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INTRODUCTION

This report covers the research and development activities of the Physics Division for the 1992 fiscal
year, beginning October 1, 1991, and ending September 30, 1992. The activities of this Division continue to
be concentrated in the areas of experimental nuclear physics, experimental atomic physics, and theoretical
nuclear and atomic physics. In addition, there are smaller programs in particle physics, plasma diagnostics,
and data compilation and evaluation.

This year has seen a significant change in the direction of the research programs supported by the
Holifield Facility. In mid-year, funding was received to reconfigure the accelerators into a dedicated
radioactive ion beam (RIB) facility--the first such facility in North America. To effect this transition, user
operations of the HHIRF were concluded in June and efforts redirected to the new mission. A summary of
Facility activities, along with supporting activities of the Joint Institute for Heavy Ion Research, is given in
Chapter 1. The RIB project is described in Chapter 2.

The experimental nuclear physics program covers a broad spectrum of activities centered largely, but not
exclusively, on the use of heavy ions. Particularly emphasized are programs in nuclear structure, nuclear
reaction spectroscopy of giant resonances, and low-energy reaction phenomena. Results from this past year's
work are presented in Chapter 3.

The relativistic heavy ion experimental program continues at CERN and at the Brookhaven AGS. In
addition to experimental results from high-energy, heavy ion and particle physics programs, the activities of
the Division in support of the new PHENIX (RHIC) and GEM (SSC) detector collaborations are included in
Chapter 4. Also included in this chapter is a summary of the effort in experimental particle physics.

A continuing major area of experimental research for the Division is atomic physics. This activity
comprises two groups: one on accelerator-based atomic physics, centered primarily at the EN-tandem and
the Holifield Facility, but extending to ultrarelativistic energies at the CERN SPS; and one on atomic physics
in support of fusion energy, based primarily at the ECR ion source facility. These programs also operate,
respectively, the EN-tandem and the ECR Ion Source Facility as "user resources.” A report on the activities
of the accelerator-based research is given in Chapter 5, and the program in support of fusion is described in
Chapter 6.

The UNISOR program, since its inception, has been associated intimately with the Division and, most
particularly, with the Holifield Facility. A summary of the research of this consortium is included in
Chapter 7.

The theoretical physics activity in the Division concentrates on the areas of atomic physics, nuclear
physics, and physics at the nuclear-particle interface, with a particular emphasis on applications of high-
performance computing. These efforts, which represent independent studies as well as support to the
experimental program, are presented in Chapter 8. Included in this chapter are the results of work associated
with the Center for Computationally Intensive Physics and work involving long-term theory visitors of the
Joint Institute for Heavy Ion Research.

The Division efforts in the development of Tokamak diagnostics for the Fusion Energy program are
described in the work of the Laser and Electro-Optics Lab in Chapter 9.

The Division operates two efforts in data compilation and evaluation. The work of the Atomic Physics
Data Center and our effort as part of the National Nuclear Data Center are summarized in Chapter 10.

The report concludes with general information on publications, Division activities, and personnel
changes.

J. B.Ball
January 1993






1. HOLIFIELD HEAVY ION RESEARCH FACILITY

OVERVIEW
R. L. Robinson and C. M. Jones

The past year has been one of dramatic transition
preparing the way for propelling the Holifield facility
into an exciting new area of nuclear physics. At the
end of June, the facility ceased operation for the
research program and its staff redirected their efforts
into modifying the accelerators to produce radioac-
tive ion beams (RIBs). DOE, early this year, ap-
proved “Accelerator Improvement Modification
(AIM)” funds of $2.4 million, over the three years FY
1992-94, for this upgrade. The present schedule calls
for production of the first RIB in early 1995. At that
time the facility will resume its operation as a national
user facility.

The Holifield RIB Facility will provide RIBs
with masses up to 80 with suitable energies and
intensities for nuclear structure and nuclear astro-
physics studies. Because the required two accelera-
tors are already in place, the cost for the modification
is modest, and the schedule short. (No other U.S.
facility has such a fortunate juxtaposition.) Lightions
from the ORIC cyclotron will be used to bombard a
thick target to produce nuclear reactions leading to
radioactive products. Radioactive nuclei of one mass
will be selected, converted to negative ions and accel-
erated with the 25 MV tandem accelerator. The major
new components are two high voltage platforms, the
targetfion source where the RIBs are produced, a
magnetic dipole for mass selection, a negative-ion
charge-exchange canal, and two beam lines to link the
ORIC, the RIB production area, and the tandem
accelerator together. The two high voltage platforms

will be located in an existing heavily shielded target
areaideally located between the ORIC cyclotron and
the tandem accelerator. The target/ion source, mass
separator, and charge exchange canal will be located
on one of the high voltage platforms; electronics for
these components will be mounted on the other plat-
form. Details of the project can be found in Chapter
2.

During the first nine months of FY 1992, the
Holifield facility served as a national research facility
by providing 2616 hours of beam for research to 137
scientists from 35 institutions (see Table 1.1). As in
FY 1991, these hours were all provided with the
tandem accelerator with no coupled operation be-
cause of budgetary limitations. Inspite of the reduced
budget and schedule, performance and reliability of
the tandem accelerator continued to be good and no
significant problems were encountered.

A contract was signed late in the fiscal year with
Danfysik for construction of the Recoil Mass Spec-
trometer (RMS). This is a new generation device to
separate reaction products, with high efficiency and
high-mass resolution, from the primary beam at zero
degrees. It is unique in its capability to provide this
separation for essentially all inverse reactions. The
RMS is an excellent complement to the RIB facility
because it can be used to detect nuclei which are
produced with small cross sections very far from the
valley of stability.

A new target room is planned for housing the
RMS and future associated detector systems: Funds
have been approved, conceptual design completed,
and work on construction drawings has been initi-
ated.
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Table 1.1. Distribution of users who participated in research programs at the Holifield during
the twelve-month period between October 1, 1991, and September 30, 1992

Number of Number of
Institution Researchers Institution Researchers
U.S. UNIVERSITIES NATIONAL LABORATORIES
Berea College 1 Argonne National Laboratory 2
Eastern Kentucky University 1 Brookhaven National Laboratory 1
Georgia Institute of Technology 7 Idaho National Energy Laboratory 2
Louisiana State University 3 NASA/GSFC 7
McGill University 1 Oak Ridge National Laboratory 33
Michigan State University 1 S
Mississippi State University 6 45
ORAU 3
Oregon State University 2
Princeton University 2 NON-U.S. INSTITUTIONS
Rutgers University 3
SW Missouri State University 2 AERE (United Kingdom) 1
SUNY 1 Dubna (Russia) 1
Tennessee Technological University 4 JAERI (Japan) 2
Texas A&M University 2 University of Leuven (Belgium) 2
University of Kentucky 2 Oxford University (United Kingdom) 4
University of Maryland 2 University of Hannover (Germany) 2
University of North Carolina 1 Ecole Polytechnique (France) 1
University of Pittsburgh 5 University of Tokyo (Japan) 1
University of Tennessee 9 : —_
Vanderbilt University 15 14
Washington University 5

78 Total 137
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ACCELERATOR OPERATIONS AND DEVELOPMENT

ACCELERATOR OPERATIONS Table 1.3. Beams provided for research for the
period October 1, 1991,
G. D. Alton, M. R. Dinehart, D. T. Dowling, through September 30, 1992
D. L. Haynes, C. A. Irizarry, C. M. Jones,
R.C.Juras,S.N. Lane, C.T. LeCroy, M. J. Meigs, Ion Species Maximum Energy (MeV)
G. D. Mills, S. W. Mosko, S.N. Murray,

D.K.Olsen, B. A. Tatum, and N. F. Ziegler! 12C 150
160 191
As a result of decreased funding, accelerator 170 47
operation was further curtailed in FY 1992. No 4Mg 172
coupled-operation beams were provided and it was 288i 150
necessary to reduce the accelerator operations staff sp 158
by another person so that a substantial fraction of 28 220
accelerator operation was performed with only three us 175
full-time accelerator operators. In spite of these 36§ 159
changes, accelerator utilization efficiency, defined as 3Cl 195
hours of beam available for research/(hours of beam 45S¢ 205
available for research plus tuning plus unscheduled 46T 246
maintenance), exceeded 80% and 2616 hours of beam 48Ca 213
time were provided for the research program. Com- 56Fe 450
plete operating statistics for FY 1992 are shown in 58Ni 246
Table 1.2 and a list of beams provided for research is 64N 237
given in Table 1.3. Operation for the experimental 78Se 270
program was terminated on July 30, 1992. 79Br 370
Another important task related to operations was 107Ag 550
completion of the hazard screening documentation 1211 400

which constitutes the first phase of a new Laboratory
safety documentation initiative.

1. Consultant.

Table 1.2. Tandem accelerator utilization for the period October 1, 1991,
through September 30, 1992

Hours Percent
Beam available for research 2616 30
(tandem-alone and coupled operation)
Accelerator tuning (includes scheduled 342 4
startup-shutdown)
Machine studies (includes conditioning not 296 3
required for specific experiments)
Total operating time 3254 37
Unscheduled maintenance 305 3
Scheduled maintenance 1034 12

Scheduled shutdown 4191 48
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TANDEM ACCELERATOR

G.D. Alton, M. R. Dinehart, D. L. Haynes,
C.M_ Jones, R.C. Juras, S. N. Lane, C. T. LeCroy,
M.J. Meigs, G.D. Mills, S. N. Murray,
and N. F. Ziegler!

Performance and reliability of the tandem accel-
erator continued to be good, and no significant prob-
lems were encountered during this period of opera-
tion on areduced schedule. Terminal potentials up to
23 MV were used during operation for the experi-
mental program.

Of the seven tank openings which occurred dur-
ing this period, three were planned for scheduled
maintenance and four were required for unscheduled
maintenance. Three of the unscheduled openings
were required to repair high-voltage power supplies.
A broken charging chain caused the fourth opening.
This chain had been in service since April 1979 and
had 62,605 hours of operation. No damage was
caused by the broken chain; it was quickly replaced
with a spare chain removed in 1984,

An important development during this year was
animproved understanding of how to install titanium
sublimation pump elements (“slugs”™) in the terminal
stripper pump. The resulting installation improve-
ment and an associated modification of the elements
resulted in a significant reduction in stripper pump
outgassing time following the installation of new
elements.

The prototype voltage-gradingresistorsdiscussed
in the previous progress report? continued to function
well with no apparent spark-induced damage. Instal-
lation of a complete resistor-based voltage-grading
system based on this design is planned for FY 1994,

Operation of the SFg storage and recirculation
system continued to be without incident. SF¢inven-
tory losses for the year were about 0.5%.

In response to a request from a user, the energy-
analyzing magnet calibration3 was checked by per-
forming an absolute beam energy measurement for a
71.2MeV 160* beam using the time-of-flight method
described in Ref. 3. The measured value of 71.21
0.06 MeV was in good agreement with the value of
71.23 MeV obtained using the observed NMR value
and the calibration function measured in 1986.3

1. Consultant.

2. D. L. Haynes, C. M. Jones, R. C. Juras,
M. J. Meigs, J. E. Raatz, and J. B. Schroeder, Phys.
Div. Prog. Report for Period Ending Sept. 30, 1991,
ORNL-6689, pg. 6.

3. D.K.Olsen, K. A, Erb,C. M. Jones, W. T.
Miiner, D. C. Weisser, and N. F. Ziegler, Nucl. Instr.
and Meth. A254, 1 (1987).

A SIMPLE, INEXPENSIVE
VOLTAGE GRADING RESISTOR FOR
LARGE ELECTROSTATIC
ACCELERATORS!

D. L. Haynes, C. M. Jones, R. C. Juras,
M.J. Meigs,J. E. Raatz? and ]. B. Schroeder?

A simple, inexpensive voltage-grading resistor
installation for electrostatic accelerators is described.
Functional tests in the Holifield Heavy Ion Research
Facility 25-MV tandem accelerator indicate that this
system is insensitive to spark-induced damage at
operating potentials up to 24 MV.

1. Abstract of published paper: Nucl. Instr. and
Meth. A320, 400 (1992).

2. National Electrostatics Corporation,
Middleton, Wisconsin 53562.

PERFORMANCE
CHARACTERISTICS OF A
MULTIPLE-SAMPLE,
CESIUM-SPUTTER, NEGATIVE-ION

SOURCE
G.D. Alton and M. T. Johnson!

A multiple-sample, cesium-sputter, negative-ion
source which permits sample changes without dis-
ruption of on-line tandem accelerator operations is
described. The source is equipped with provisions for
remotely selecting and moving into the beam position
any one of sixty samples by means of stepping motors
equipped with absolute shaft encoders. A spherical-
sector cesium ionizer is used to produce the cesium
beam for sputtering the sample material. The source
is equipped with a three-element electrode system
which has been designed to increase the perveance
for cesium ion beam generation and to improve
negative-ion-beam extraction from the source. (De-
tails of the mechanical design features and optics of
the three-clement electrode system have been previ-
ously discussed in Refs. 2 and 3.) Data pertinent to
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source operation and the dependence of negative-ion
yields on certain source operational parameters were
determined during this fiscal year.

A thin layer of cesium can reduce the work
function to very low values; the magnitude of the
work function change depends on the value of the
intrinsic work function, as well as the characteristics
of the adsorbate (Refs. 4 and 5). Maximum negative-
ion yields are realized whenever minimum work
function surfaces are achieved. Thus, an understand-
ing of the dependence of negative-ion yields on
source operational parameters, such as ionizer heater
current, cesium oven temperature, and sputter-probe
voltage, is essential for optimum and efficient, as well
as stable, source operation. The dependence of nega-
tive-ion yields on each of these three parameters was
carefully determined for source operation with C, Cr,
and Ni samples.

Negative-ion yield versus ionizer heater cur-
rent. Inorder to evaporate cesium in ionic form, itis
necessary to heat the ionizer to a critical temperature
of ~1100°C. Typically, the cesium ion beam intensi-
ties exhibit very abrupt onsets which occur when the
critical temperature (~1100°C) is reached. This phe-
nomenon is illustrated in Fig. 1.1, which displays
relative negative-ion yield versus ionizer tempera-
ture. Such behavior is characteristic of most, if not
all, surface-ionization processes.

Negative-ion yield versus cesium oven tem-
perature. A thorough knowledge of the correlation
between negative-ion yield and cesium oven tem-
perature is required in order to realize optimum
negative-ion yields, as well as to maintain stability of
source operation. The cesium oven temperature
controls the rate at which cesium strikes the hot
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Fig. 1.1. Relative negative-ion current as a
function of ionizer heater current.

ionizer surface. If the cesium oven temperature is t0o
low, the negative-ion yields will be low. If the cesium
oven temperature is too high, the negative-ion yields
also decrease and severe sparking may result as a
consequence of the high flux of neutral cesium enter-
ing the extraction region of the source. The maximum
negative-ion current for the elements considered was
found at oven temperatures close to 200°C.

Negative-ion yield versus ionizer voltage. The
ionizer voltage also affects the negative-ion current
due to the increase in sputtering rate with cesium ion
energy. A sputtering voltage too low relative to
optimum cesium flow rate conditions reduces the
negative-ion yield from the standpoint of the number
of particles sputtered, as well as greater interference
between the sputtered target particles and the effec-
tive cesium layer. In contrast, a voltage which is too
high can detrimentally disturb the cesium layer by
sputtering away the cesium monolayer too quickly,
resulting in an increasing work function and a de-
crease in the probability for negative ion formation.
At some ionizer voltage, the cesium oven-tempera-
ture-limited regime will be reached; at this point, the
ion current will no longer increase, while the sputter
rate will continue to increase. The dependence of
relative ion yield on ionizer voltage for C-is shown
in Fig. 1.2. For this case, the maximum in the nega-
tive-ion yield versus ionizer voltage has not been
reached. According to theory, the total negative-ion
yield from sources of this type should increase strongly
with ionizer voltage (o0 V52),

Experience during test stand operation indicates
that the source is simple to operate, reliable, and
capable of producing a wide spectrum of negative
ions. However, to date, the source has only been used
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Fig. 1.2. Relative C- negative-ion yield as a
function of ionizer voltage.
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to produce negative-ion beams of C-, Cu-, and Ni- for
the purpose of determining the operational character-
istics of the source. With the source operated at
optimum cesium oven temperature, a sputter probe
potential of —2000 V and the intermediate electrode
operated at —1800 V. negative-ion yields of C-, Cu-,
and Ni-are observed to be equal to or greater than the
spherical-geometry ionizer source described inRefs. 6
and 7. The source has not been extensively used for
a large number of species or to determine maximum
yield capability of the source for a particular species.
However, the source appears to be superior to the
previous spherical-surface source design (Refs. 6 and
7) in terms of negative-ion-beam intensity, ease of
operation, and operational stability. The source will
undergo further evaluation in the months to come and
will be the subject of a future report which will
include a extended list of negative-ion species. After
this period of operation, more definitive information
will be available regarding the maximum absolute
negative-ion yields that can be achieved under opti-
mum operating conditions.

1. Science and Engineering Research Semes-
ter participant, Hamline University, St. Paul, MN.

2. G. D. Alion, R. M. Beckers, and J. W.
Johnson, Phys. Div. Progress Report .ORNL-6578
(1989),p. 9.

3. G.D.Alton,M. T.Johnson,and G. D. Mills,
to be published in Nucl. Instr. and Meth.

4. G.D. Alton, Surf. Sci. 175, 226 (1986).

5. 1. K. Nerskov and B. I. Lundgvist, Phys.
Rev. B19, 5661 (1979); G. D. Alton, R. M. Beckers,
and J. W. Johnson, Nucl. Instr. and Meth. A244, 148
(1986).

6. G. D. Alton and G. D. Mills, IEEE Trans.
Nucl. Sci. NS-32 (5), 1822 (1985).

7. G.D. Alton, J. W. McConnell, S. Tajima,
and G.J. Nelson, Nucl. Instr. and Meth. B24/25, 826
(1987).

A SIMPLE POSITIVE/NEGATIVE SURFACE
IONIZATION SOURCE

G.D. Alton, M. T. Johnson,! and
G.D. Mills

During the fiscal year, the versatile, spherical-
geometry, self-extraction surface ionization source,
described previously,23 was assembled, vacuum

tested, and operated both as a positive and as a
negative surface-ionization source. The source uti-
lizes direct-surface ionization to form either positive
or negative-ion beams resulting from interactions
between highly electropositive or electronegative
atoms or molecules and a spherical-sector surface
ionizer maintained at ~1100°C. The efficiencies for
forming Cs+ or UFg in the respective modes of
operation are, according to theory, very high. For
positive ion generation, the surface ionizer is chosen
to be a high-work-function metal such as Mo, Ta, or
W; while for negative ion formation, a LaB¢ surface
ionizer is selected. The design features and perfor-
mance of the source for each of these modes of
operation are discussed in this report.

The positive or negative surface ionization source,
shown schematically in Fig. 1.1 of Ref. 2, can be
converted quickly and easily to and from positive or
negative modes of operation by simply interchanging
the surface ionizer. The body of the source is identi-
caltothe standard cesium-sputter negative-ion sources
described in Refs. 4-7. Conversion to either a posi-
tive or negative surface-ionization source is accom-
plished by retrofitting the standard negative-ion source
with the appropriate spherical-sector ionizer and ion-
izer-heater assembly. The ionizer assembly elec-
trode structure is insulated from the source housing so
that a positive or negative potential of £ 1 to+ 5kV
can be applied for initial acceleration of ions formed
on the hotionizer surface. The respective ionizers are
made of Ta for positive and LaB6 for negative ion
generation. The ionizers are identical in size and
shape and have diameters of 19 mm and spherical
radii of 29.3 mm. The ionizer electrode structure is
designed to focus the ion beam through the ion exit
aperture, where the beam is further accelerated to ~20
keV. An annular heater is used to heat the ionizer to
1100°C. The annular heater design permits easy
exchange of the ionizer material when converting
from positive to negative or negative (o positive
modes of operation. Operational parameters for each
mode of operation were determined. These results
are discussed separately below.,

In order to optimize source operation, the corre-
lation between Cs+ ion beam intensity and ionizer
current, cesium oven temperature and initial accel-
eration voltage must be measured. The dependence
of Cs+ ion beam current on each of these parameters
was determined.

The cesium ion-beam intensity, I, is dependent
upon the potential difference, Vex, between the ion-
izer and extraction electrode. Figure 1.3 illustrates
this dependence. The theoretical values were calcu-
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Fig. 1.3. Comparison of observed and theoreti-
cal/predicted space-charge limited beam Cs+ intensi-
ties I as a function of ionizer voltage V., .

lated from the Child-Langmuir relation. The Cs+
beam intensity is space-charge-limited in regions
where space-charge-limited conditions exist. Above
thisregion, there is a transition region. This transition
region occurs because the source is now being oper-
ated in the temperature-limited regime where space
charge is not in full effect. In this region, the cesium
ion-beam intensity is limited by the rate of arrival of
cesium on the hotionizing surface. The discrepancies
between theory and experiment for Cs+ generation
are, in part, attributable to slight misalignment of the
spherical-sector ionizer with respect to the ion exit
aperture.

