew ~ ~ ~ $ ~ r ~ ~ e ~ t  of the 
Lamb Shift in Atomic Hydrogen I 

Pb(a ,  a’) Inclusive Reactions rand the 
Giant Resonance Background 

Study of T, = -2 Nuclei with RAMA: A 

208 
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3/1/79 
3/ 81 78 

3/ 141 79 

5 /1 /79  

5 /  1/79 

5 /  81 79 

5/ 15/79 

51 231 79 

51 241 79 

5 /  3 I / 79 

51 311 59 

6 /  71 79 

6/ 12/79 

I'. Pleiles, Wamard IJniversity 

H. Miller, State University of 
New York, Stony Brook 

C .  Toepffer, University of the 
Witwatersrand, South Africa, and 

Y. D. Ckan, University of 

M. W. Guidsy, University of 

C. M. Jachcinski, State University 

D. Mahs, Max-Pbnck Institut fur 

ORNL 

Washington 

Tennessee and ORNL 

of New York, Stony Brook 
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