Analogous measurements were made for UFg
generation with the source operated in the negative-
surface-ionization mode. Many molecules have re-
markably high electron affinities that should easily be
ionized by the low-work-function LaBg surface. How-
ever, in practice, the ideal low-work-function surface
was found to be difficuit to maintain, resulting in
unstable beam intensities and low ionization prob-
abilities. Attempts were made to characterize the
source for creation of UFg beams. Unfortunately,
satisfactory stable operation at high intensity levels
were never achieved due to apparent chemical reac-
tions between the UFg and F, with the LaB¢ and due
to coating of the LaBg ionizer surface with decompo-
sition products (UF,;) and sputter deposits which
raised the work function of the ionizer. Low beam
intensities were observed to be more stable. Com-
parisons are made in Fig. 1.4 of observed and theo-
retical space-charge-limited UFg ion beam intensities

ORNL-DWGQ 82-13302
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Fig. 1.4. Comparison of observed and theoreti-
cally predicted space-charge-limited UFg ion beam
intensities as a function of ionizer voltage.

as a function of ionizer voltage. A maximum beam
intensity of 5 pA UFg was achieved. However, the
flow rate of UF; required for beam intensities of this
magnitude and, consequently, the pressure in the ion
source, was found to be very high (~5 x 10-5 Torr).
The negative-ion yields were also observed to be very
erratic, suggesting that the LaB¢ was easily poisoned
by high UFg pressures in the source. On disassembly
of the source, UF, decomposition products and sput-
ter deposits were found on the LaB¢ ionizer. The
results from these tests are disappointing.
Operation of the source for the production of
cesium ion beams has proven to be simple and reli-
able. The intrinsic high brightness of the Cs+ source
makes it a viable candidate for a number of applica-
tions, including microfocused ion-beam surface analy-
sis such as SIMS. The design characteristics of the
source make it easy to remove parts for routine
maintenance, as well as interchanging the low-work-
function substrate. Test stand operation has proved
that the source can produce stable positive ion beams
of varying intensities up to 200 microamps. How-
ever, the negative-ion mode of operation proved to be
disappointing, with erratic and unstable operation.

1. Science and Engineering Research Semes-
ter participant, Hamline University, St. Paul, MN.
2. G.D.Alton,Phys, Di R RNL-

6689 (1991), p. 8.
3. G.D. Alton, M. T. Johnson,and G.D. Mills,

to be published in Nucl. Instr. and Meth.
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4. G. D. Alton, Nucl. Instr. and Meth. A244,
133 (1986).

5. G. D. Alton and G. D. Mills, IEEE Trans.
Nucl. Sci. NS-32, 1822 (1985).

6. G. D. Alton, R. M. Beckers, and J. W.
Johnson, Nucl. Instr. and Meth. A244, 146 (1986).

7. G. D. Alton and J. W. McConnell, Nucl.
Instr. and Meth. A268, 445 (1988).

A SCALED SIGMUND THEORY MODEL
FOR DETERMINING
SPUTTER RATIOS

G.D. Alton, D. H. Olive,! M. L. Pinkham,?
and J. R. Olive!

The Sigmund model? is the most widely ac-
cepted and used theoretical model for estimating
sputter ratios, i.e., the number of atoms ejected from
a surface per incident ion as a result of energetic
particle bombardment. Despite the universal appeal
of an analytical approximation to the sputtering pro-
cess, estimates from this theory are known to deviate
from experimental observation, often by factors of
five or more, depending on the projectile target com-
bination and energy regimes over which the sputter-
ing takes place. In order to effect sputtering, a
minimum of energy must be transferred by the pro-
jectile to the lattice structure. The Sigmund theory
does not account for this threshold effect. During the
fiscal year, an improved scaling technique was devel-
oped? over that reported previously.S The deviations
between theory and experiment are, in part, attribut-
able to approximations and deletions made in devel-
oping the theory and perhaps the assumption of
homogeneously distributed or amorphous targets;
most targets exhibit microstructure, e.g., metals are
usually polycrystalline. We have developed a simple
scaling technique that can be used to bring theory and
experimental observation into better agreement, which
includes the threshold effect. '

The modified theory takes the form

S €, 0) = A, () 204205, (E)
U,(cos8)

(for E < 1000 eV) ¢))

_ A,0.042aS, (E)
SE.9= U, (cos8)"
(for E > 1000 eV) 2)

where

a is a tabulated function of the ratioof the target
mass M; to projectile mass M,

U, is the heat of sublimation of the target,

0 is the angle between the incident projectile and the
surface normal,

F usually has values between 1 and 1.7, depending
on the ratio of target to projectile mass.

Sa (E) = 4rZ,Z¢%a;0[Mi/(M) + My)] s, (e),

Z,, Z, are the respective projectile and target atomic
numbers,

aj; = 0.8853a, (2" + Zi”)_u2

a, is the radius of the first Bohr orbit,
sn (€) is the projectile stopping power in the target,

a,M,E
E= 5 ,
ZZ,¢ (Ml + M2)

and A, A, are scaling parameters. (The original
theory does not include such scaling factors.) In this
formulation, we incorporate the following approxi-
mation for the stopping power.

_Y/2in(1+¢e)

e+0.14¢ )

s.(€)

This expression, derived by Wilson etal.é is supposed
to be applicable within the high- and low-energy
.egimes. However, we did not find this to be the case.

Good agreement between Sigmund theory and
experiment, with the approximation of expression (3)
used for s, (g), was found over the complete high-
energy regime by linearly scaling Eq. (2) by a factor
A;. Two methods are used to determine A,. A, can
either be determined from experimental data for
projectile energies E > 1000eV or by least squares fits
to experimental sputter ratio versus projectile atomic
number data for a given energy and particular target
material, again at projectile energiesE > 1000eV. In
either case, the scaling parameter A; is derived by
determining the sputter ratio for the projectile of
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interest and dividing it by the unscaled Sigmund
theory value. The latter technique can be used to
obtain scaling parameters for projectiles for which
there is no known sputter ratio information. The
scaling factor A,, in general, was not found to depend
on projectile energy E for the high-energy case. This
was not the case for projectile energies Ey, <E <1000
eV. A function G(E) was found to be necessary in
order to bring Eq. (1) into agreement with experi-
ment.

For this energy regime, G was found to depend
on the energy of the projectile E in the following way:

GE)=a,+aE+aE2+ a3 E3+ a4 E4.  (4)

The constants a; are averages derived from linear
least-squares fits to several sets of experimental data
(normalized to unity at E = 1000 eV) for neon, argon,
krypton, and xenon projectiles interacting with a
variety of targets over the low-energy regime E, <E
< 1000 eV. The fits were heavily weighted with an
average threshold value Ey, of 24 eV in order to force
the sputter ratio S to be zero at E, independent of
projectile and target material. The function G (E) is
required to have a value at 1000 eV of unity. A;is
then used as a linear scaling factor for both the low-
and high-energy regimes, so that A; (E) = G (E) A,.

Figure 1.5 displays the function G(E) as deter-
mined by least squares fits to many sets of projectile/
target sputter data, taken from Ref.7. Shown in
comparison are least squares fits to several sets of

1.4 I T T T T 1
1.2 -
1.0 -
08 [~
06~

Relative Sputter Ratlo

‘t
0.4 (g -

02

o 0.2 0.4 0.8 0.8 1.0
E (keV)

Fig. 1.5. Comparisons of the normalized func-
tion G(E) derived from least squares fits to many sets
of projectile/target experimental data with least-
squares fits to normalized neon projectile/Mo target
sputter data. The experimental data for both func-
tions were taken from the compilations of Ref. 7.

normal incidence Ne projectile Mo target sputter
data, also taken from Ref. 7, normalized to unity at
1000 eV. Asnoted, the two normalized curves are in
close agreement and are typical of the agreement
found between many other projectile/target combina-
tions with the function G(E). As noted, both func-
tions were initiated at a threshold value of Ey, =24 eV.
This threshold value is used for all projectile/target
combinations and is an average of the several thresh-
old values reported in Ref. 7.

Figure 1.6 compares sputter ratios derived from
the two theories with experimental data taken from
Ref. 7 for Ar projectiles incident normal to the sur-
face of an Ag target. As noted, the scaled theory
agrees substantially better with experimental data
than unscaled theory for all cases considered. This is
found to be true in general.

1. Graduate student, Vanderbilt University,
Nashville, Tennessee.

2. Undergraduate student, Loyola University,
New Orleans, Louisiana.

3. P. Sigmund, Phys. Rev. 184, 383 (1969).

4. G.D. Alton, D. H. Olive, M. L. Pinkham,
and J. R. Olive, to be published in Radiation Effects
and Defects in Solids.

5. G.D.AltonandJ.R.Olive, Phys.Div. Prog.
Report, ORNL-6578 (1989), p. 14.

6. W. D. Wilson, L. G. Haggmark, and
J. P. Biersack, Phys. Rev. B15,. 2458 (1977).
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Fig. 1.6. Comparisons of calculated sputter
ratios for Ar projectiles at normal incidence on Ag
with the experimental data taken from Ref. 7 as a
function of projectile energy. --®--scaled Sigmund
theory; —unscaled Sigmund theory; A, ¢, Bexperi-
mental data.
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7. All data taken from the compilations of
H. H. Anderson and H. L. Bay, “Sputtering Yield
Measurements,” Chapter 4 in Sputtering by Particle
Bombardment 1, Vol. 47, Topics in Applied Physics,
ed. R. Behrish, Springer-Verlag, New York (1981).

FEASIBILITY STUDIES FOR THE DESIGN
OF A PLASMA STRIPPER

G.D. Alton and D. Smithe!

The advantages of a fully ionized hydrogen
plasma over conventionally utilized gas and foil
strippers in terms of charge state and beam quality for
producing highly ionized heavy-ion beams has re-
cently been elucidated computationally23 and a Z-
pinch device initially designed for measuring stop-
ping powers has recently been employed as a pulsed-
mode heavy-ion stripper.4 Preliminary design stud-
ies foraplasma stripper for potential use in increasing
the charge states of energetic heavy ion beams were
completed during the fiscal year. Magnet design
codes, plasma dispersion solvers, and particle-in-cell
(PIC) simulation codes, such as MAGIC,5 have been
used to arrive at the first step in the design of an
advanced stripper based on ECR technology. Three
areas were emphasized in the study: (1) the magnetic
field used to confine the plasma; (2) the generation of
ambipolar electric fields in the plasma; and (3) the
microwave radiation heating of the plasma.

The advanced concept design utilizes a mini-
mum-B magnetic mirror geometry with a multi-cusp,
magnetic-field, with a high number of cusps to assist
in confining the plasma radially, and special tailored
mirror fields in the end zones. The magnetic field is
designed to achieve a large plasma volume with

constant mod-B, so that a large fraction of the plasina
reaches the ECR resonant condition with the micro-
wave power source used for plasma heating. This
design enables the generation and heating of ener-
getic electrons over a large volume, rather than heat-
ing electrons at very localized ECR zone regions,
typical of more abrupt B-minimurmn mirror configura-
tions. Figure 1.7 displays magnetic field intensity
profiles for cusp magnetic fields withN=6and N=
16 poles. Asnoted, the volume over which the central
magnetic field is zero increases with an increase in the
number of poles. Thus, a high number of poles
coupled with a classical solenoidal magnetic field
along the z-axis isused in the design to achieve alarge
uniformly distributed ECR zone. In addition, it was
discovered, in this feasibility study, that it is fairly
simple to tailor the mirror fields such that the axial
magnetic field is nearly uniform except in a very
localized region within the mirror end zone. The
magnetic field profile for the axial magnetic field of
the device is shown schematically in Fig. 1.8. Thin
solenoidal coils are used to flatten the profile near the
mirror coils which are used to confine the plasma in
the end zones.

1. Mission Research Corporation, 8560
Cinderbed Road, Newington, Virginia 22122,

2. G.D.Alton,R. A. Sparrow,and R.E. Olson,
Phys. Rev. A4S, 5957 (1992).

3. G.D.Alton,R. A.Sparrow,andR_.E. Olson,
Phys. Div. Prog. Report, ORNL-6689 (1991), p. 10.

4. K. G. Dietrich, D. H. H. Hoffmann,
E. Boggasch, J. Jacoby, H. Wahl, M. Elfers, C. R.
Haas, V. P. Dubenkov,and A. A. Golubev, submitted
to Phys. Rev. Lett.

5. “MAGIC User’sManual,” Mission Research
Corporation, MRC/WDC-R0-282 (1991).
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Fig. 1.7. Magnetic field lines and field magnitudes for radial plasma confinement using
multi-cusp fields with N = 6 and 16 cusps. Note that as the number of cusps increases, the zero-

field volume increases, thereby increasing the ECR zone volume. Standard ECR ion sources
typically use cusp fields of N = 6 poles.
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Fig. 1.8. Plasma stripper coil design for axial field, showing locations of main, mirror
and trim coils. A diagram of the magnetic field magnitude is also shown to illustrate the
effect of the trim coils in providing a flat central field region.
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HHIRF EXPERIMENTS

The Holifield Facility served, as over the past ten
years, as a national research center until the end of
June at which time it ceased operation as a user

R. L. Robinson

FACILITY OPERATIONS AND DEVELOPMENT

facility. Experiments performed during the nine
months of operation are listed in Table 1.4. Several
of these 36 experiments were performed in more than
one part giving a total of 40 runs. Experiments with
a prefix H were those recommended by PAC; those
with aprefix D were those granted discretionary time;
those with a prefix A purchased accelerator time.

Table 1.4. Experiments completed at the HHIRF during the period of
October 1, 1991 to June 30, 1992

Run Beam Research

Title Spokesman No. Target Station Type E(MeV) Hours
Coulomb Excitation of First 3- D. Horen D082  Compact Ge Ball g 105 23
and 2+ States in %Zr (ORNL)
Continuum Gamma-Ray Spectrain J. Beene DO08S Spin Spectrometer 58N 246 83
Cold Fusion Reactions (ORNL) 6Ni 237
Lifetime of Superdeformed States L Y. Lee D086  Compact Ge Ball 363 159 62
in 192Hg (ORNL)
Decay of #4Au to !84Pt K. Krane D087  UNISOR 160 160 21

(Oregon SU)

Beamn Energy Scale Check Using M. Halbert D088  Spin Spectrometer %0 66,69,71 18
160 + 148Sm (ORNL)
Energetic Particle Intensity and D. Reames A001 1.6-m Chamber 56Fe 400 20
Composition Experiment (NASA/GSFC)
Energetic Particle Intensity and D. Reames A002  1.6-m Chamber 6Fe 450 32
Composition Experiment (NASA/GSFC) 107A¢ 550
Heavy Ion Irradiation of Supercon- D. Christen A003 1.6-m Chamber 107A¢ 575 30
ducting Materials (ORNL)
Spins and Magnetic Dipole MomentsN. J. Stone H320  UNISOR-NOF 2c 150 65
of New Isomers in 13Au by Time  (Oxford U)
Integral and Time Resolved Nuclear
Orientation and NMR/ON
Effect of the hy, Orbital on the H. Schuessler H324  UNISOR 160 190 40
Shapes of Nuclei near Z = 82 (Texas A&M U)
Testing the Role of the Intruder C. Yu H332  Spin Spectrometer-Ge BCI 164,168 123
Proton i,,, Orbit in 1Au (U Tennessee)
Study of Shape Coexistence in C. Bingham H334  UNISOR-NOF 160 155,170 114

195Pb by Nuclear Orientation

(U Tennessee)
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Table 1.4. (Continued)

Run Beam Research

Title Spokesman No. Target Station Type E(MeV) Hours
Deformation and Triaxialty of W. Walters H335  UNISOR g 180,200 83
Odd-Mass 12.125Xe (U Maryland)
Intruder Bands in 182Pt W.Ma H338  Compact Ge Ball g 163,167 113

(Vanderbilt U)
Collisional and Radiative Decay S.Datz H339  Atomic-43 “Mg 150-170 73
of Short-Lived Selected n = 2 States (ORNL)
Excited by Resonant Coherent
Excitation in Crystal Channels
High Spin Spectroscopy of !™Ir C.H. Yu H342  Compact Ge Ball 43¢ 250 113
(U Tennessee)

Correlations between the P. Mantica H344  UNISOR 328 175,220 77
Proximity of Intruder Orbitals (ORAU)
and the Onset of Shape Coexistence:
Spectroscopy Studies of 11612Xe
The o Reduced Width of 1¥Pband K. Toth H347  Velocity Filter Br 340-370 106
the Z = 82 Shell Gap (ORNL)
Study of Octupole Deformation in  J. Saladin H348  Spin Spectrometer-Ge BC 67 93
the Actinide Region (U Pittsburgh)
Search for Internal-Pair Formation E. Zganjar H349  UNISOR 160 145 104
EO Transitions as a Mechanismto  (Louisiana SU)
Depopulate Superdeformed Bands:
The 92T]1 — 192Hg Decay
Study of the Decay of LY. Lee H351  Compact Ge Ball 365 159 169
Superdeformed States (ORNL)
Mixed Symmetry States in Nuclei  J. Hamilton H353  UNISOR 160 55,61 124
With Shape Coexistence and Search (Vanderbilt U) 184,191
for Super Large Oblate-Prolate
Competition in Light Br Nuclei
Evidence of Conversion Electron  D. Cullen H354  Compact Ge Ball “Ca 213 48
Decay in Super-deformed 19Hg (ORNL)
from X-ray Measurements
Lifetime Measurements of the P. Joshi H356 UNISOR 160 170 60
DeformedStates in 184.186.188 o (Louisiana SU)
Determination of the 1°Hg and K. Toth H357 UNISOR 160 130,150,170 84
192Hg Alpha Reduced Widths; (ORNL)
Influence of Neutron Number on
the Z = 82 Gap
Time Scale of Fission by the D. Sarantites H358  Compact Ge Ball 32g 165 109

X-ray Clock Method (Washington U)
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Table 1.4. (Continued)

Run Beam Research

Title Spokesman No. Target Station Type E(MeV) Hours

Laser Spectroscopy of Promethium H. Schuessler H359  UNISOR 9F 190 37
(Texas A&M U)
Entrance Channel Effects in Fusion C. Baktash H360  Compact Ge Ball 323 165 116
Reactions: Nuclear Structure or (ORNL)
Nuclear Reaction?
Nuclear Orientation of 16 W. Walters H361  UNISOR-NOF 323 220 57
and 14Sb (U Maryland)
Lifetime Measurements in 120.126Xe P, Mantica H362  UNISOR 323 175 48
(ORAU)
High Energy Ion Bombardment of L. Bridwell H363  1.6-m Chamber 12N 399 12
Polymers for Conductivity (SW Missouri SU)
Enhancement
Extending the High-spin Scheme  H. Jin H364  Compact Ge Ball 3p 150,154 108
of 1Ir and Searching for Highly-  (Rutgers U)
deformed Bands
Shape Coexistence and Electric J. Schwarzenberg H365  UNISOR 2C 150 63
Monopole Transitions in 17177Pt  (Georgia Tech)
and 179.177]¢
Excited States in the N = D. Winchell H366  Spin Spectrometer +Ge 170 47 127
Z+1 Nucleus PKr (ORNL)
Strongly Deformed Shapes J. Breitenbach H367  UNISOR 4T 245250 26
and Softness in the Very (Georgia Tech)
Neutron-Deficient Nd and Pm
Isotopes
The Identification of Mixed- R. B. Piercey H368  UNISOR-NOF sty 225 35
Symmetry States in, and the (Mississippi SU) e 150
Level Structures of, the N = 80
Isotones: Ce, Nd and Sm 2616
COMPUTER SYSTEMS equipment provides faster and more reliable commu-

W.T. Milner, J. W. McConnell
C.N.Thomas!,R. L. Varner

Network Expansion
C.N. Thomas' andR. L. Varner

Terminal communications equipment and cabling
in Buildings 6003 and 6008 have been replaced. This

nications as well as direct telnet access to host com-
puters. The Physics Ethernet network has been ex-
tended into Building 6007 and terminal communica-
tions equipment installed. Terminal lines have been
pulled to six offices and are available for use. Work
is in progress to extend the FDDI network into Build-
ing 6003. All optical fibers are in place and electronic
components are on hand. Work should be completed
in December. New Terminal communications equip-
ment has also been installed in the 6000B high bay
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area to improve reliability and provide telnet access
to host computers.

Data Acquisition System Development

J.W.McConnell,R. L. Varner, W. T. Milner,
and C. N. Thomas'

Development

Asreported last year,? we are developing a high-
capacity VME/UNIX-based data acquisition system.
This system is designed to control data acquisition for
detector systems such as the HILI or the BaF, array
used by the local experimental groups. The system is
relatively portable, so that it can be used by groups
with experimental programs at other facilities. It
controls up to 8 CAMAC crates in addition toreading
out FASTBUS and FERA ECLbus. In addition to
serving our current needs for portable data acquisi-
tion, this system is a prototype for future acquisition
systems we may provide for the radioactive ion beam
facility. This work has consisted of three principal
parts: (1) the development and adaptation of work-
station software for network and interprocess com-
munication, data recording, display and analysis, (2)
the development of a simple front-end programming
language for specifying event readout, and (3) the
development of a VME based front-end system for
event recognition and readout.

Architecture

The acquisition system has two major compo-
nents, a front-end readout processor and a back-end
workstation. The architectural model we use (Fig.
1.9) is one of a “server” (the front end) of events and
control busses, anda “client” (the workstation), which
records events and makes control requests of the
server. The front end processes each event by re-
sponding in real time to event triggers generated by
the detector system. It holds events until its buffers
are full and then transmits them to the workstation,
which provides load-leveling needed for reasonable
response of the workstation. It also responds to
requests from users of the workstation to perform
CNAF’s, FASTBUS operations, and various acquisi-
tion control operations.

The workstation receives the event stream, dis-
tributes the stream to client tasks which write the
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Fig. 1.9. Oak Ridge Physics Acquisition System
(ORPAS) hardware overview.

events to tape and make histograms. These clients
include the SCANU and LEMO programs of UPAK .34
The workstation is also used to download code and
control the software components of the front-end
system.

Ethernet Communications

The connection from the VME host to the work-
station is via thinwire Ethernet initially, to be re-
placed by a Fiber Distributed Data Interconnect
(FDDI) in the next year. We use a locally written
network protocol. It is connectionless and supports
both a “reliable” (ACK/NAK) transmission and an
“unreliable” transmission. The unreliable transmis-
sion is used for event data in which some small loss
of eventsis acceptable as long as the loss is measured.
The reliable transmission is inefficient, as there is one
ACKnowledgment for each transmitted packet. The
protocol was deliberately made simple, first to sim-
plify its implementation in the VME and second,
because we may adopt a standard protocol in the
implementation of the FDDI.
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Workstation Implementation

The workstation is a DECstation 5000/125 with
600 Mbyte and 1.6 Gbyte disks and 96 Mbytes of
memory, as well as a second Ethernet controller and
FDDI interface. The large memory is needed only to
support large user histogramming tasks. The record-
ing medium is an Exabyte 8500 tape (8mm, 5-Gbyte
capacity and 500-Kbyte/s writing speed) using the
SCSIbus. The choice of the DECstation and Exabytes
allows us to make substantial use of the UPAK
software already developed here for data processing
under UNIX.

We created the workstation software (Fig. 1.10)
to gracefully integrate the UPAK software into the
acquisition environment. The major software com-
ponent is a network data receiver which deposits data
into a shared memory segment(SHM), access to which
is synchronized using UNIX semaphores (SEM).
Each instance of a receiver can support up to 10
clients. Among the clients are LEMO and SCANU
from the UPAK. The new L0OO03 event format pres-
ently precludes us from safely using the CHIL-based
SCAN package, although it too has been modified to
also use the shared memory event input. LEMO has
been extended to support copying the SHM data
stream to tape, including such features as automatic
header generation, display of the new L003 format,
and event stream modification for output to other
clients. In addition, all the clients can now write
messages to a UNIX message queue from which a
common, time-stamped log can be produced for later
diagnosis of the run. All clients now monitor the ratio
of events they receive to events sent by the frontend,
to measure deadtime losses contributed by the Ethernet
event data protocol. All these facilities are imple-
mented with C and Fortran callable interfaces and
will be easy to include in future utilities. There are
also anumber of tools to control the front end, as well
as timed scaler readout.

Front-end Programming Language - PAC

A front-end programming language PAC (stands
for Physics Acquisition Code) has been designed and
implemented which enables the user to easily specify
how the parameters of an “event” are to be read out by
the front-end processor. The PAC program, which
performs a function similar to the Event Handler
program in the earlier Concurrent data acquisition
system, consists of two main parts: (1) a hardware
description list and (2) a conditional readout section.

CRWI-OWG 7. 3003

Evenl Stream (on network)
LEMO

Histograms New Event Siream

Sl 5

Histograms

Fig 1.10. ORPAS - Data flow diagram for
complete system.

SCAN

Event Recording Sorting

Tape

The hardware description list specifies in a compact
way (with implied loops, etc.) the hardware types and
locations of all devices (ADCs, TDCs, gated latches,
scalers, etc.) to be read as well as associated param-
eter numbers and names (referenced in any subse-
quent conditional readout section). Any parameters
(gated latches, etc.) which are to be saved for testing
in the conditional readout section are also specified.
All devices given in the hardware description list are
read for every event unless they are subsequently
specified to be read conditionally. In summary, the
hardware description list specifies the following:

(1)Kind of module (CAMAC,FERA, FASTBUS,
etc.),

(2) Model No. for FASTBUS and FERA modules,

(3) Locations of devices (crate, slot, sub-addr),

(4) Function codes to read/clear CAMAC modules,

(5) Parameter numbers associated with each device,

(6) Parameter names associated with each device,

(7) Identification of gated latch devices,

(8) Initializing CNAFs - executed at RUN-time and

(9) End-of-Event CNAFs - executed at end of event.

The conditional readout section provides for the
testing of gated latch bits and, depending on the result
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of the tests, the execution of actions of the following

form: VME Hardware
(1) An entire event may be killed. T CrYEET—— M
(2) Alldevices of a given FASTBUS or FERA Model 5

number may be read. £ £l 5| » g
(3) Individual CAMAC sub-addresses may be read. E 3] é § g _
(4) Write or no-data CNAFs may be executed. g g S| ¥ & §

z 5]

A PAC compiler has been written which runs in -
the workstation, reads in the user-written source
code, performs extensive diagnostics and generates "
tabulated instructions (object code) which can be g
downloaded into the front-end processor. Software pv—
running in this processor performs the actual data -
acquisition via VME interfaces to the various front- 2
end crates (CAMAC, FERA and FASTBUS). The
PAC object code serves as the guide to event readout.

The Front-end Readout System
The VME based front-end readout system (Fig. CAMAC

1.11) consists of a Force Computers CPU-40B/4 with
onboard Ethernet interface, a Kinetics Systems 2917
CAMAC interface, a LeCroy 1131 interface to
FASTBUS and an event trigger input/output module.
An interface to FERA readout devices will be added Fig. 1.11. ORPAS - VME hardware.
in the near future. The workstation communicates

with the VME system via Ethernet.

KS 3822

The software system uses the VMEPROM real- oara o 511508
time kernel supplied with the CPU-40B. A new
system services trap handler was developed which RPAS VME Data Flow

handles the most time-critical functions and passes
the remainder to VMEPROM. VMEPROM is a
multitasking kernel and the initial boot load from the
workstation loads four tasks and allocates a memory
segment for the data acquisition parameters. These
tasks are (1) an Ethemet driver providing communi-
cation with the workstation, (2) a memory manager
which allows the workstation to load, execute and kill
additional tasks, (3) a CAMAC driver whichexecutes
CAMAC operations directed by the workstation, and
(4) aFASTBUS driver which executes commands to
the FASTBUS segment manager/interface. A library
of FORTRAN callable routines allow user FOR-
TRAN programs to access CAMAC and FASTBUS
devices.

For data acquisition (see Fig. 1.12 fora data flow
diagram), the workstation loads two additional tasks
into the CPU-40B. The first task is the real-time Network
readout. The PAC compiler downloads tables of
parameters to a memory segment in the CPU-40B. Fig. 1.12. ORPAS - VME data flow diagram.
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After the acquisition parameters are loaded, the read-
out task must be initialized. During the initialization
phase, the initialization list specified by the PAC is
executed, run-time hardware dependent execution
lists are built from PAC specifications, and lists of
functions to be executed in response to the Event
signal input are built. Any errors detected during this
process are reported to the workstation and data
acquisition is inhibited. The second task receives data
buffers from the readout task and formats these buft-
ers into Ethernet packets which are transmitted to the
workstation.

Status

The system has now been used for two experi-
ments at Texas A&M Cyclotron Institute with the
HILI detector. The system has performed well and
can take data at more than 2500 events/sec and
transfer data at up to 60% of the Ethernet bandwidth
(on the order of 700 Kbytes/sec). We are working to
improve the performance and usefulness of all as-
pects of the VME system, as well as to provide a
suitable data acquisition environment on the worksta-
tion. We are also working to provide online documen-
tation, as well as to make the system easily portable
by non-UNIX experts.

Our use of UNIX and industry standard network
interfaces are expected to make it possible for us to
include additional DECStations as clients of the front
end, as well as implement other workstation types.

GAMMASPHERE Software Development
Activities

R.L. Varner and W.T. Milner

We have been involved in the past year in the
development of sofiware for the GAMMASPHERE
being constructed at Lawrence Berkeley Laboratory
(LBL). Our involvement is of two kinds, the devel-
opment of the “base” software for histogramming and
display on workstations during GAMMASPHERE
data acquisition, and participation in the
GAMMASPHERE Software Working Group,acom-
mittee to assist users in specifying and supplying
software to enhance the available base software at
GAMMASPHERE.

The base software specification was agreed to in
January of 1992 at LBL. The Oak Ridge Physics
Division agreed to provide a complete sorting,
histogramming and display software package to run
on the workstations which provide the user interface
to the GAMMASPHERE. The software will consist
of the current version UPAK?3# data analysis soft-
ware with suitable enhancements for operation in a
data acquisition environment.’ This software will be
ported to SUN workstations, and integrated with the
datastream from the LBL event building system.
That effort has now begun, using a SUN workstation
provided to ORNL by the GAMMASPHERE project.
This task is projected to be completed by the time the
full implementation of GAMMASPHERE is com-
plete.

The GAMMASPHERE Software Working
Group was established by the GAMMASPHERE
project director to allow the user community of
GAMMASPHERE to focus its requests and contribu-
tions to the GAMMASPHERE software effort. To
smooth the interface of the committee with the base
software development, a representative of each na-
tional laboratory involved in the base software was
appointed. The member from Oak Ridge is Robert
Vamer. The chairman of the committee is R. B.
Piercey of Mississippi State University (MSU). The
committee met at Mississippi State University, to
organize and discuss the initial directions of the
committee’s work.

The main items of interest to the committee were
the representation and processing of the n-dimen-
sional gamma-ray data which GAMMASPHERE is
designed to produce, as well as the portability of the
available analysis software. To better focus the
issues, the committee has formed working groups on
the following topics:

1) Histogram formats
2) Graphical user interfaces
3) Parallel programming

The working groups in whichORNL is active are
the histogram format committee and the graphical
user interface committee. The common histogram
format is viewed as necessary to create sharable tools
and an extensible system. The graphical user inter-
face committee will study the extension of the soft-
ware ORNL will provide, by including a graphical
user interface for some of the tools. The parallel
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programming committee is looking into styles and
degrees of parallelism which might enhance the pro-
cessing of GAMMASPHERE data.

The working group on the common histogram
format consists of R. B. Piercey (MSU),R. L. Vamer
(ORNL), R. MacLeod (Chalk River), R. A. Belshe
(LBL), and M. P. Carpenter (ANL). The focus of this
subcommittee is to develop a common, extensible
histogram format which could be used to develop
common tools throughout the GAMMASPHERE
user community and, perhaps, the nuclear physics
community at large. This format emphasizes saving
complete information about each histogram with the
histogram, including sufficient information to recre-
ate the original sort, create a display, and even save
annotations. This information is saved with each
histogram as a linked list, which allows one to save
only the required DATA record, or even include
customized information in additional records.

The work of this committee is continuing and we
expect to publish a first version of the format in the
near future.

1. Oak Ridge Associated Universities.

2. R.L. Varneretal. in Phys. Div. Prog. Rep.
for Period Ending Sept. 30, 1991, ORNL-6689, p. 20.

3. HHIRF Newsletter No. 34, page 5 (1987).

4, HHIRF Newsletter No. 46, page 5 (1992).

5. J.W.McConnell,R.L. Varner, W.T.Milner,
and C. N. Thomas, “Data Acquisition System Devel-
opment,” this report.

USERS GROUP ACTIVITIES
R. L. Auble

The Executive Committee of the HHIRF Users
Group met on December 12, 1991, February 14,
1992, and June 5, 1992 to provide guidance on
operation of the HHIRF and recommendations for
making the transition to aradioactive-ion-beam facil -
ity. Committee members for 1991 and 1992 are listed
in Table 1.5.

The Executive Committee has taken an active
role in organizing a workshop to examine apparatus
requirements for the RIB facility, and has provided
recommendations on phase-out of existing apparatus,
interim dormitory operation, restructuring of the us-
ers group, and beams to be considered for initial
operation.

Table 1.5. Users Group Executive Committee

1991

Carroll Bingham, University of Tennessce

Doug Cline, University of Rochester

Tom Cormier2, Wayne State University

John Rasmussen, Lawrence Berkeley Laboratory
Demetrios Sarantites!, Washington University
Ken Toth, Oak Ridge National Laboratory

1992

Cyrus Baktash?, Oak Ridge National Laboratory
Tom Cormier!, Wayne State University

Doug Cline, University of Rochester

John Rasmussen, Lawrence Berkeley Laboratory
Demetrios Sarantites, Washington University
Bill Walters, University of Maryland

1Chairperson
2Chairperson-elect

Although operation of the Holifield as a national
user facility was suspended in June 1992, the commit-
tee felt that it was essential to maintain continuity by
establishing a RIB Users Group and keeping the
Executive Committee active in the development phase
of the RIB project. Therefore, membership request
cards were distributed to potential RIB users and an
election will be held to elect two new members to the
Executive Committee for 1993. The members of the
Nominating Committee were J. D. Garrett (ORNL) -
chairperson, M. A. Riley (Florida State University),
P. D. Parker (Yale University), E. F. Zganjar (Loui-
siana State University), and J. X. Saladin (University
of Pittsburgh).

THE JOINT INSTITUTE
FOR HEAVY ION RESEARCH

R. L. Robinson, J. H. Hamilton,! and
C.R. Binghan?

The Joint Institute for Heavy Ion Research is a
collaborative endeavor between the University of
Tennessee, Vanderbilt University,and ORNL. About
two-thirds of its funding comes from the State of
Tennessee through the Science Alliance at the Uni-
versity of Tennessee. The remainder is provided by
Vanderbilt University, DOE, and ORNL. The Joint
Institute is housed in two buildings which are adja-
cent to the Holifield Facility.
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It has continued to fulfill its mission as defined in
its Agreement between the three sponsoring insti-
tutes:

“to promote and support heavy-ion research at
the Holifield Facility by providing an intellec-
tual center and physical support for research-
ers who work at the Holifield Facility, to the
mutual benefit of sponsors and participants, in
the field of heavy ion research.”

This is done is three ways: 1) support of workshops
and meetings, 2) support of guests, and 3) operation
of a dormitory facility.

Full or partial support was provided to the guests
noted in Table 1.6. The average length of appoint-
ment during FY 1992 for the 60 guests was over 3
months. The primary effort was in the area of nuclear
structure theory with the purpose of assisting in the
creation of a nuclear structure theory effort at the
Laboratory. The mainstain of this was support for a
senior nuclear structure theorist (Witek Nazarewicz)
and support for a post doc (filled by Ramon Wyss
until April 1992).

Support was provided for the meetings noted in
Table 1.7. The International Symposium on Reflec-
tions and Directions in Low Energy Heavy-Ion Phys-
ics celebrated operation of twenty years for UNISOR
and ten years for the Joint Institute for Heavy Ion
Research. Speakers at this two-day symposium re-
flected, in part, on the accomplishments in low-
energy, heavy-ion science and then emphasized the
new directions and opportunities to be explored with
low-energy, heavy-ion facilities. Areas covered in-
cluded properties of nuclei far from stability, high-
spin states, hot dipoles, transfer, reaction mecha-
nisms, and atomic physics. A final session focused on
research at new facilities, such as one with radioac-
tive ion beam capabilities, and a new generation
recoil mass spectrometer.

Among the developments reported at the Second
International Conference on On-Line Nuclear Orien-
tation and Related Topics were new initiatives to
search for violations of parity and time-reversal in-
variance in nuclei, successful theoretical approaches
leading to the understanding of E2/M1 mixing ratios

and M1 momeni,, and the latest advances in the
application of nuclear magnetic resonance to oriented
nuclei. Also reported was a wealth of new spectro-
scopic information obtained from on-line nuclear-
orientation measurements using both gamma-ray and
particle detection.

The Workshop on the Microscopic Origin of
Nuclear Deformation consisted of lectures on various
aspects of nuclear deformation. Subjects covered
included the role of proton-neutron interactions, the
comparison and relation between shell model, alge-
braic, and geometrical pictures of nuclear deforma-
tion, and the phenomenon of spontaneous symmetry
breaking. The goal was to summarize the present
knowledge of the origin of nuclear deformations, and
also discuss new directions in this field of research.

The purpose of the International Workshop on
Nuclear Structure Models was toreview and evaluate
various theoretical approaches to nuclear structure.
The first part of the workshop consisted of formal, but
pedagogical, presentations on ten different groups of
nuclear structure models. The second part of the
workshop was devoted to evaluations of the different
models.

The Satcherlerfest had talks which highlighted
major advances in the areas of direct, inelastic, par-
ticle-transfer, and fusion reactions, dispersion rela-
tions, semiclassical scattering, effective intereactions,
optical models, and giant resonances. It was fitting
that this meeting commemorated the 65th birthday of
Ray Satchler who has over several decades, been one
of the major contributors to these areas.

The program of the First Symposium on Nuclear
Physics in the Universe emphasized the new interface
between Astrophysics, Nuclear Physics, and Atomic
Physics that is promised by radioactive ion beam
facilities. This was particularly timely as the Holifield
Facility is in the process of converting to this area of
research,

The dormitory provided lodging for 230 guests
who stayed for a total of 1425 person-nights.

1. Vanderbilt University.
2. University of Tennessee .
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Table 1.6. Guest scientists at the Joint Institute for Heavy lon
Research during the period of October 1991 - September 1992

Length of
Name Institute Appointment

S. Aberg Lund Univ. (Sweden) 6 weeks
A. Balantekin Univ. of Wisconsin 5 days
K. Bhatt Univ. Mississippi 17 days
J. Blankenship ORNL/JTHIR 1 year
M. Brack Univ. of Regensburg (Germany) 10 days
A. Bulgac Michigan State Univ. 10 days
P. Butler Univ. of Liverpool (England) 1 week
A. Champagne Univ. of North Carolina 2 days
E.Chavez-Lomeli  Nat. Univ. of Mexico (Mexico) 7 months
D. Cullen Univ. of Liverpool (England) 11 months
J. Dellwo Univ. of Tennessee 2 months
J. Dobaczewski Warsaw Univ. (Poland) 1 month
J. Draayer Louisiana State Univ. 1 week
A. Faessler Univ. Tubingen (Germany) 1 week
D. Feng Drexel Univ., 1 week
S. Frauendorf NBI (Denmark) 4 days
G. Gatoff ORNL 11 months
J. Goerres Univ. of Notre Dame 2 days
A. Goodman Tulane Univ. 1 week
W. Greiner Univ. of Frankfurt (Germany) 3 days
S. Gupta Bhabha Atomic Res. Centre (India) 3 weeks
I. Hamamoto Lund Univ. (Sweden) 10 days
K. Heyde Inst. for Nuclear Physics (Belgium) 1 week
I. Hughes JET Joint Undertaking (England) 8 months
V. Irby Univ. of Missouri 9 months
R. Janssens ANL 1 day
M. Korolija Ruder Boskovic Inst. (Yugoslavia) 1 year
V. Madsen Oregon State Univ., S months
C. Mahaux Univ. of Liege (Belgium) 2 weeks
J. Maruhn Univ, of Frankfurt (Germany) 19 days
F. McGowan ORNL 1 year
J. Mueller Univ. of Frankfurt (Germany) 1 year
P. Mueller Univ. of Illinois 1 year
W. Nazarewicz Warsaw Univ. (Poland) 1 year
V. Oberacker Vanderbilt Univ. 1 week
T. Otsuka Univ. of Tokyo (Japan) 3 days
V. Pashkevich JINR (Russia) 10 days
S. Pittel Univ. of Delaware 1 day
S.Rab Kuwait Inst. Sci. Res. (Kuwait) 4 months
A.Ray Texas A&M Univ. 3 months
S. Rohozinski Warsaw Univ. (Poland) 10 days
S. Saini ORNL 1 year
K. Schmid Univ. of Tubingen (Germany) 10 days
M. Schmorak ORNL 1 year
M. Schulz Univ. of Missouri 13 days
M. Smith California Inst. of Tech. 2 days
J. Stone Oxford Univ. (United Kingdom) 1 month
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Table 1.6. (Continued)

Length of
Name Institute Appointment

N. Stone Oxford Univ. (United Kingdom) 1 month
D. Stracener Washington Univ, 3 days
S. Szymanski Warsaw Univ. (Poland) 6 weeks
F. Thielemann Harvard Univ. 1 day
M. Vallieres Drexel Univ. 11 days
R. Vogelaar Princeton Univ, 2 days
M. Wiescher Univ. of Notre Dame 2 days
D. Winchell Univ. of Pittsburgh 1 year
R. Wyss Royal Inst. of Tech (Sweden) 8 months
P. Zeijlmans Utrecht Univ. (The Netherlands) 11 months
V. Zelevinsky NBI (Denmark) 10 days
J. Zhang Inst. of Modern Phys. (China) 1 year
W. Zhao Inst. of High Energy Phys. (China) 3 months

Table 1.7. Meetings sponsored by the JIHIR during FY 1992

Meeting Date Attendees Chairmen
International Symposium October 14-15, 1991 120 J. H. Hamilton
on Reflections and Directions
in Low Energy Heavy-Ion Physics
Second International October 16-19, 1991 75 K. S. Krane
Conference on On-Line
Nuclear Orientation and
Related Topics
Workshop on Microscopic November 25, 1991 30 D. H. Feng
Origin of Nuclear Deformation M. W. Guidry

W. Nazarewicz
Workshop on Nuclear Mar. 16-25, 1992 64 R. Bengtsson
Structure Models J. P. Draayer

W. Nazarewicz
Satchlerfest: A Symposium April 15-16, 1992 50 M. R. Strayer
on Nuclear Reactions
First Symposium oit Nuclear September 24-26, 1992 100 M. W. Guidry
Physics in the Universe M. R. Strayer
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THE HHIRF PROGRAM
ADVISORY COMMITTEE

R. L. Robinson

The last meeting, until at least 1994, of the
Holifield Program Advisory Committee (PAC-18)
was held November 6, 1991. Normally the PAC has
been requested to recommend approval for those
experiments which proposed the strongest physics.
However, because of the unusual situation of cessa-
tion of user operation in June 1992, the PAC members
were requested to temper their decisions with the
need to complete outstanding experiments and to
provide data for dissertations based on programs
already in progress at the Holifield Facility.

PAC-18 reviewed 20 proposals requesting 1792
hours of beam time. Itapproved 1200 of these hours.
Because of the termination of operation, 384 hours
approved by this PAC and preceding PACs could not
be accommodated.

Members of PAC-18 were: J. P. Draayer (Loui-
siana State University), J. C. Hardy (Chalk River
National Laboratory), M. B. Lewis (ORNL), C. J.
Lister (Yale University), W. G. Lynch (Michigan
State University), and J. C. Waddington (McMaster
University). Observers of the meeting were J. B. Ball
(Director, ORNL Physics Division), R. L. Auble
(HHIRF Liaison Officer),and D. G. Sarantites (Chair-
man, Executive Committee of the HHIRF Users
Group). The meeting was chaired by R. L. Robinson
(HHIREF Scientific Director).






2. THE RADIOACTIVE ION BEAM PROJECT

INTRODUCTION
D. K. Olsen

During FY 1992, the ORNL proposal! to
reconfigure and develop the HHIRF accelerator sys-
tem to be a first-generation radioactive ion beam RIB
facility was approved and funded asaFY 1992-93-94
AIP project. Consequently, on June 30, the HHIRF
shut down as a national user facility for research with
stable heavy ion beams and the operating and devel-
opment technical personnel began developing the
ORNL RIB facility. The Directive for the project was
signed by the Oak Ridge Field Office on Septem-
ber 30, 1992. First experiments with low-intensity
radioactive beams are scheduled for the first half of
calendar year 1995. An important milestone will
occurattheend of 1993. Atthattime, the RIB injector
will be completed, the Mark-I target-ion source will
be tested, and the ORIC beam lines will be
reconfigured. This should allow the optimization of
RIB production with ORIC beams and, perhaps,
allow some experiments with 300-KV RIBs acceler-
ated with the new RIB injector.

The overall physics program and conceptual
design for the RIB project are described in the FY
1990 (ORNL-6660) and FY 1991 (ORNL-6689)
Physics Division Progress Reports. During FY 1992,
substantial progress was made toward reconfiguring
the HHIRF accelerator system and developing aRIB
facility. Most of the work has focused on the goal of
accelerating ORIC-produced RIBs with the new in-
jector. In particular, the following progress was
made:

1. Adetailed layout of the mechanical and electrical
equipment for the new RIB injector has been
completed. A specification for the HV platform
system for the RIB injector has been completed.
Procurement of the HV platform system is under
way.

2.

10.

11

A detailed physics design of the first-stage mass
separator on the new RIB injector has been com-
pleted, including a third-order calculation of the
beam transport with the GIOS code.

The transmission through the tandem as a func-
tion of injection voltage was measured to specify
the minimum RIB injector voltage.

Much of the preparation work on room C111
required to install the HV platform has been
completed.

A NEPA categorical exclusion was obtained for
the RIB project and other immediate ES&H is-
sues were resolved.

HETC and PACE calculations were completed in
order to better understand the expected radioac-
tive atom yields with ORIC beams and resulting
residual radiation.

The detailed engineering of the Mark-I target-ion
source has been nearly completed and compo-
nents are being procured.

A concept for a second target-ion source based on
direct-negative extraction with plasma sputtering
has been developed.

The ORIC radiation safety system was simpli-
fied, improved, and approved for intense light-
ion acceleration with the internal ion source.

Operation of ORIC with an internal ion source
was restored. A K = 75 H; ions. Beam was
circulated and individual turns were measured in
the ORIC central region.

. Calculations were completed, in collaboration

with Michigan State University, for a new ORIC
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central region configuration for intense light ion
beam acceleration and extraction.

12. Anoptical and engineering design of the light-ion
beam line (number 1 and 9) from ORIC to the RIB
injector has been completed.

13. Specifications for the beam line 9 and first-stage
mass-separator dipole magnets are nearly com-
plete.

14. The tandem beam energy-analyzing system was
studied for use as a mass separator. Adequate
tandem voltage stability was demonstrated with-
out beam, using the new terminal-potential stabi-
lizer.

15. A concept was developed for a universal low-
intensity RIB diagnostic based on a good/bad
Faraday cup for integral current measurements
and a channeltron measurement of secondary
electrons for individual-ion measurements.

16. A detailed plan was developed for a beam-line 12
diagnostic to measure elemental beam intensities
within an isobaric mass chain. The diagnostic is
based on an insertable tape system and gamma
ray detector.

1. “A Proposal for Physics with Exotic Beams at
the Holifield Heavy Ion Research Facility,” eds. J. D.
Garrett and D. K. Olsen (ORNL, February 1991).

HIGH-VOLTAGE PLATFORM SYSTEM
FOR RIB INJECTION

R. C.Juras, G. D. Alton, M. R. Dinehart,

D.T.Dowling, D. L. Haynes, S. N. Lane,
C.T.LeCroy, M. J. Meigs, G. D. Mills,

S. W. Mosko, S. N. Murray, D. K. Olsen,

C. A.Reed,'B. A. Tatum, and H. Wollnik* -

The RIB target-ion source will be mounted on a
new injector which operates at potentials up to nega-
tive 300 kV with respect to ground potential. The
purpose of the injector is to preaccelerate RIBs for
isobaric mass separation and for efficient injection
into the 25-MV tandem electrostatic accelerator. Be-
cause calculations have shown that radiation pro-
duced in some RIB targets would severely damage

solid-state electronics in the proximity of the RIB
target-ion source, the injector will consist of a two-
platform system. The RIB target-ion source and
related beam line will be mounted on a source plat-
form and a second instrumentation platform, biased
at the same potential as the RIB target-ion source
platform, will house electronics associated with the
RIB injector. A shield wall will separate the plat-
forms. The layout of the RIB high-voltage platform
system is shown in Figs. 2.1 and 2.2.

The target-ion source will be operated at poten-
tialsuptot 60 kV withrespect to platform potential.
Beams of protons or light ions from the ORIC will be
transported from ground potential to the RIB target-
ion source through a ground-to-platform-potential
acceleration tube, followed by a platform-to-source-
potential acceleration tube. Radioactive ion beams
produced in the source by reactions between the
ORIC beam and a thick target will be accelerated to
platform potential and mass analyzed through a sym-
metric split-pole flat-field double-focusing magnet.
This mass-analyzed beam will be charge exchanged,
if necessary, and accelerated to ground potential
through an acceleration tube, ready for separation of
neighboring elements of the RIB isobar, and injection
into the tandem accelerator.

Each injector platform will have areas for equip-
ment at platform potential and equipment at source
potential. Electrical signal and power cables will be
transported through the grounded shield wall be-
tween platforms in two high-voltage conduits. One
conduit will be biased at platform potential and the
other will be biased at source potential. Two motor-
generator sets, each capable of supplying up to 40
kVA of isolated power, will supply electrical power
to the two areas.

The injector will be biased at acceleration poten-
tial by a 300-kV, 1-mA power supply. Stability of
injector acceleration potential is an importantinjector
design consideration since RIB beams must be sepa-
rated from neighboring elements of the RIB isobar.
The output voltage of the high-voltage power supply
must have extremely low ripple and noise compo-
nents, specified to be less than 0.004%. The injector
will be designed to minimize causes of injector volt-
age fluctuations, such as corona currents and time-
varying leakage currents.

A deionized water system between ground and
platform potentials will be used to cool equipment on
the injector platform. To minimize current loading of
the high-voltage power supply, water lines to the
platform will be coiled to decrease conductance to
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ground. Control of RIB injector components will be
done by an extension of the existing CAMAC-based
tandem-accelerator control system. CAMAC crates
at platform potential and at platform-plus-source
potential will communicate with ground-potential
equipment through fiber-optic CAMAC serial high-
ways. A detailed specification to procure the injector
platforms, acceleration tubes, motor-generator sets,
high-voltage conduits, and high-voltage power sup-
ply has been completed and procurement is in progress.

Preparations of room C111 for the high-voltage
platforms include stripping all protrusions from the
walls of the room and providing a smoothly con-
toured grounded surface on the walls, floor, and
ceiling. Shielding blocks between the north and south
portions of room C111 and shield blocks between
room C111 and the cyclotron vault have been re-
moved. A new shield wall in a more optimal location
will be built between platforms before operation with
full-power ORIC beams. Air conditioning of room
C111 will be improved to control humidity.

1. UNISOR, Oak Ridge Associated Universi-
ties.
2. University of Giessen, Giessen, Germany.

TANDEM ACCELERATOR TRANSMISSION
EFFICIENCY STUDIES

C. M. Jones, M. R. Dinehart, R. C. Juras,
C.T.LeCroy, M. J. Meigs, and S. N. Murray

Animportant design decision for the RIB facility
concerns the maximum required operating potential
for the high-voltage platform to be installed in room
C111. One element in this decision was the beam
energy required for injection into the tandem accel-
erator. Specifically, the RIB high-voltage platform
must provide sufficient injection energy for efficient
beam transmission through the tandem accelerator.

From a theoretical viewpoint, this question may
be understood in terms of the dependence of the
normalized phase-space acceptance of the tandem
accelerator low-energy acceleration tube on injection
energy. This question has been addressed by Larson
and Jones! with the following result: For a system
with the geometry of the HHIRF tandem accelerator,
the low-energy acceleration tube normalized phase-
space acceptance is remarkably insensitive to injec-

tion energy if the injection system can provide abeam
waist at the entrance of the low-energy acceleration
tube which is approximately equal in diameter to the
beam waist at the terminal stripper. In practice, this
is not possible over a wide range of injection energies
because only one lens was provided between the
image waist of the mass analyzing magnet and the
entrance of the low-energy acceleration tube.? This
lens was positioned to provide good matching for
beams of approximately 300 keV and cannot be
easily moved because of its location with respect to
the pressure vessel boundary.

The present injector platform of the tandem
accelerator was specified as a 500 kV platform to
provide appropriate velocities for beam bunching
with lightion beams. In practice, it hasbeen operated
at 280 kV to provide 300 keV beams for tandem
accelerator injection. The question to be addressed
experimentally was the following: Given the existing
geometry and location of ion-optic elements, what is
the effect of injection energies less than 300 keV on
beam transmission efficiency, i.e., how much can the
injection energy be lowered before transmission effi-
ciency is significantly affected? This question was
answered by a series of measurements for beams
which are typical of those expected with the RIB
facility. For each beam, the overall optimized tan-
dem-acceleration transmission efficiency, defined as
accelerated beam intensity/ injected beam intensity,
was measured for injection energies of 100, 200, and
300keV. The essential result of these measurements
is that transmission efficiency was significantly af-
fected at 100 keV, butnot at 200 keV. A summary of
the measured beams and the ratio of transmission
efficiency at 200 keV to that at 300 keV is given in
Table 2.1. Asnoted in the table, the average ratio of
transmission efficiencies is 98 + 3.6%, indicating that
the tandem injection energy can be lowered to 200
keV without a significant effect on tandem-accelera-
tor transmission efficiency.

Another variable shown in Table 2.1 is “Injec-
tion-Line Electrostatic Steerers ON or OFF.” This
variable refers to the electrostatic steerers in the beam
line that is used to transport beam from the injector to
the tandem accelerator. Thisentry isinresponsetoan
observation that transmission efficiency appears to
beimproved by approximately 7% when these steerers
are turned off, suggesting that these steerers intro-
duce undesirable aberrations into the beam. This
observation is consistent with the idea that these
steerers operate in a mode in which the electrostatic
potential at the median plane of each steerer element
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Table 2.1. Summary of transmission efficiency measurements
as a function of injection energy.

Terminal Injection Line  Ratio of Transmission
Stripping Electrostatic Efficiencies at

Beam Mode Steerers 200 keV keV

205 MeV Subequilibrium On 0.928

45 S C7+ Gas

110 MeV Subequilibrium On 0976

1605+ Gas

110 MeV Subequilibrium Off 0.983

1605+ Gas

140 MeV Subequilibrium On 1.036

38Ni6* Gas

140 MeV Subequilibrium Off 0.964

S8Ni6* Gas

290 MeV Foil Off 0.958

ssNi13+

300 MeV Foil Off 1.018

107 Ag14+

Average 0.980+ 0.036

iselevated above ground potential; that is, the steerers
act as weak, planar einzel lenses. As indicated in
Table 2.1, most of the transmission measurements
were performed with the steerers off,

1. J. D.Larson and C. M. Jones, Nucl. Instr. and
Meth. 140, 489 (1977).

2. W. T. Milner, G. D. Alton, D. C. Hensley,
C. M.Jones,R.F.King,J.D.Larson, C. D. Moak,and
R. O. Sayer, IEEE Trans. Nucl. Sci. NS-22 (3), 1697
(1975).

OPTICAL DESIGN OF THE FIRST-STAGE
MASS SEPARATOR

H. Wollnik,! G. D. Alton, C. M. Jones,
andD. K. Olsen

The optical design of the radioactive-beam trans-
port system on the high-voltage platform of the RIB
injector has been completed. This includes the design
of the first stage of a multi-stage high-dispersion
system to separate the different elements in an iso-
baric mass chain. The second stage will be part of the
negative-ion injection line from the RIB injector to
the tandem accelerator. Figure 2.3 shows both a
horizontal view and a stretched vertical view of the
overall optical layout on the source high-voltage
platform, including characteristic ion trajectories for
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Fig. 2.3. Third-order GIOS calculation of Mark-I target-ion source RIB envelopes through the beam

transport system on the RIB injector.

the Mark-1 target-ion source. These trajectories were
calculated to third order with the code GIOS.2

The design is space constrained. Four quadru-
pole singlets and a multipole correction element will
focus a round beam with an emittance of 0.4 * mm
mrad (x = y =1 0.2 mm, x" =y’ =+ 2 mrad) from the
Mark-1 target-ion source into a horizontal waist with
abeam width of aboutx=+0.2 mm, and abeam height
of about y =+ 8 mm at the entrance slit of asymmetric

split-pole dipole magnet® with a 50-mm air gap,
558.8-mm radius, and four edge angles of 20.3 de-
grees each. The object and image distances will be
517.6 mm. The four quadrupole singlets with aper-
tures of + 30 mm will allow a variable magnification
of the ion source virtual image onto the entrance slit
of the dipole magnet. In the horizontal plane at the
center of dipole, the beam will be parallel as shown in
Fig. 2.3, having a width of about + 30 mm, whereas
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in the vertical plane, a waist will be formed of about
+ 5 mm. This arrangement greatly reduces space-
charge effects in the vicinity of the entrance slit and
at the same time reduces the geometric aberrations in
horizontal plane from angular divergences in the
vertical plane. Fig. 2.4 shows contour plots as well as
intensity distributions projected into the vertical and
horizontal directions on the focal plane of the split
dipole assuming ions of masses 2*°U and 23'U and
perfect alignment of all optical elements. The two
beams are calculated to have a FWHM of about £ 0.1
mm and a height of about = 8.0 mm and are separated
by about 30 mm, giving a mass resolution in the order
of 1/2000. Slits at this position should collimate an
isobaric mass chain with very low background. The
mass- separated ions will then be accelerated to 300
KV and provide the object for the second- stage mass
separator. For this purpose, the beam spot at the exit
slit will be refocused to a roughly round beam by a

quadrupole triplet and steered to the center of a
charge-exchange canal of 120 mm length and 8 mm
diameter. A second quadrupole triplet and steerers
will then focus the negative-ion beam out of the
charge-exchange canal onto the entrance of the 300-
KeV acceleration tube leading the ions to ground
potential.

1. University of Giessen, Giessen, Germany.

2. H. Wollnik et al., Nucl. Instr. and Meth. A258
408 (1987).

3. H. Wollnik et al., Rad. Nucl. Beams, eds.
W. Myers et al., World Scientific, Singapore, 603
(1989).
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RIB INJECTOR BEAM LINE I-2

D. T. Dowling, G. D. Alton, D. L. Haynes,
C. M. Jones,R. C. Juras, M. J. Meigs, G.D. Mills,
S. W. Mosko, D. K. Olsen, B. A. Tatum,
and H. Wollnik!

Substantial progress has been made in the me-
chanical design of the RIB beam line on the source
HV platform. This beam line includes the first-stage
mass separator and has been labeled I-2. The concep-
tual design of this beam line has been completed and
is shown in Fig. 2.5. The major components are the
RIB target-ion source, the symmetric split-pole mass-
analyzing magnet, the charge-exchange cell, the elec-
trostatic focusing elements, and the beam diagnostic
elements. The target-ion source and the mass-analyz-
ing magnet are discussed elsewhere in this report.

All steering and focusing elements of beam line
1-2 will be housed in large vacuum chambers at three

LIGHT 10N BEAM
FROM CYCLOTRON

IMAGE SLITS
(STEPPING MOTOR
CONTROLLED>

QUADRUPOLE
TRIPLET
STEERER/
wmpscmﬁ

QUADRUPOLE
DOUBLET

locations. This approach reduces the overall length
requirements of the beam line while also providing
more convenient servicing of components in the case
of radioactive contamination. The design of the three
chambers will be identical with the exception of the
electrostatic element-mounting flange. The cham-
bers will be interchangeable and the replacement of
any of the three could be accomplished with a single
spare chamber. The three chambers will use “quick”
vacuum connections and electrical connections so
that chamber removal may be accomplished in the
shortest possible time.

The RIB target-ion source will be followed by
one of these optics chambers. This chamber will
house four electrostatic quadrupole singlets, an elec-
trostatic multi-pole steerer/corrector, and a
turbomolecular pumping station. The second and
third optics chambers are positioned on either side of
the charge-exchange cell. These two chambers will
each house three electrostatic quadrupole singlets, an
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Fig. 2.5. Schematic drawing of the target-ion source and isotope-separation system for the Oak Ridge

Radioactive Ion Beam Facility
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electrostatic multi-pole steerer/corrector, a
turbomolecular pumping station, and beam diagnos-
tics. The charge-exchange canal may be one of the
higher maintenance components, and is being de-
signed to use quick connections.

The remaining components are the beam-diag-
nostic elements, some of which are not shown in
Fig. 2.5 because the designs are still being finalized.
Associated with the mass-analyzing magnet are ob-
ject and image slit systems which may be rotatable
and will be remotely operable. Immediately follow-
ing each of the slit systems will be beam diagnostics
which are presently undefined. Inaddition, the charge-
exchange cell will have beam diagnostics at both its
entrance and exit. The final diagnostics station will
be a low-intensity Faraday-cup assembly positioned
just before the entrance of the last acceleration tube.

1. University of Giessen, Giessen, Germany.

MASS-ANALYZER MAGNET FIELD
CALCULATIONS

B. A. Tatum, D. K. Olsen, and H. Wollnik!

Two-dimensional magnetic ficld calculations
were performed to optimize the RIB first-stage split-
pole mass analyzing dipole. These three primary
aspects of the magnet design were studied: cross-
section field homogeneity, fringe-field effects at the
magnet ends, and fringe-field effects in the center of
the magnet between the two sets of pole tips.

Toachieve the desired mass-separation capabili-
ties, a field homogeneity of at least 1 part in 3000 is
required within a good field region of 4 cm centered
on the central trajectory. This field quality is only
attainable by careful shaping of the pole tips and
design and placement of pole-tip shims. Further-
more, the yoke must be designed to prevent saturation
because the maximum magnet excitation will exceed
one Tesla in the gap. Thus, magnet field calculations
were performed tooptimize the pole-tip cross-section
and yoke design. Figure 2.6 shows the optimized
magnet cross-section geometry and field profile at
maximum excitation. The field homogeneity is better
than 1 part in 6000. The pole width is 23 cm and the
shims are 20.0 mm x 0.9 mm.
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Fig. 2.6. Pole geometry and 2D calculated
magnetic field profile of the first-stage, split-pole,
mass-analyzing magnet.

An understanding of fringe fields is necessary
because they affect the effective path length of the
magnet. Fringe fields vary at different excitation
levels and thus alter the ability to focus the beam
through the analyzing magnet onto the image slits.
Thus, magnetic field end calculations were performed
to optimize field clamps and shape the pole tip ends
to minimize saturation fringing effects. Figure 2.7
shows a plot of the optimized magnet-end geometry
and corresponding field at maximum excitation. The
2-cm-wide field clamp located 9.5 cm from the pole-
tip end minimizes the tail on the magnetic field. The
pole ends are shaped to approximate a radius of 0.8
times the half-gap. This minimizes saturation and
contains the effective field boundary to be 20.8 mm
from the magnet edge. Quantification of the end
effects permits rimming of the magnet poles to
achieve the desired effective path length.

Fringe fields are also present at the center of the
magnet between the poles and there is no space for
field clamps to control these fields. Because of the
proximity of the poles to one another, the fringe fields
vary from the inner to the outer radius of the poles.
This was simulated by varying the distance between
the pole edge and the symmetry line at the center of
the split-pole magnet. The results are shown in Fig.
2.8 whichshowsa2-cm variation in the effective field
boundary at maximum excitation, assuming that the
pole end is shaped the same as in the previous end-
field calculation. Thus the pole tips must be trimmed
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in the center of the magnet and the edge angles
adjusted to attain the desired effective path length.

1. University of Giessen, Giessen, Germany.

CROSS SECTIONS FOR PRODUCTION OF
RADIOACTIVE ION BEAMS (RIB)

R. L. Robinson, L. Rayburn,! C. Baktash,
J.B.Ball, C. M. Jones,1.Y. Lee? F. K. McGowan,
D. K. Olsen

One of several considerations in the selection of
RIBs is the cross section for its production using light
ions from the ORIC cyclotron. Unfortunately, a
library search revealed that there are few relevant
measured cross sections. Thus, we have explored the
possibility of using two programs, PACE? and HETC,*
to calculate the cross sections. PACE is a Monte
Carlo, statistical-model evaporation code that deter-
mines the relative population of residual products
following particle evaporation from a compound
nucleus. HETC is a Monte Carlo, high-energy
nucleon-meson transport code; it has the disadvan-
tage that it is only applicable for protons, but has the
merit of including spallation as well as fusion in the
determination of cross sections.
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Table 2.2. Number of cases with ratio R falling within the listed ranges, where R is
the ratio of the peak of the experimental cross section divided by the peak of the
calculated cross using the two codes PACE and HETC. The cases are for
different channels resulting from the projectile-target combinations noted.

Projectile/ R=g, /0.,
target
0.67<R<1.5 0.5<R<2.0 04<R<2.5 0.33<R<3.0 Total
Cases
p/A3ssCy
PACE 8 9 11 11 11
HETC 6 8 10 10 11
p/*3Sc
PACE 2 2 3 3 3
pAAl
PACE 0 1 2 2 2
HETC 2 2 2 2
34He/5365Cu,%Zn
PACE 2 6 9 10 11
34He/? Al
PACE 1 2 3 3 4

To obtain a measure of the reliability of the two
codes, their predictions for the peak of the cross

Table 2.3. Predictions by the PACE code for
peak cross sections and projectile energies

section for different exits channels were compared to at which the peaks occur.
experimental results from the projectile-target com-
binations listed in Table 2.2. Some guidelines indi- O peak E
cated by the limited comparison in this table are: Reactions (mb) (Nfg\];)
40Ca(p,0)*’K 21
1. For protons on nuclides around mass 60, predic- ss ?(p a)s 8 50
tions of peak cross sections by either HETC or Ni(p,n)”™*Cu 80 16
PACE are within a factor of 1.5 of the measured ~ %Zn(p,2n)$3Ga 35 30
values over one-half of the time and the majority 4Zn(p,n)*Ga 200 14
ithin a factor of 2. ’
are within a factor o %4Zn(*He 3n)*Ge 05 50
2. The predictions for PACE for 34He projectileson ~ 7°Ge(p,3n)%%As 25 40
targets of about mass 60 are not as good as for Ge(p,2n)As 180 29
protons; half of the cases have predictions within 70
a factor of two of the measured values and the 7°Ge(§),n) Ajo 500 15
majority are within a factor of 2.5. %Ge(*He,3n)"°Se 12 38
0Ge(*He,2n)"'Se 160 23
3. Based on only two cases, HETC did better than 2Ge(p.3n)°A. 400 40
PACE for the p+27Al reaction. e(@.3n)"As
74Se(p,3n)"2Br 25 46
Predictions by PACE of peak cross sectionsand ~ 7Se(p,2n)"Br 180 30

energies at which the peaks occur are given in Table
2.3 for a variety of interesting RIBs with A=37-73.
Although %Ge is an especially desirable beam, the
cross section of 0.5 mb is probably too small to yield
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a reasonable beam intensity for nuclear structure
studies.

1. Oak Ridge Associated Universities.

2. Lawrence Berkeley Laboratory.

3. Some details on the approach of PACE calcu-
lations are found in reference: A. Gavron, Phys. Rev.
€21, 230 (1980).

4. ORNL Report, CCC-178C (1991).

RESIDUAL RADIOACTIVITY FOLLOWING
A BOMBARDMENT WITH PROTONS

L. Rayburn and R. L. Robinson

To obtain a sense of the residual radioactivity
following bombardment of a thick target with a
proton beam to produce a RIB, we have made use of
a special feature of the HETC code. This code, which
calculates cross sections for all residual channels
resulting from the interaction of energetic protons
with target nuclides, has the additional capability of
calculating the gamma rays emitted from these re-
sidual products as a function of time. As part of this
process, the code includes extensive tables that give

Radioactivity (Curies)

half-lives and gamma rays emitted by radioactive
isotopes.

The calculation for the residual radioactivity
using HETC has been done for a likely scenario in
which there is a hypothetical five day bombardment
to produce a $8As radioactive beam. Assumed condi-
tions are: a43-MeV beam of protons with current of
47 pA (beam power of 2 kW), and a 800 mg/cm?
target of Zr;"°Ge, (an energy loss in the target of 7
MeV). Figure 2.9 shows the results of the calcula-
tions assuming all of the radioactivity remains in the
target area. The peak level of activity of 18 curies
gives rise to a radiation level of about 14 rem/hr at 1
meter from the target. After one week of cooling, the
level of activity is reduced about an order of magni-
tude.

Present plans are to place a 1-mil-thick Re win-
dow before and after the target. Activation of the
windows would increase the level of activity by
another 5 curies at the end of the bombardment
described in the preceding paragraph; this gives a
radiation level of 3 rem/hr at 1 meter. If the beam stop
were 12C, the only product with a sufficiently long
half life to be a problem would be ’Be (T, ,, = 53 days).
It would contribute approximately 0.5 curies at the
end of the bombardment with a corresponding radia-
tion level of about 150 mrem/hr at one meter.
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Fig. 2.9. Level of activity at the target/ion source from activation of the Zr,°Ge, target material if all
reaction products remain in the targetarea. The activity is plotted for 5 days of bombardment witha47-pA beam
of 43-MeV protons. The target thickness is 800 mg/cm?.
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PROGRESS WITH THE MARK-I TARGET/
ION SOURCE

G. D. Alton, D. L. Haynes, G. D. Mills,
and D. K. Olsen

Steady progress has been made toward the
completion of engineering drawings for the high-
temperature ISOLDE-type ion source assembly! that
will be used for initial RIB generation. As reported
previously,2 the high-temperature version of the CERN
ISOLDE source was selected as the first source
because of its low emittance (~2 ® mm.mrad
(MeV)!72), relatively high ionization efficiency, and
capability for producing a broad range of radioactive
species. Of equal importance, the source assembly
has been engineered for remote installation, removal,
and servicing as required for safe handling of highly
radioactive target material, source components, and
ancillary equipment. The source assembly also per-
mits easy modification to lower temperature versions
and conversion from electron-impact ionization to
either thermal, positive, or negative surface ioniza-
tion. The choice of this particular source was also
made based on its successful employment for RIB
generation for many years at the CERN-ISOLDE
facility.? In designing this source, particular empha-
sis was placed on the materials of construction, the
thermal transport properties of the source, the size
and geometry of the target, the number of species that
the source can be used to process, and the ionization
efficiency. Equal attention was given to design
features which facilitate assembly and disassembly
of contaminated components.

The assembly incorporates many of the engi-
neering features used in the CERN ISOLDE design
and has been engineered to enable remote installation
and removal in high-radiation fields and the transport
of contaminated source assemblies to and from ser-
vicing and storage areas. For installation, the assem-
bly will be lowered by a remotely controlled over-
head hoist mechanism onto locator pins on a linear
motion carriage. The carriage will be pushed forward
and clamped against the vacuum interface flange by
a remotely controlled pneumatic actuator mecha-
nism. The source assembly will plug into the inter-
face flange, during which all electrical, gas feed,
coolant, vacuum, and temperature monitoring con-
nections will be mated together. Then the vacuum
seal between the source chamber and ORIC beam line
will also be made by remote actuation of a similar
pneumatic clamping device. The vacuum chambers

can then be remotely pumped down or vented. To
remove the source assembly, the procedure will be
reversed. For servicing and storage, the source will
simply be lifted from the linear-motion carriage by
means of an electrically driven hoist and transported
along an overhead track to a separated cask.

Following pump down, the source will be out-
gassed by incrementally adding power to both the
target reservoir and to the cathode until the source
achieves a steady-state vacuum level at the antici-
pated operating temperature. The high-temperature
components of the source are shown schematically in
Figs. 2.10 and 2.11. A collimated ORIC ion beam
will pass through a thin Re window and produce RIBs
with refractory target material. The Ta target reser-
voir, vapor transport tubing, and internal surfaces of
the source will be lined with lined with Ir or Re metal.
The target thickness will be chosen to maximize RIB
production and minimize residual-radiation produc-
tion. Most of the beam will exit the target through a
second Re window and stop in a cooled C beam stop.
This technique will also reduce the power deposited
in the target and simplify temperature control prob-
lems.

The target material reservoir will be positioned
within the inner diameter of a series-connected, resis-
tively heated, three-cylinder coaxial Ta tube which
can be heated to temperatures exceeding 2100°C.
The power required to heat the assembly to 2100°C is
estimated tobe 5.5kW (11 V at 500 A). Temperature
control will be maintained within + 2°C by use of
current-feedback circuitry driven by a two-color py-
rometer. The electron-emitter cathode is also made of
Ta and will be resistively heated to thermionic emis-
sion temperatures. The resulting electron beam,
typically > 250 mA, will be accelerated by a potential
difference of 300 V through the perforated anode
plate into the cylindrical cavity of the anode structure
and will ionize the radioactive gas. The electron
beam will be collimated by adjusting the coaxially
directed, solenoidal magnetic fields to optimize the
RIB ionization efficiency. The cathode power re-
quired to achieve thermionic-emission temperature
will be about 2 kW (400 A at 5 V).

Engineering drawings for all of the target/fion
source high-temperature components have been com-
pleted and components are being purchased. The
high-temperature components for two of the four
assemblies will be coated with Ir or Re to test the use
of a chemically-inert material to reduce surface-
adsorption delays. The remaining components of the
source assembly are nearing completion. The total
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Fig. 2.10. Side view of the Mark-I high-temperature target-ion source.
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Fig. 2.11. Top view of the Mark-I high-temperature target-ion source.
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power required to heat the target material and cathode
and to ionize the vaporous material transported from
the target to the ionization chamber will be of the
orderof 5.5kW. Table 2.4 provides alist of the power

Table 2.4. Power supplies for the Mark-I target-

ion source.

Power Supply Rating
Acceleration 60 kV at2 mA
Extraction 30kVat2mA
Anode 400VatlsSA
Cathode 6 Vat500 A

Target 15V at 1000 A
Magnet Coils 20V at 50 A (3 each)

supplies required to operate the source. All power
supplies have been selected and will be procured
during the present fiscal year.

1. S. Sundell, to be published in NIM,

2. G. D. Alton, D. L. Haynes, G. D. Mills, and
D. K. Olsen, Physics Division Progress Report,
ORNL-6689, March 1992, p. 209.

3. H.L.Ravn and B. W. Allardyce, Treatise on
Heavy Ion Science, ed. D. A. Bromley, Vol. VIII,
Nuclei Far From Stability (Plenum Press, New York,
1989), p. 363.

TIME-RELEASE PROPERTIES OF ION-
IMPLANTED SPECIES: DIFFUSION
MODELING

G.D. Alton, H. K. Carter! 1. Y, Lee? C. M. Jones,
J. Kormicki? and D. K. Olsen

Experiments continued to measure the time-
release characteristics of stable ion beams implanted
in candidate refractory target materials for forming
RIBs. This information is needed to select the most
appropriate target materials for generating initial
RIBs. The experiments are performed with the
UNISOR facility using the HHIRF tandem accelera-
tor to implant species of interest into selected target
materials maintained at elevated temperatures within
the UNISOR FEBIAD-type ion source.* These ex-

periments have provided thermal time-release data
and realistic estimates of release efficiencies for
beams such as 35Cl from ZrSi, and "As, "Br, and
8Se from Zr,Ge,.5 The principal processes whereby
radioactive atoms are lost between initial formation
and use are associated with diffusion, surface adsorp-
tion, and ion source inefficiencies.

Measurements were made of the FEBIAD ion
source target temperature as a function of source
operating parameters and target beam power. These
experiments were conducted in an effort to establish
typical target temperatures during ion implantation-
release experiments. The high temperature is respon-
sible for diffusion of implanted species from the
target materials. This information was incorporated
into adiffusion model which was developed to under-
stand the diffusion process and radioactivity decay
losses for short-lived species.

The time and temperature-dependent release of
radioactive atoms embedded in a chemically dissimi-
lar target material implies the presence of a binary
diffusion mechanism. Whenever there is a concen-
tration gradient of impurity atoms or vacancies in a
solid material, the atoms or vacancies will move
through the solid until equilibrium isreached. The net
flux of the particular speciesJ is related to the gradient
of the concentration n by the phenomenological rela-
tion of Fick.” A modified form of Fick’s first law,
which accounts for radioactive decay losses, can be
written as

J=-DVn-nit, (1)

where D is the diffusion coefficient, A= i, n where
T,, is the RIB half life, and n is time dependent. The
time-dependent form of Eq. 1, referred to as Fick’s
second law, can be expressed as

% =DVn- nit. @)

The diffusion process is not only driven by the con-
centration gradient, but also by the activation energy
or barrier height H, required to move the atoms from
site to site through the solid. The diffusion coefficient
is usually found to vary with temperature according
to

D =D, exp(- H,/kT). 3)

The activation energy H, must be supplied to the
atom through lattice vibrations to enable the particle
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to move from site to site through interstitial or va-
cancy diffusion processes. The diffusion constant D,
is related to the vibrational frequency and lattice
parameters of the solid crystal. Higher temperatures
result in faster release times for atoms distributed
within the solid. This necessitates the use of refrac-
tory target materials in order to avoid high pressures
in the ion source which adversely affects the ioniza-
tion efficiency.” In principle, Eq. 2 can be solved for
the particular target geometry and simulation studies
of the diffusion release of Cl ions implanted in ZrSi,
and As, Br, and Se in Zr,Ge, were made for the
UNISOR geometry.

Figure 2.12 illustrates the expected time-depen-
dence of the fractional release of ion-implanted stable
and radioactive atoms from the surface of asolid. The
curves are a numerical solution to the one-dimen-
sional form of Eq. 2. The atoms are assumed to be
implanted to an average depth of 18 um in a depth
profile predicted by TRIM simulations.® The diffu-
sion constant D was adjusted so that the calculated
release profiles approximate those observed experi-
mentally. In principle, these calculations can be used
to provide diffusion coefficients appropriate for the
particular target-RIB combination. The radioactive
atoms are assumed to have half lives of 60 s and 30 s.
The beam-on side of the curves reflects a balance

1.2

between ion implantation growth and diffusion re-
lease at the sample surface. The beam-off side of the
curves reflects release of the implanted atoms at the
surface through diffusion. The dashed curves are
targets which are assumed to be heated solely by
power from the UNISOR FEBIAD ion source cath-
ode, anode, and electron beam with negligible beam
on target. In the FEBIAD source, the target tempera-
ture is governed by adsorption of radiation from the
cathode electron bombardment and beam heating
effects Target temperatures were measured as a
function of source operating parameters by using a
two-color optical pyrometer and found to be
about 1645°C for normal positioning of the target
relative to the source anode. Similar measurements
were made as a function of beam power on target.
Sample temperatures were found to increase linearly
with beam power. The measured relationship be-
tween rise in sample temperature AT and beam power
is shown in Fig. 2.13. Diffusion release is calculated
to be marginally affected by beam heating as indi-
cated by the full lines on Fig. 2.12.

Further modeling studies and measurements will
be completed during FY 1993. These studies will
attempt to determine diffusion coefficients of refrac-
tory target materials by comparing experiment and
theory and thereby estimating the characteristic re-
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Fig.2.12. Theoretical time-dependentrelease profiles of stable andradioactive
As atoms implanted into Zr,Ge, with and without beam heating effects. The solid
curves are for beam power = 20 W and target temperature = 1745°C, whereas the
dashed curves are for beam power = 0 and target temperature = 1645°C.



42 Physics Division Progress Report

ORNL-DWG 92-15722

50
Source: FEBIAD
Target temperature without beam: 1645°C
40 |
I a0 o
e 4
% .
-8
E 20
]
@
m
10 J
a
o T L1 L]
0 50 100 150 200

AT (°C)

Fig.2.13. Experimentally measured change in UNISOR target temperature as
a function of ion tandem accelerator beam power.

lease time as a function of ion-implantation depth, as
well as decay losses of short-lived nuclei . Adsorp-
tion processes can also be readily incorporated into
the model.

1. UNISOR, Oak Ridge Associated Universi-
ties.

2. Lawrence Berkeley Laboratory.

3. Oak Ridge Associated Universities and
Vanderbilt University (permanent address, Institute
of Nuclear Physics, Cracow, Poland).

4. R.Kirchner, Nucl. Instr. and Meth. B26, 204
(1987).

5.G. D. Alton, H. K. Carter, I. Y. Lee,
C. M. Jones, J. Kormicki, and D. K. Olsen, Nucl.
Instr. and Meth. B66, 492 (1992).

6. See, for example, Diffusion in the Condensed
State,J. S. Kirkaldy and D. J. Young (The Institute of
Metals, London, 1987) Ch. 1.

7. P. Decrock, M. Huyse, P. Van Duppen,
M. Loiselet, G. Ryckewaert, Proc. 10th Int. Work-
shop on ECR Sources, CONF-9011136, Knoxville,
TN, November 1-2, 1990, p. 259.

8. TRIM - the Transport of Ions in Matter,
J. F. Ziegler,IBMResearch, Yorktown Heights, New
York 10598, USA.

ORIC DEVELOPMENT

S. W. Mosko, M. R. Dinehart, D. T. Dowling,
S.N.Lane,C.T. LeCroy, S. N. Murray,
D.K. Olsen, and B. A. Tatum

ORIC. The ORIC isundergoing reconfiguration
for acceleration of intense light-ion beams with the
internal ion source. This beam will produce radioac-
tive atoms in the target-ion source. In order to reduce
ORIC activation, graphite beam interceptors were
added to the rf system to limit the axial beam aperture
and to protect the interior of the accelerating system
from spurious beams. In addition, a graphite septum
was installed on the deflector and a combination of
graphite and tantalum shields were added to the
magnetic channels in the beam-extraction system.

A new, moveable radial-beam aperture was in-
stalled in the central region of the cyclotron in order
to reduce phase acceptance for ions from the internal
source. This “phase clipper” was installed on the
front of the dee in a track that is opposite the one used
for the puller electrode. Previously, the puller was
driven by a split-phase motor with hard-wired con-
trols. Since split-phase motors cannot instantly re-
verse direction of rotation, fine adjustment was diffi-
cult. New drives were installed for both the clipper
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and the puller using capacitor-splitter motors con-
trolled by an existing programmable logic controller.
The new system has triac outputs controlling the
motors and position feedback potentiometers feeding
12-bit analog-to-digital converter modules. The op-
erator interface is via a programmable keyboard with
readout on a new CRT page in the existing cyclotron
control system.

A collaboration is under way with H. G. Blosser,
L. Lee, and F. Marti of Michigan State University to
study the central region of ORIC and to determine
what modifications might be implemented to im-
prove ion-beam transmission efficiency through the
acceleration and extraction processes. Good effi-
ciency is vital for minimizing activation of accelera-
tor parts during acceleration of high-intensity light-
jon beams. Preliminary results were used to deter-
mine possible locations for effective use of radial-
beam clipper apertures (phase clippers). These stud-
ies also show aneed to improve the internal ion source
geometry and puller location for optimum accelera-
tion on the first orbits. A new power supply was
purchased for supplying arc power in the internal ion
source. The new supply isratedat2 A and SkV with
both voltage and currentregulation, or limiting, modes
of operation.

Target-ion source room. One of the ORIC
experiment rooms, C111, was chosen as the RIB
target-ion source area, and reconfiguration is under
way. This room was formerly split into two areas,
C111N and C1118, by astacked block wall. The wall
has been removed. All experimental equipment,
wiring, piping, and beam line shield-wall plugs are in
the process of being removed. It will be necessary to
eliminate all perturbations from floor and wall sur-
faces to permit installation of smooth conducting
surfaces that will comprise the ground planes sur-
rounding the high-voltage platforms that will house
the target-ion source and peripheral equipment.

Radiation safety system. The demolition of
wiring in C111 resulted in disruption of the HHIRF
radiation safety system, RSS. Further disruption
occurred through the need to reconfigure the cyclo-
tron RSS for stand-alone operation and for dealing
with high radiation expectations in both the cyclotron
room and the target-ion source room. Consequently,
a new radiation-safety configuration was developed
and implemented.

Cyclotron beams are now restricted to the cyclo-
tron vault, C109, and the target-ion source room,
C111. All beam lines leading to other rooms or areas
were terminated or removed and therespective shield-

wall plugs were sealed. The shield- wall plugs and
stacked-block portion of the wall between C109 and
C111 were removed. The two rooms are now treated
as a single radiation zone and both rooms must be
secure to satisfy operation interlock requirements.
The selector switch system which formerly permitted
selection of a target area to be secured along with
C109 has been eliminated. The large experimental
room, C110, is currently inactive. The UNISOR and
spin spectrometer rooms, C113 and C114, are now
operable as tandem accelerator target areas only, and
have no ties to the cyclotron RSS.

COMPUTATION STUDIES OF NEW
CENTRAL REGION FOR ORIC

H. Blosser,! L. Lee,! F. Marti,! and D. K. Olsen

A new central region concept was designed with
the goal of obtaining a well-centered intense beam. A
major change from the present design is the decrease
of the distance from the source slit to the puller face
with the purpose of increasing the electric field at the
slit. In the present configuration, the distance is
approximately 2.7 cm, while in the new design, shown
in Fig. 2.14, for ak = 75 molecular hydrogen beam,
it has been reduced to 1.0 cm. The peak electric field
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Figure 2.14. The central ray trajectory for the
first six turns superimposed on the electric field
equipotential lines.
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is still significantly lower than peak fields obtained
routinely at other cyclotrons. Orbit studies have
shown that a starting time of 20 degrees RF before
peak voltage is the optimum choice to decrease orbit
center spread and maximize intensity. A range of
orbits + 10 degrees around this central ray time will
have good centering and good vertical motion behav-
ior. This range is larger than what is needed to obtain
single-turn extraction for high extraction efficiency.
Phase selection on the first or second turn will be
implemented to decrease losses at extraction.

1. National Superconducting Cyclotron Labora-
tory, Michigan State University, East Lansing, Michi-
gan 48824,

ORIC BEAM LINES

D.T.Dowling, §. N. Lane, S. W. Mosko,
D.K. Olsen, and B. A. Tatum

The ORIC beam transport system is being up-
graded to interface with the RIB Project. As part of
this activity, both a reconfigured beam-line 1 and a

new beam-line 9, shown in Fig. 2.15, have been
designed to transport intense light-ion beams from
the cyclotron to the RIB targetfion source. The
position of the target/ion source was chosen by bal-
ancing the RIB mass-separator system-optics require-
ments with the retention of flexibility and simplicity
in the ORIC beam transport system. It is currently
envisioned that light-ion beams from the cyclotron
will be transported only to the heavily shielded RIB
target/ion source room C111. This fact enables the
existing beam transport system to be reconfigured
and optimized for the RIB project. However, the
capability of transporting an ORIC beam to room
C110, which is also heavily shielded, is being re-
tained, but would require modifications to the exist-
ing radiation safety system.

Beam-line 1 will remain essentially the same
from an optical standpoint. Quadrupole-doublet
magnets 1 and 2 will retain their current position,
while the horizontal beam switching magnet, BSM-1,
will be moved approximately 60 inches down stream.
The beam will be bent 11.46 degrees by BSM-1 into
the new beam-line 9. The beam will then be focused
using a quadrupole triplet, bent upward using a new
bending magnet, and transported to the RIB target/
ion source. The vertical bend angle will be 13° and is
required to accommodate the elevation of the RIB
beam line, 87 inches from the floor in room C111.
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The final design layouts for the new ORIC beam
lines are nearing completion. The diagnostics re-
quirements have been finalized and the beam-optics
requirements are known. Existing magnetic ele-
ments are being utilized where possible, resulting in
the need to purchase only one magnetic element, the
13-degree, vertical-bend dipole. The two beam lines
will be constructed, almost exclusively, of aluminum
components to reduce residual radiation problems,
and the currently-used oil diffusion pump stations
will be replaced with either cryopumps or
turbomolecular pumps.

TANDEM ACCELERATOR BEAM-
PARAMETER MEASUREMENTS

C. M. Jones,R. C. Juras, M. J. Meigs,
andD. K. Olsen

One of the challenges which must be addressed
in the design and development of the new, radioac-
tive-ion-beam facility is separation of the radioactive
beams of interest from isobaric contaminant beams.
One possible solution to this problem is use of the
tandem accelerator energy-analyzing magnet as a
mass analyzer.

Mass separation with a system of this kind is
based on the physical separation of ions of differing
mass at the image plane of the system. The degree to
which this mass-dependent separation is useful de-
pends on the mass-independent size of the beam at the
image plane, or more accurately, the mass-indepen-
dent beam intensity distribution projected on the
image plane. With this motivation, a series of pre-
liminary measurements has been completed with
beams whose mass and energy are typical of those
expected for the new facility.

A detailed discussion of the experimental meth-
ods used for these measurements, as well as a detailed
discussion of the experimental results, is beyond the
scope of this report. The essential results of the
measurements of bending plane parameters at the
image plane may be summarized as follows:

— The magnitude of the apparent collective beam
motion has an upper limit of about 0.5 mm peak-to-

peak with a dominant frequency of 2.3 Hz. This
apparent collective motion appears to have at least
two components:

1. A component which appears only in the
image-bending plane and is thought to be
due to tandem terminal voltage fluctuations.

2. A component which appears at both the
object and image planes and is thought to be
either an artifact of the measurement tech-
nique or real beam motion resulting from
jon-optic component power-supply fluctua-
tions.

Contributions of this apparent motion to beam
size measurements were reduced by an averaging
technique.

— Beam emittance for a 90% beam fraction is
typically 0.3-0.5t mm mrad for gas stripping and 1.0
x mm mrad for foil stripping.

— Beam widths for a 90% beam fraction are typi-
cally 0.5 to 1.0 mm for gas stripping and 1.4 mm for
foil stripping.

—  With the addition of a quadrupole lens upstream
of the analyzing magnet, beam widths fora90% beam
fraction in the range 0.2 to 0.3 mm are thought to be
achievable with gas stripping. The corresponding
mass resolution would be 1 part in 11,000 to 16,500.
With a full-width-half-maximum criterion, the corre-
sponding mass resolution would be 1 partin 16,000to
24,000.

— More work is required to estimate achievable
beam widths with foil stripping.

In addition, it was determined that conventional “slit
control” does not appear to be required for stable
operation of the tandem accelerator. Adequate con-
trol of the terminal voltage potential appears to be
possible using only a generating voltmeter. Thus,
there is no apparent lower intensity limit to beams
which can be accelerated in the tandem accelerator.
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NUCLEAR STRUCTURE STUDIES VIA ELASTIC, INELASTIC, AND
CHARGE EXCHANGE REACTIONS

STUDY OF THE NUCLEAR EXCITATION
OF THE ISOVECTOR GIANT DIPOLE
RESONANCE BY INELASTIC SCATTERING

D. H. Olive,! J.R. Beene, F. E. Bertrand,
R. L. Auble, M. L. Halbert,
D.J. Horen,and R. L. Varner

During this year significant progress has been
made in the analysis of data related to the isovector
giant resonance research program. The goal of this
program is to characterize the nuclear excitation of
the isovector giant dipole resonance through a sys-
tematic study of inelastic scattering using medium-
energy light ions and lower-energy heavy ions. In
previous reports the Coulomb excitation of isovector
dipole and quadrupole resonances using medium
energy (60, 84, and 95 MeV/nucleon) heavy ions has

d3c/dQ dE (mb-sr'*MeV'!)
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o

b 10 15
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been described.234 An understanding of the excita-
tion of isovector resonances via the nuclear force is of
equal importance.

Traditionally the study of the nuclear excitation
ofisovectorresonances by hadronic probes has proved
difficult due to the strong excitation of isoscalar
resonances in the same energy region (Fig. 3.1, left).
With heavy ions at sufficiently high bombarding
energies (>50 MeV/nucleon), the excitation cross
sections for isovector states are comparable to those
of isoscalar states. This, however, results mainly
from Coulomb excitation and does not yield much
information about the nuclear interaction. Fortu-
nately the ground state y decay is dominated by El
transitions that allows us to isolate the GDR, even
where there is a large non-dipole background. We
have shown that by gating on these gamma rays
decaying to the ground state, the IVGDR can be
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Fig. 3.1. (Left) Inelastic singles spectrum for the 208pp(170,170") reaction at 22 MeV/nucleon. A smooth
background has been subtracted. The position and width of all peaks were taken from high resolution (p,p)
work, except the IVGDR that was calculated using the photonuclear strength. (Right) The corresponding
ground state y-ray coincidence spectrum of the reaction 208pp(170,170'). The histogram is data, the heavy solid
curve is the contribution from the GDR alone. )
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picked out quite well in all nuclei?= and the isovector
giant quadrupole resonance can be isolated in nuclei
near closed shells.*

The effectiveness of this technique is illustrated
inFig. 3.1 where inelastic singles data is shown on the
left along with the multipole decomposition. The
corresponding ground-state y-decay coincidence spec-
trum is shown on the right where the GDR is seen to
dominate. This technique provides an enhancement
of approximately 100 to 1 for the IVGDR relative to
the isoscalar quadrupole and should ultimately pro-
vide direct information on the radial form of the GDR
transition potential.

In order to examine the effects of the nuclear
interaction in the excitation of the GDR we use the
deformed optical potential model with a radial form
of the nuclear part of the transition potential>¢ for
excitation of the target GDR given by

sU(ry="2% {[Zfo(r) N f2()]

+c[z fl+N fron]}

(H

where f(r) fori=n,p, and j= 1,0 refer to neutron
and proton and isovector and isoscalar pieces, respec-
tively, and c is a constant determining the strength of
the isovector piece of the interaction. Equation (1) is
aphenomenological expression, but its form is based
on the folding model. Guided by the folding model,
we can make an estimate of the quantity c in terms of
the projectile neutron and proton densities, p,,and
the volume integrals, J. j» of the central part of the
nucleon-nucleon interaction:

n_ 4P
A8 [ Y @
‘]0 pp + pp R
The form of the f(r) in the collective model depends

on the macroscopic model one chooses to represent
the dipole oscillation. For the Goldhaber-Teller model,

dU}(r)
dr.

fi(r)= 3)

where U} (r) represents the neutron and proton (i =
n,p) parts of the isoscalar or isovector (J = 0,1) pieces
of the optical potential 3

The significant feature of equation (1) is realized
by noting that ¢ < 0 for all projectiles. For a strictly
isoscalar (T =0) probe (e.g., o or 160) the second term
in equation (1) vanishes ( f** = 0). For T #0 probes
(e.g., *He or ’0) the second term is finite and less
than zero. The effect is a reduction of the GDR
excitation by T+# 0 probes relative to isoscalar probes
with the same kinematics. Figure 3.2 shows this
effect comparing angular distributions of the differ-
ential cross section for %0, an isoscalar probe, and
170, an isovector probe as a function of c.

An initial experiment has been performed to
quantitatively determine the effect shown in Fig. 3.2
using 22 MeV/nucleon '%0 and 'O projectiles to
excite the GDR in 2°Pb. The inelastically scattered
oxygen ions were detected with the HHIRF broad
range spectrograph and coincident gamma rays were
detected using the ORNL BaF, array. During the past
year the analysis of this data was almost completed.
Preliminary resultsare shown inFig. 3.3. The angular
distribution data shows the reduction of the GDR
strength by a factor of 1.45+0.10 for the 7O reaction
integrated over the entire angle range. Thisinvestiga-
tion of the difference between GDR excitation with
an isoscalar probe and neighboring N # Z projectiles
provides a sensitive probe of the structure of the
transition potential in nucleus-nucleus collisions and
how it is related to the nucleon-nucleus interaction.

An experiment to study the IVGDR in 2°8Pb and
“°Ca using 140-MeV polarized protons has been
approved at the Indiana University Cyclotron. Simi-
lar to the first experiment, ground-state gamma rays
will be measured in coincidence with inelastically
scattered protons detected in the spectrograph. The
measured cross sections will provide direct informa-
tion on the isovector proton-nucleus interaction. Si-
multaneous measurements of analyzing powers will
also be made, which should provide additional sensi-
tivity to the radial shape of the GDR transition density
as well as the strength of the isovector interaction.
Although these two studies should shed much light on
the nuclear interaction, several experiments will be
needed to fully complete this systematic investiga-
tion.

1. Partial support provided by Vanderbilt Uni-
versity and Oak Ridge Associated Universities under
the Laboratory Graduate Research Program.

2. J.R.Beeneetal., Phys. Rev. C 41,920 (1990).

3. J. R. Beene et al., Phys. Rev. C 39, 1307
(1989).
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Fig. 3.2. A DWBA calculation of the angular distribution of the 1" (E* = 13.4)
differential cross section for 6170 projectiles on 2°Pb at 22 MeV/nucleon.

15.0 20.0

ORNL-DWG 92-14191

GDR-Q16 re—
GDR-Q17 +—
100 bbb b e
.................. : " - ..._—----im--—-- —;, .
-------- 1
) G B o S, I% JOPRDRINN Y | I
,,,,,, - } i i\ i
a ® ) x
g s ] R=145+-0.10
Q 1 ......
S 1
10
8 8.5 9 9.5 10 10.5 11 1.5
Scattering Angle (CM)

Fig. 3.3. Angular distribution of 2°°Pb(*¢0,'°0Y) and 208p(170,170y,) at22
MeV/nucleon. The two data sets are normalized to the 2* state in 2°°Pb. R represents
the relative GDR strength in the two reactions integrated over all angles.
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STUDY OF ONE- AND TWO-PHONON
GIANT RESONANCE STRENGTH IN 2%p}
WITH INTERMEDIATE ENERGY 3Ar AND

84Kr SCATTERING

J.R.Beene, F. E. Bertrand, D. J. Horen,
M. L. Halbert, D. C. Hensley,! D. Olive,?
M. Thoennessen’ R. L. Auble, W. Mittig,?
Y. Schutz,* K. Katori? W. Kiihn® and
R. Holzmann®

Cross sections for Coulomb excitation of giant
resonances in a target nucleus increase rapidly with
both the velocity and nuclear charge of the projectile.
Athigh enough energies, the excitation probabilities,
particularly for the GDR, become large enough that
multiple excitation of the giant modes might be
expected.

In 1986 we began a series of experiments which
exploited the large giant-resonance excitation cross
sections produced by 84 MeV/nucleon 70 beams at
the GANIL facility. We have recently extended this
program with experiments using higher-Z beams,
studying 2%Pb(Ar,*Ar’) at 95 MeV/nucleon and
28pb(8Kr, #Kr’) at 60 MeV/nucleon, also at the
GANIL facility.

These experiments involved detection of the
inelastically-scattered projectile in the magnetic
spectrometer SPEG in coincidence with y rays de-
tected in an array of 228 BaF, detectors. This array
was made up of detectors from the ORNL array, the
TAPS collaboration, and the GSI.

A singles spectrum for 95 MeV/nucleon Ar
scattering is shown along with results from our earlier
Y0 scattering experiments in Fig. 3.4. A dramatic
increase in peak to continuum is seen even compared
tothe 84 MeV/nucleon !0 scattering. The total cross
section in the GR bump is almost 15 b/sr while the
continuum cross section isonly about 120 mb/MeV at
30 MeV of excitation.

Figure 3.5 shows the calculated total (angle
integrated) cross section as a function of bombarding
energy for Coulomb excitation of a selection of
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Fig. 3.4. Comparison of the excitation of 2°8Pb
by the inelastic scattering of "0 at 22 (thin solid
curve) and 84 (dotted curve) MeV/nucleon, and 36Ar
at95 MeV/nucleon (heavy solid curve). Spectra are
normalized to match yields in the 35-40 MeV region.
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Fig.3.5. Total cross section for Coulomb excita-
tion of some one-, two-, and three-phonon states in
28Ph by BKr scattering. The excitations involving
only the GDR (solid lines) are labeled by the phonon
number, n.

one-, two-, and three-phonon states in 2°8Pb with 86Kr
beams. All the multiple excitations shown involve
the GDR, but the mixed two-phonon 2* ® GDR state
isincluded along with multiple GDR excitations. The
3-® GDR state involving the low-lying (2.61 MeV)
octupole state has a similar energy dependence, with
a slightly smaller cross section. It is clear that,
provided sensitive and definitive enough detection
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and identification methods are available, the mixed
two-phonon states and even the two-phonon GDR ®
GDR state, might be profitably studied with rela-
tively low-energy beams, where high-resolution spec-
troscopic studies can be performed using the mag-
netic spectrometers available at facilities like GANIL.
Data on the excitation strength, width, and decay
properties of such states are of great interest, as they
carry potentially new information about resonance
damping, anharmonicities, and phonon-phonon in-
teractions.

Our intermediate-energy experiments on two-
phonon states rely on two tools for identification of
the states. One is the expected dependence on the
projectile Z of the excitation cross section. Two-
phonon excitation cross sections at a given projectile
velocity scale as Z*, while one-phonon excitations
scale as Z2 [12). Consequently we acquired data with
the highest energy **Ar and ¥Kr beams available at
GANIL (95 and ~60 MeV/nucleon, respectively).
Our existing 7O data provides a third Z comparison.
To illustrate this point, the calculated peak differen-
tial cross sections for these three projectile combina-
tions for excitation of the GDR ® GDR state are ~1
mb/sr (170), ~50 mb/sr (3Ar) and 60 mb/sr (*Kr) and
~1 mby/sr, ~30 mb/sr and 160 mby/sr, respectively, for
the 2* ® GDR. The other identification tool is the
electromagnetic de-excitation of the GDR phonon,
which has already been discussed extensively in the
preceding article.

Figure 3.6 illustrates schematically how we use
the electromagnetic decay of the GDR phonon to
isolate and identify two-phonon strength. The hori-
zontal scale (excitation energy) is obtained from the
energy of the inelastically scattered ion. The coinci-
dent total y-ray energy (X E,) measured in the BaF,
arrays is plotted on the vertical axis. The locus along
which all the excitation energy is accounted for by
detected vy radiation is the 45° dash-dotted line. The
region expected to be occupied by events correspond-
ing to decay of the various one- and two-phonon
states involving the GDR are indicated on the figure
along with numbers which are relative yields in our
experimental geometry (including y-detection effi-
ciency) for 2%Pb (®6Kr,%6Kr) at 60 MeV/nucleon,
normalized to the Kr-yy triple-coincidence yield for
the decay of the n=2 GDR in Pb.

Some very preliminary results of the analysis of
these data are shown in Fig. 3.7. The upper panel
shows the one-fold yyield from 28Pb(®¢Kr,36Kr'y) in
the range of E, from 12 to 18 MeV, as a function of
excitation energy. This corresponds to a rectangular
slice of Fig. 3.6 projected onto the horizontal axis.
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Fig. 3.6. A schematic illustration of the experi-
mental method employed to isolate two phonon
strength in a heavy-ion scattering spectrum by -
decay coincidence. The shaded region at the bottom
of the plot represents a region of intense y background
from decays following emission of one or more
neutrons.
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Unfortunately the resolution in excitation energy is
poor due to a combination of difficulties in the deter-
mination of ®Kr' momentum and from target
inhomogeneities, and as a result the mixed two-
phonon states (2* ® GDR expected at about 17.5
MeV and the 3 ® GDR at ~15.6 MeV) are not
resolved from the GDR. However, a distinct struc-
ture centered at an excitation energy of 25 MeV is
observed. Its properties are more clearly seen in the
lower part of Fig. 3.7 from which ydecays consistent
with direct decays to the ground state (i.e., all excita-
tion accounted for by E,) have been removed. We
interpret the structure at ~24 MeV as resulting from
the two-phonon GDR ® GDR state — as would be
expected from the qualitative picture in Fig. 3.6. The
distribution of coincidence yield in Fig. 3.7 is not a
direct representation of the GDR ® GDR strength
distribution, but is related to it in a direct and strai ght-
forward way by the dynamics of the Coulomb excita-
tion process. From a preliminary analysis of the data
inFig. 3.7 we infer a GDR ® GDR strength distribu-
tion centered at 26 MeV with a width of about 6 MeV.

Preliminary indications are that the y-decay yield
from the two-phonon GDR is somewhat higher than
our simplest predictions. This would indicate that
either the excitation cross section is larger than ex-
pected, or the y-decay branch from the two-phonon
state is larger than our simplest expectations based on
a harmonic vibrator picture.

1. Office of Waste Management and Remedial
Actions, ORNL.

2. Partial support provided by Vanderbilt Uni-
versity and Oak Ridge Associated Universities under
the Laboratory Graduate Research Program.

3. Michigan State University, East Lansing, MI.

4. GANIL, Caen, France.

5. University of Giessen, Germany.

6. GSI, Darmstadt, Germany.

7. JR.Beeneetal, Phys. Rev. C 38, 1307 (1989)

8. J.R. Beencetal., Phys. Rev. C 41,920 (1990).

9. A. Bertulani and G. Baur, Phys. Rept. 16,
299(1988), and references therein.

SYSTEMATICS OF ISOSPIN CHARACTER
OF TRANSITIONS TO THE
2] AND 37 STATES IN 9092949671

D.J. Horen,R. L. Auble,J. Gomez del Campo,
G.R. Satchler,R. L. Varner,J.R. Beene,
Brian Lund,? V. R. Brown,’ P. L. Anthony,’
and V. A. Madsen*

Differential cross sections for exciting the 2] and
3 states of 909294967y with 70-MeV SLi ions have
been measured. Calculations of the cross sections
have been performed using a deformed optical model
potential (DOMP) with OMP deduced from fits to the
elastic data, as well as a folding model with an
effective nucleon-nucleon interaction witha Yukawa
form factor obtained from fits to the elastic data and
transition densities obtained from open-shell RPA
calculations. The DOMP fits to the data yield values
of M,/M, which are in good agreement with those
predicted using the RPA. For the 2*{ states, we find
M,/M; increases from less than N/Z to greater than N/
Z in going from %°Zr to %Zr, However, for the 3]
states M,/M, remains less than N/Z for all cases, a
result which is in disagreement with previous works.
The folding model, with the RPA transition densities,
provides good agreement with the ZI measurements,
but underpredicts the cross sections for the 3 states.
A reanalysis of the earlier data from excitation of
these states by (o,0") reactions removes much of the
apparent discrepancies between those measurements
and other measurements, including the ones reported
here. The localization of the ®Li interaction is also
discussed.

1. Abstract of paper submitted to Physical Re-
view C.

2. Yale University, New Haven, CT.

3. Lawrence Livermore National Laboratory,
Livermore, CA.

4. Oregon State University, Corvallis, OR.
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DIFFERENT EFFECTS OF VALENCE
NEUTRONS ON THE ISOSPIN
CHARACTER OF TRANSITIONS TO THE
FIRST 2* and 3 STATES OF 09294967/

D.J. Horen, R. L. Auble, J. Gomez del Campo,
R.L.Varner,J.R. Beene, G. R. Satchler,
Brian Lund? V. R. Brown? P. L. Anthony,’
and V. A. Madsen®

We have used the 909294.967Zr(6Li SLi) reaction at
E = 70 MeV to deduce the ratio of M,/M, for transi-
tions to the first 2* and 3- excited states. For the first
2* state, we find M,/M, increases from less than N/Z
to greater than N/Z going from °*Zr to %°Zr. However,
for the 3" state we find that M,/M; is significantly
smaller than N/Z for all four isotopes, a result which
isin sharp disagreement with previous work. We find
that our measured values of M,/M, are well repro-
duced by random-phase-approximation calculations
including pairing.

1. Abstract of paper to be published in Physics
Letters B.

2. Yale University, New Haven, CT.

3. Lawrence Livermore National Laboratory,
Livermore, CA.

4, Oregon State University, Corvallis, OR.

ISOSPIN CHARACTER OF THE
TRANSITION TO THE 0.803-MeV STATE IN
206py FROM nit SCATTERING AT 180 MeV’

D.J. Horen, C. L. Morris? S. J. Seestrom,?
F.W. Hersman? J. R. Calarco® M. Holtrop}
M. Leuschner,? Mohini Rawool-Sullivan*
R.W. Garnet1,*S. J. Greene,>* M. A. Plum,?
and J. D. Zumbro®

Elastic and inelastic n* scattering by 2%Pb has
been studied to measure the isospin character of
transitions to bound states. The data have been
interpreted using both distorted wave impulse ap-
proximation and optical model potentials. The data
for the collective states at 2.647 MeV (37) and 4.111
MeV (2*) are well reproduced with §; = &; = §;,
i.e., assuming that these transitions are isoscalar. For
the 0.803-MeV, 2* level we deduce M,/M,=2.6+0.3

which isin excellent agreement with a value obtained
from inelastic heavy-ion scattering.

1. Abstractof published paper: Phys.Rev. C 46,
499 (1992).

2. Los Alamos National Laboratory, Los Alamos,
NM.

3. University of New Hampshire, Durham, NH.

‘4. New Mexico State University, Las Cruces,
NM.

5. University of Pennsylvania, Philadelphia, PA.

LIFETIME MEASUREMENT OF THE
1.897-MeV, 3; STATEIN %Zr

D.J. Horen, R. L. Auble,J. R. Beene, 1. Y. Lee,!
D.Cline? C.Y. Wu.2 M. Deviin?2 R. Ibbotson, ?
and M. Simon?

Recently, there have been two centroid-shift
measurements of the half-life of the 1.897-MeV, 3;
state in %Zr which give valuesof 50+ 7 ps (Ref.3) and
46+ 15 ps (Ref. 4). These yield a B(E3)T=0.25¢%?
which makes this one of the fastest E3 transitions
known thus far. An inelastic proton scattering mea-
surement gave B(E3)T =0.183 e?b® (Ref. 5). A study
of the %Zr(®Li,SLi") reaction at 70 MeV®” suggests
unreasonably low values of M,/M,, for this transition
if the B(E3)T = 0.25 e?b>.

We have bombarded °Zr with 105-MeV *2S ions
using the University of Rochester tandem Van de
Graaff accelerator. Photons from recoiling %Zr ions
were measured at 0° withaGe detector in coincidence
with backscattered 328 ions that were detected in an
annular avalanche counter. The lifetime of the 3]
state was determined from measurements of the shifted
and unshifted peaks of the 0.147-MeV transition asa
function of the stopping distance.

Preliminary data analysis indicates that the half-
life of the 1.897-MeV state is about 64 ps, i.e., about
28% longer than that reported from the centroid-shift
measurements. This means that B(E3)T =0.2¢%b3,a
value close to that obtained in the (p,p’) scattering.

1. Present address: Lawrence Berkeley Labora-
tory, Berkeley, CA.

2. Nuclear Structure Laboratory, University of
Rochester, Rochester, NY.
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3. H.Machetal., Phys. Rev. C 42,R811 (1990).

4. H. Ohm et al., Phys. Lett. 241, 472 (1990).

5. M. M. Stautberg et al., Nucl. Phys. A104, 67
(1967).

6. D. J. Horen et al., “Systematics of Isospin
Character of Transitions to the 2{ and 37 States in
909254967 ” this report.

7. D. J. Horen et al., “Different Effects of Va-
lence Neutrons on the Isospin Character of Transi-
tions to the First 2* and 3" States of 90929497  this
report.

MEASUREMENT OF THE LIFETIME OF
THE 0.918-MeV, 2] STATE OF %Zr

C.Y.Wu,'D.Cline, M. Devlin! R. Ibbotson,!
M. Simon,! D.J. Horen, and R. L. Auble

In trying to deduce the isospin character of the
transition to the 0.918-MeV, 2{ state in %*Zr using
inelastic scattering of 70-MeV ®Liions2? it was found
that the data were not sufficiently accurate to search
independently on both the B(E2)T and the nuclear
deformation length. There have been two Coulomb-
excitation measurements of the B(E2)T which differ
by about 50%, i.e., 0.081 + 0.17 ¢2b? and 0.056 +
0.014 e?b? (Ref. 4). Hence, we have undertaken a
measurement of the lifetime of the 2f state using the
plunger technique.

The University of Rochester tandem Van de
Graaff was used to provide 105-MeV 32S ions which
were scattered from a self-supporting **Zr target. The
backscattered 32S ions were detected in an annular
avalance counter and coincidences were recorded
with photons detected in a Ge detector placed at 0°,

Our preliminary value for the half-life of the
0.918-MeV state is 8 ps which is in better agreement
with the value of B(E2)T = 0.056 e?b2.

1. Nuclear Structure Research Laboratory, Uni-
versity of Rochester, Rochester, NY.

2. D. J. Horen et al., “Systematics of Isospin
Character of Transitions to the 2{ and 3] States in
9092949671 ” this report.

3. D. J. Horen et al., “Different Effects of Va-
lence Neutrons on the Isospin Character of Transi-
tions to the First 2* and 3- States of 909294967 » thig
report.

4. S.Ramanetal., At. and Nucl. Data Tables 36,
1(1987).

MEASUREMENTS OF THE LIFETIMES OF
EXCITED STATES IN 1%\

R.L. Auble,D. J. Horen, D. Cline! C. Y. Wu,!
M. Deviin,! R. Ibbotson,! and M. Simon’

There exists a discrepancy between the mea-
sured B(E3)T for the 1.908-MeV, 3{ state in !®Mo
and that calculated using the measured half-life com-
bined with the adopted photon branching ratios.?
Since this B(E3)T is considerably enhanced over the
single-particle value (similar to the case for %Zr), we
have measured the lifetime of the 1.908-MeV level
(and several other states) using the plunger technique.
The incident beam obtained from the University of
Rochester tandem accelerator was 105-MeV 328,
Data were obtained for the 2* levels at 0.535 and
1.064 MeV, the 4* level at 1.136 MeV and the 3]
state at 1.908 MeV. These data are presently being
analyzed, and suggest lifetimes consistent with those
previously reported.?

1. Nuclear Structure Laboratory, University of
Rochester, Rochester, NY.

2. B. Singh and J. A. Szucs, Nucl. Data Sheets
60, 1 (1990).
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NUCLEAR STRUCTURE STUDIES VIA TRANSFER, CAPTURE,
AND COULOMB EXCITATION REACTIONS

POSSIBLE TWO-PHONON QUADRUPOLE
STATE IN 22Th

F.K.McGowan' and W. T. Milner

For nearly thirty years a significant issue in the
nuclear structure of deformed nuclei has been whether
or not two-phonon collective excitations exist in a
spheroidal nucleus. In the level spectra of many
deformed nuclei, low-lying excitations are observed
that may be approximately described as one-phonon
B and vy vibrations. Odd-parity collective modes of
low frequency corresponding to octupole shape oscil-
lations have also been observed as a systematic fea-
ture in nuclei.

Recently, strong evidence for the existence of the
two-phonon 7 vibration? with K = 4 has been estab-
lished in !%*Er at an excitation energy 2.5E(2}) and
the ratio of B(E2,45,—2,)/B(E2,2,—0) is between
0.52 and 1.61. Using the HI Coulomb excitation
reaction, the Heidelberg group? have observed a two-
phononyvibration with K =4 in 2*’Th atanexcitation

energy of 1414 keV [1.8E(2)]. The branching ratio
decay of this state into the one-phonon 7y band is
consistent with K = 4 assignment.

The Coulomb excitation reaction, induced by
lightions, selectively excites 2* and 3" states by direct
E2 and E3 Coulomb excitation. Twenty-five states in
232Th have been observed with 18-MeV “He ions on
athick target. Eleven 2* states between 774 and 1554
keV and three 3- states in Fig. 3.8 are populated by
direct E2 and E3, respectively. The remaining states
are either weakly excited by multiple Coulomb exci-
tation and/or populated by the y-ray decay of the
directly excited states. Singles spectra were taken at
0=0°,55°,and 90° with 53 to 70 x 10° counts in each
spectrum. That gives good y-ray angular distribution
data for most all transitions in Fig. 3.8. Spin assign-
ments are based on y-ray distributions. Reduced
transition probabilities have been deduced from the
Y-ray yields. The B(E2) values forexcitation of the 2*
states range from 0.024 to 3.5 W.u. (222 W_u. for the
first2* state). For the 3" states, the B(E3,0—3") values
are 1.7, 11, and 24 W.u.
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A possible two-phonon state at 1554 keV, which
is nearly harmonic, decays to 4 members of the one-
phonon states, to the ground state band, and to the K
=0 octupole band. The B(E2) value for excitation of
this state is 0.66 + 0.05 W.u. and the B(E1) values for
decay of this state are (2 and 6) x 10 W.u. The B(E2)
values between the two- and one-phonon vibrational
states range between 16 and 53 W.u. which are an
order of magnitude larger than the B(E2) values
between the one- and zero-phonon states.

In the extraction of these B(E2) values, the weak
excitation of the states Og, 4g,4,, I',and 5" by multiple
Coulomb excitation did introduce several correc-
tions. For example, the 823.6 keV v ray appears in
two locations of the level scheme 2—0p and 45—2
with nearly identical angular distributions. Likewise,
the 681keV yray appears in the level scheme at 0p—2
and 2—4g. The 779.7 keV yray appears in the 252
and 2—3 transitions. The inclusion of the 452
intensity reduces the 2—0pg intensity by 15%. An
extreme scenario concerning the 43—?2 intensity (dis-
regarding known branching ratio data) could reduce
B(E2,2—0p) from 41 W.u. to 20 W.u. The
B(E2,2—2g) =53 W.u.isbased on E2/M1 = 6.25. An
analysis with E2/M1 = 102 leads to B(E2,2-2p) =
0.6 W.u. and the BIM1, 2-2p) is very large, 2 x
10! 4N, which is 2 to 3 orders of magnitude larger
than eightother B(M1) values extracted from the data
on 2%2Th. This latter choice of E2/M1 = 102 is rather
unlikely. These large B(E2) values between the two-
and one-phonon vibrational states disagree with our
present understanding of collectivity in nuclei, viz.,
the B(E2) between two-phonon and one-phonon states
is approximately equal to the B(E2) between one-
phonon and zero-phonon states.

The B(E1) values for nine transitions between
the positive and negative parity states range between
10°to6 x 10*W.u. The latter value is arelatively fast
E1 transition and the occurrence of large E1 transition
rates is a more common phenomenon than expected.
Although no stable octupole deformation is predicted
in this mass region, one is forced to question whether
such E1 transition rates can unambiguously be taken
as evidence for octupole instability. The B(El)
branching ratios for transitions from the 3- and 1
states to the ground-state band have large deviations
from the Alaga-rule predictions. These deviations
can be understood by the strong Coriolis coupling
between the states of the octupole quadruplet in
deformed nuclei.

1. Partial support provided by Joint Institute for
Heavy Ion Research, ORNL.

2. H. G. Bomer et al., Phys. Rev. Lett. 66, 691
(1991).

3. W.Korten et al., Proc. Int. Conf. on Nuclear
Structure through Static and Dynamic Moments, ed.
H. H. Bolotin (Conference Proceedings Press,
Melboumne, 1987), p. 61.

MAGNETIC DIPOLE STRENGTH IN %Ca
OBSERVED WITH 180° ELECTRON

SCATTERING!

J.P. Connelly? H. Crannell? L. W. Fagg?
J.T. O'Brien? M. Petraitis? D. I. Sober,?
S.Raman, J. R. Deininger’ and S. E. Williamson’

Results are presented from a search for M1
strength in “6Ca by means of 180° electron scattering
atlow momentum transfer. We report the presence of
a 1* state at 13.02 £ 0.04 MeV with a reduced
electromagnetic transition strength. The excitation
energy of this level is ~2 MeV higher than strong 1*
states seen in other even-even calcium isotopes. No
evidence was seen for M1 strength in the 10 MeV
excitation energy region where strength is predicted
by shell model calculations.

1. Abstractof published paper: Phys. Lett. B277,
383 (1992).

2. Catholic University of America, Washington,
DC.

3. University of Illinois, Urbana, IL.

MECHANISM OF (n,y) REACTION AT LOW
NEUTRON ENERGIES/’

S. Raman and J. E. Lynn?

We discuss the interplay between direct capture,
valence capture, and compound-nuclear capture in
attempting to explain the vast amount of capture data
for light-mass nuclei.

1. Abstract of published invited paper: Beijing
International Symposium on Fast Neutron Physics,
edited by Sun Zuxun, Tang Hongging, Xu Jincheng,
and Zhang Jingshang (World Scientific, Singapore,
1992), p. 107.

2. Los Alamos National Laboratory, Los Alamos,
NM.
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THERMAL-NEUTRON CAPTURE BY
SILICON ISOTOPES!

S. Raman, E. T. Jurney? J. W. Starner
and J. E. Lynn?

We have studied primary and secondary 7y rays
(46 in 2Si, 107 in 3Si, and 33 in !S) following
thermal-neutron capture by the stable 28Si, 2Si, and
308 isotopes. Almost all of these y rays have been
incorporated into corresponding level schemes con-
sisting of 12 excited levels in 2Si, 28 in *°Si, and 9 in
318i. In each case, the observed y rays account for
nearly 100% of all captures. The measured neutron
separation energies for 22Si, *°Si, and 3! Si are 8473.56

+ 0.04, 10609.24 + 0.05, and 6587.40 + 0.05 keV,
respectively. The measured thermal-neutron capture
cross sections for 28Si, 2°Si, and °Si are 169 * 4,
119 + 3, and 107 = 3 mb, respectively. In all three
cases, primary electric-dipole (E1) transitions ac-
count for the bulk of the total capture cross section.
We have calculated these E1 partial cross sections
using direct-capture theory. The agreement between
theory and experiment is satisfactory.

1. Abstractof published paper: Phys.Rev. C 46,
972 (1992).

2. Los Alamos National Laboratory, Los Alamos,
NM.

NUCLEAR STRUCTURE VIA COMPOUND NUCLEUS REACTIONS

TEST OF PREDICTED DEFORMATION -
DRIVING EFFECTS IN 1”Re

N. R. Johnson, J. C. Wells,! F. K. McGowan,?

D. F.Winchell?21.Y. Lee P. Semmes,’
C. Baktash, J. D. Garrett, Y. A. Akovali,

R. Bengtsson* R. Wyss’ W.C. Ma,’ W. B. Gao*
C.Y.Yu/ andS. Pilotte’

Inrecent years there has been much discussion—
and occasionally some controversy—about the inter-
pretation of the properties of light W-Re-Ir-Os-Pt
nuclei. For example, for some of the odd-A isotopes
of these nuclei, the behavior of B(M1)/B(E2) ratios
for strongly coupled bands, the shoulder or extra peak
in a plot of the dynamical moment of inertia, band
crossing frequencies, and the apparent aligned angu-
lar momentum in some of the bands have been used
as bases for invoking rotation alignment of hgy, pro-
tons. Self-consistent cranking calculations, however,
indicate that in such nuclei as "W (Ref. 8) and 1720s
(Ref. 9) the 1/2:{541] orbital does not play an active
role in the rotation-alignment process below o =
045 MeV.

Often, the conflicting explanations of features in
even-mass nuclei are best attacked through studies of
their odd-A neighbors where many bands built on
single-particle states are observed. The nucleus!”’Re
is such a case on which y-y coincidence spectroscopy

measurements have been done by Bark et al.!® and
Hildingson et al.!! to establish bands built on the
thy,,9/2°1514], the ndsp,5/2*[402], the wij3p,1/
2*[660], and the mt(hgp),1/2°[541] Nilsson states. The
richness of these data has been complemented by
refined total Routhian surface (TRS) calculations by
Wyss et al.!2 They'? find that the tthy/, surfaces have
a single well-defined minimum providing an essen-
tially unchanged deformation as the rotational fre-
quency increases through and beyond the point of
alignment of i;3, neutrons. On the other hand, the
ndsp and mhy, surfaces begin at alower deformation
than the nthgp, but show significant deformation in-
creases (~25%) at the modest rotational frequencies
achieved before the backbend. Thus these TRS
calculations support the idea that large deformation
changes may occur within some bands and contribute
to the unusual alignment patterns in this region of
nuclei. To test for the possibility of large deformation
changes in '>Re we have carried out Doppler-shift
recoil-distance lifetime measurementsin this nucleus.
In the preliminary analyses of the data carried out to
this point, we have concentrated on the dsp, band and
here we report on the preliminary results.

The !73Re in these experiments was produced in
the reaction °Sm(*’Al 4n)!7*Re at a bombarding
energy of 125 MeV. At this incident energy, the
recoil velocity was v/c = 1.20%. The 1.02mg/cm? Sm
target was enriched to 99.9% in mass 150. For the
“zero-distance” measurement a target of 1.02 mg/
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cm? 1%%Sm evaporated onto a 42 mg/cm? Pb backing
was employed. The data were recorded with a BGO
Compton-suppressed Ge detector located at 0° with
respect to the beam direction. Only y-y coincidence
data were stored with the requirement that there be a
trigger from atleast one of an array of six Ge detectors
located at 90° with respect to the beam. Coincidence
spectra were taken at 23 target-stopper separations
ranging from 0 to 2200 mm.

The computer program LIFETIME!? was used to
extract lifetimes from the normalized decay curves.
This program, containing the minimization routine
MINUIT, ' adjusts the initial level populations and
transition rates to obtain best fits for both shifted and
unshifted intensities as a function of target-stopper
separation. We have determined the lifetimes in both
signatures of the 5/2*[402] band to high spins and
have extracted transition quadrupole moments Q)
for all of the stretched E2 transitions and B(M1)
values for most of the M1 transitions between the two
signatures. The Q, values are shown in Fig. 3.9 and
the B(M1) values in Fig. 3.10.

Based on the results in Fig. 3.9 we can conclude
that a significant change of deformation occurs in the
5/2*[402] band of '"Re at very low rotational fre-
quencies. Between the 13/2 59/2 and 15/2 — 1172
transitions (corresponding to = 160 keV) there is
a dramatic jump of about 40% in the range of Q
values, assuming that at the lower frequencies there is
a scatter about the value Q, = 5.8 and at the higher
frequencies there is a scatter about the value Q,=8.3.
This corresponds to a change of deformation from B,
=0.22t0 B, = 0.29.

This large increase in quadrupole deformation
can account for the properties of the 5/2*{402) band
(e.g., crossing frequencies and alignment gains).
However, the rather sharp increase in B(M1) values
at just the same frequency where the Q, values in-
crease is an interesting and unexpected phenomenon.
In an attempt to understand this behavior, estimates
for the M1/E2 properties have been made based on
the particle-rotor model! using the Woods-Saxon
potential. Two deformations have been considered,
B2 = 0.205 and B, = 0.25, which correspond to an
intrinsic core quadrupole moment Qq 0f 5.5 b and 6.9
b, respectively. Calculations were made at each
deformation, both in the strong coupling limit (e.,
with no Coriolis mixing) and with Coriolis mixing
included.

Qualitatively, these calculations agree with the
trends of the experimental B(M1)/B(E2) ratios and
also roughly reproduce the absolute M1 and E2
transition rates at the lowest spins (I = 7/2 to 13/2) for

a nearly pure 5/2*[402] band at the smaller deforma-
tion. In Fig. 3.10, the curve A shows the strong
coupling limit, while Coriolis mixin g with the
7/2*[404] band is included in curve B. At the larger
deformation, these two Nilsson orbitals are expected
to lie closer in energy, producing greater Coriolis
mixing and further reducing the M1 rates (curve C).
While the jump in E2 rates can be attributed to a shape
change, it is difficult to understand how the M1 rates
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rotor model for the following conditions; A (strong
coupling limit and B2 = 0.21 and 0.25); B (with
Coriolis mixing and B2 = 0.21); C (with Coriolis
mixing and 2= 0.25).
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could also increase so much. The M1 properties of
the 5/2+[402] and 7/2*[404] orbitals should change
very little if the deformation increases to B2 = 0.29,
and thus cannot explain the M1 enhancement. If
some alignment of ij3p neutrons also occurs, this
should increase the M1 rate (by decreasing the effec-
tive core gg factor), but such an alignment is difficult
toreconcile with the large deformation implied by the
E2 rates. Finally, we note that the idea of rotation-
alignment by a pair of hy/, protons offers no solution
because the effective core gg would increase and,
therefore, cause a reduction in B(M1).
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TRANSITION PROBABILITIES
UP TO I = 36* IN 19YDb

N.R. Johnson, F. K. McGowan,! D. F. Winchell,!
J.C. Welis2 C. Baktash, L. Chaturvedi,’
W.B.Gao3J.D. Garrett,1.Y. Lee! W. C. Ma}
S. Pilotte® and C.-H. Y@

In last year’s annual report we$ presented pre-
liminary results from Doppler-broadened line shape
(DBLS) experiments on high-spin states in 'Yb, a
nucleus lying just at the onset of permanent deforma-
tion and known to be very soft with respect to defor-
mation changes, especially in the v degree of free-
dom. The analyses of these measurements have since
been completed and the results were reported at a
recent conference.’

For these DBLS experiments the !9Yb was
produced in the reaction '2Sn(*/Ca,4n)'®Yb at a
beam energy of 200 MeV. The beam was provided by
the 25-MV Tandem Accelerator at Oak Ridge. Mea-
surements were made on two different targets. Inone
case, 1.05 mg/cm?2°Sn evaporated ontoa 10 mg/cm?
Au backing was employed and in the other, the same
thickness of 12Sn was used, but the backing was 28
mg/cm? Pb. We collected these y-ray data in the
coincidence mode with the Oak Ridge Compton
Suppression Spectrometer System which consists of
20 Compton-suppressed Ge detectors. Four of the
detectors are located at 45° with respect to the beam
direction and four at 135°. The data stored are from
coincidences in each of these detectors with any other
detector.

Averages of the Q, values determined for both
the gold-backed and lead-backed targets have been
taken and the results for the I =22* through 36" states
in the yrast sequence of 190Yb are plotted in Fig. 3.11.
The solid points for the states up toI=22*inFig. 3.11
are from our® earlier recoil-distance measurements.
They show an appreciable dropoff of collectivity in
the frequency range h w=0.26-0.36 MeV,aphenom-
enon which is accounted for — at least qualitatively —
in terms of cranked shell model and cranked Hartree-
Fock-Bogoliubov calculations. Note that we? have
also observed loss of collectivity at similar rotational
frequencies in other light ytterbium nuclei near N =
90.

In recent years there has been much speculation
on what happens to the collectivity of these light
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Fig. 3.11. Transition quadrupole moments Q)
formembers of the yrast sequence in '®Yb. The solid
lines are from the earlier recoil-distance measure-
ments® and the open circles are from the current
Doppler-broadened line shape experiments.

yuterbium nuclei at frequencies above 0.36 Me V. Our
results in Fig. 3.11 indicate rather strongly that in the
range of 7w = 0.36-0.50 MeV there isa regaining of
collective behavior comparable to that of the lower
members of the yrast sequence. The solid curve in
Fig. 3.11 is based on deformation parameters from
cranked Hartree-Fock-Bogoliubov calculations of
Wyss and Bengtsson.!® It is clear that above A ~
0.30 MeV there is at best only modest agreement
between experiment and theory.

1. Partial support from the Joint Institute for
Heavy Ion Research, ORNL.,

2. Tennessee Technological University,
Cookeville, TN.

3. Vanderbilt University, Nashville, TN.

4. Present address: Lawrence Berkeley Labora-
tory, Berkeley, CA.

5. University of Tennessee, Knoxville, TN.

6. N.R.Johnson etal., Phys. Div. Prog. Rep. for
Period Ending Sept. 30, 1991, ORNL-6689, p. 43,

7. N. R. Johnson et al., in Proceedings of the
International Conference on Nuclear Structure at
High Angular Momentum, ed. D. Ward and
J. Waddington, in press.

8. M. P. Fewell et al., Phys. Rev. C 31, 1057
(1985); and C 37, 101 (1988).

9. F. K. McGowan, N. R. Johnson, C. Baktash,
LY. Lee, Y. Schutz, J. C. Wells, and A. Larabee,
Nucl. Phys. A539, 276 (1992).

10. R. WyssandR. Bengtsson, private commu-
nication.

LOW-SPIN IDENTICAL BANDS IN
NEIGHBORING ODD-A AND EVEN-EVEN
NUCLEIL: A CHALLENGE TO MEAN-FIELD

THEORIES!

C. Baktash, J. D. Garrett, D. F. Winchell 2
and A. Smith®

A comprehensive study of odd- A rotational bands
in normally-deformed rare-earth nuclei indicates that
a large number of seniority-one configurations (30%
for odd-Z nuclei) at low spin have moments of inertia
nearly identical (within 1%) to that of the seniority-
zero configuration of the neighboring even-even
nucleus with one less nucleon. It is difficult to
reconcile these results with conventional models,
based on the traditional picture of nuclear pair corre-
lation in vogue for more than three decades, which
predict variations of about 15% in the moments of
inertia of configurations differing by one unit in
seniority.

1. Abstract of published paper: Phys. Rev. Lett.
69,1500 (1992).

2. Partial support from the Joint Institute for
Heavy Ion Research, ORNL.

3. Participant in the Oak Ridge Science and
Engineering Research Semester from Saint Joseph’s
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X-RAY YIELDS OF SUPERDEFORMED
STATES IN 193Hg!

D.M.Cullen?1.Y. Lee? C. Baktash, J. D. Garrett,
N.R. Johnson, F. K. McGowan ?
and D. F. WinchelP

The Kg-x-ray yields associated with the
superdeformed and normal-deformed bands in 19°Hg
have been measured. The results indicate an excess
yield of K4-x rays in coincidence with the
superdeformed cascaderelative to that in coincidence
with the normal-deformed cascade. The internal
conversion of known transitions along the
superdeformed cascade cannot account for the ob-
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served K -x-ray yield. It is likely that this excess x-
ray yield is associated with low-energy interband-M1
transitions competing with the low-spin
superdeformed-E2 transitions.

1. Abstract of paper submitted as a Brief Report
to Physical Review C.

2. Partial support from the Joint Institute for
Heavy Ion Research, ORNL.

3. Present address: Lawrence Berkeley Labora-
tory, Berkeley, CA.

LIFETIMES OF LOW SPIN STATES IN THE
SUPERDEFORMED BAND OF !2Hg!

1.Y. Lee? C. Baktash, D. M. Cullen? J. D. Garrett,
N.R. Johnson, F. K. McGowan,’
D. F. Winchell > and C. H. Yu*

Lifetimes associated with the two lowest gamma-
ray transitions of the superdeformed band in *2Hg
were measured using the recoil-distance method. It
was found that these states have the same collective
E2 decay strength as the high-spin states. From these
lifetimes and the branching ratios to the normally-
deformed states, the amplitude of the wave function
corresponding to the normally-deformed shape was
derived. The derived variation of the barrier penetra-
bility as a function of spin is consistent with theoreti-
cal calculations.

1. Abstract of paper submitted to Physical Re-
view Letters.

2. Present address: Lawrence Berkeley Labora-
tory, Berkeley, CA.

3. Partial support from the Joint Institute for
Heavy Ion Research, ORNL.

4. University of Tennessee, Knoxville, TN.

LIFETIME MEASUREMENTS FOR
CONTINUUM GAMMA RAYS

IN 1¢4yb AND !7°Hf!

1. Y. Lee? H. Xie? C. Baktash, W. B. Gao,
J.D. Garrett, N. R. Johnson, F. K. McGowan ?
and R. Wyss®

Lifetimes of states associated with the ridges in
the Ey-Ey correlation spectrum of '4Yb and "°Hf

were measured by the Doppler-shift attenuation
method. The results indicate a reduction of the
quadrupole collectivity associated with gamma rays
with energy from 0.7 t00.9 MeV and an enhancement
of collectivity for those above 0.9 MeV. The reduced
and the enhanced collectivity can be understood as
rotationally-induced modifications of the occupation
of high-j orbitals originating from below and above
the Fermi surface respectively. The effect of rota-
tional damping on the lifetimes of continuum states
also is discussed.

1. Abstract of paper submitted to Nuclear Phys-
ics.

2. Present address: Lawrence Berkeley Labora-
tory, Berkeley, CA.

3. Vanderbilt University, Nashville, TN.

4. Partial support from the Joint Institute for
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LEVEL REPULSION AND CHAOS IN THE
NUCLEAR QUANTUM SYSTEM

J.D. Garrett

Recent analyses of the spacing of nuclear levels
having the same spin and parity indicate' asystematic
progression from a Poisson to a Wigner distribution
(often associated? with ordered and chaotic behavior,
respectively) with increasing excitation energy, see
Fig. 3.12. However, even at low excitation energies
where the average spacing is about 300 keV and the
distribution is basically Poisson, deviations are ob-
served for small spacings, see Fig. 3.12c. Such
deviations are attributed to the level repulsion associ-
ated with the mixing of closely-spaced states having
the same quantum numbers. These data indicate that
this mixing apparently becomes increasingly impor-
tant in deformed rare earth nuclei for separations less
than about 60 keV. For higher excitation energies
where the average level spacing is of the same order
as or larger than the level repulsion (shown in Fig.
3.12b and 3.12a, respectively), the level-spacing dis-
tribution is Wigner shaped.

These systematics illustrate the intimate relation
between the mixing of nuclear states and quantum
chaos. In the limit of strong mixing, neighboring
states contain little specific nuclear structure infor-
mation (other than the average level spacing); there-
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Fig.3.12. Comparison of level-spacing distribu-
tions (histograms) for (a) levels with the same I™ at the
neutron and proton threshold,? (b) for 1'6Sn,? and (c)
for “cold” deformed rare-earth nuclei.! Curves cor-
responding to Poisson and Wigner distributions (of-
ten associated? with “ordered” and “chaotic” behav-
ior, respectively) are shown for each experimental
distribution. The insert indicates the range of excita-
tion energy, E,, and angular momentum, I, associated
with each data set.

fore, they are said to be chaotic. In the opposite limit,
where the low-lying states arereasonably pure, neigh-
boring states have distinctively different wave func-
tions, hence they are termed ordered.

1. J. D. Garrett et al., in Proc. Strasbourg Conf.,
ed. J. Dudek (AIP, 1992, NY), in press.

2. R.Haqetal., Phys. Rev. Lett. 48, 1086 (1982).

3. S.Ramanetal., Phys. Rev. C 43, 521 (1991).

HIGH SPIN STUDIES OF 81Ay

C-H.Yu'H.Q.Jin!J. M. Lewis,! W. F. Mueller,!
L. L. Riedinger,! C. Baktash,J.DD. Garrett,
N.R.Johnson,I.Y.Lee? F. K. McGowan?

and D. Winchell®

High-spin states were populated using the reac-
tion 13%Sm(*C1,4n)!#!Au at a beam energy of 164
MeV. The experiment was carried out at the Oak
Ridge National Laboratory, and the y rays were
detected by the Spin Spectrometer consisting of 20
Compton-suppressed Ge detectors and a 52-element
Nal multiplicity filter. About 75 million double- or
higher-fold coincidence events were collected in the
experiment. A preliminary data analysis extends our
previously established* i3 and mhyy, decay se-
quences in '8! Au to higher angular momenta, making
a systematic analysis of configuration-dependent
shapes possible for the light Au isotopes.

Figure 3.13 shows the aligned angular momenta
for the mti;3;, and mhy, bands in 1811831851877 Ap
interesting feature displayed in this figure is the
gradual disappearance of a band crossing in the
Ti;3, band with decreasing neutron number, This
crossing, clearly established® in !37Au and under-
stood as the hy, proton crossing, is completely absent
in 131Ay, in which a gradual alignment gain domi-
nates the entire mi; 3, sequence instead (see Fig. 3.13).
Such an evolution of proton crossing as a function of
neutron number is a typical example that shows the
strong influence of nuclear collective degrees of
freedom (shape variations) on single-particle mo-
tions. The neutron Fermi levels of these Au nuclei are
in the mid- or upper portion of the i;3p, hgp, and f;,
subshells. The decrease of neutron number is there-
fore expected to increase the quadrupole deformation
due to the occupation of fewer up-sloping levels.
Indeed, the gradual alignment observed in the i, s/,
band in the lightest '8! Au is an indication of a larger
quadrupole deformation with its obviously larger
moments of inertia. The calculated® total Routhian
surfaces also predict smaller ydeformation for lighter
Au isotopes (e.g., *'Au) compared to the heavier
isotopes. Cranked shell-model calculations show
that in this mass region, the proton hgy, crossing
occurs at a higher frequency with increasing quadru-
pole deformation and decreasing y deformation. The
missing crossing in the i, band of ¥ Au thus can
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be understood, since the crossing frequency may be
beyond 0.45 MeV where the experimental data stop.
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ON THE QUESTION OF SPIN FITTING AND
QUANTIZED ALIGNMENT IN

ROTATIONAL BANDS/
C. Baktash, W. Nazarewicz.? and R. Wyss

Several methods employed to parameterize the
spins of the superdeformed bands in terms of their

observed gamma-ray energies are closely examined.
Itis pointed out that, since the proposed fitting proce-
dures are variants of the Harris expansion formula,
they cannot be applied to determine the unknown
spins of the excited bands due to the possible presence
of non-zero initial alignments. A comprehensive
study of the normally-deformed excited bands indi-
cates that no correlation exists between the fitted
spins and the experimentally known values. There-
fore, there is no firm evidence for the presence of
anomalous relative alignments between the
superdeformed identical bands in the Hg region.
Additionally, a critical review of several of the mod-
els and scenarios that purport to explain the origin of
the identical bands, or the patterns of the fitted align-
ments, is presented. Itis concluded that none of these
models can satisfactorily explain the identical mo-
ments of inertia in neighboring nuclei and the system-
atics of the observed or fitted alignments. Thus, the
important question of the microscopic origin of the
identical bands remains to be investigated.

1. Abstract of paper submitted to Nuclear Phys-
ics.
2. JointInstitute for Heavy Ion Research, ORNL.
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SEARCH FOR HYPERDEFORMATION IN
THE LIGHT Hg ISOTOPES

P.F.Hua! D.G. Sarantites,’ J. Barreto,!
A. Kirov, L. Sobotka,! C. Baktash, D. M. Cullen,?
1.Y.Lee’ J.D. Garrett,N. R. Johnson,
F.K.McGowan2andW. C. Md*

Recent total Routhian surface calculations’ by
Nazarewicz have indicated that hyperdeformed states
(major to minor axis ratio =3:1) may form the yrast
line in the light Hg isotopes at relatively low spin
values of I ~ 30-40 4. There exists a non-negligible
chance that these states would survive fission and
become accessible to experimental observation.
Motivated by these predictions, we have undertaken
an experimental study of the high-spin structures in
'82Hg, which were populated using the reaction
154Gd(3?S,4n) at a beam energy of 165 MeV. This
experiment was performed at the HHIRF with 12
Compton-suppressed Ge detectors in the compact-
geometry configuration. Four BaF, detectors, in-
serted in anti-Compton shields, served as a multiplic-
ity filter to select the high-spin events. In addition, a
segmented tubular plastic counter allowed identifica-
tion of the evaporated charged particles and, indi-
rectly, the fission fragments. In this arrangement, it
was possible to construct two-dimensional gamma-
gamma matrices, from which contributions of the exit
channelsinvolving fission and charged-particle emis-
sion were removed. One such matrix was constructed
and examined for the presence of regularly spaced
cascades of gamma rays. Although a few candidates
were found that gave the appropriately large moment
of inertia, we could not unambiguously establish that
they originated from a single rotational band. These
results indicate an upper limit of 1% for the popula-
tion of a discrete hyperdeformed band in !32Hg.
Further analysis of these data is in progress.

This matrix was also analyzed to construct a
partial level scheme for *2Hg. So far, we have
established five normally-deformed rotational bands
that extend to a maximum spin of I = 22. These data
offer a valuable opportunity to extend the shape-
coexistence studies of Hg nuclei to very neutron-
deficient isotopes.

1. Washington University, St. Louis, MO.
2. Partial support from the Joint Institute for
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3. Presentaddress: Lawrence Berkeley Labora-
tory, Berkeley, CA.
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5. W. Nazarewicz, in Proceedings of the Inter-
national Conference on Nuclear Structure at High
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THE FIRST SPECTROSCOPY OF 182y

D.M. Cullen, C. Baktash,1.Y. Lee? J. D. Garrett,
N.R.Johnson, F. K. McGowan,! P. F. Hua?
D. G. Sarantites’ J. Barreto,? A. Kirov?
and L. Sobotka®

A detailed study of the odd-odd nucleus !82Ay
has been made for the first time. This work was
carried out at the Holifield Heavy Ion Research
Facility, utilizing the Compact-Ball array of 20
Compton-suppressed gamma-ray spectrometers.
Channel selection was obtained via multiplicity in-
formation from a group of BaF, detectors placed
around the Compact Ball in a plane perpendicular to
the beam direction. Furthermore, a specially con-
structed plastic-scintillator detector, developed by
Sarantites et al.,* was placed inside the beam tube.
This detector surrounded the target, giving informa-
tion on the number of charged particles emitted and
was used to veto fission events by tagging a particular
charged-particle exit channel.

182Au was populated with the reaction
134Gd(*2S,p3n)!*2Au at a beam energy of 165 MeV.
The target consisted of a 1 mg/cm? self-supporting
foil of 1*Gd. A symmetrized gamma-gamma coinci-
dence matrix with 68 x 106 events was produced from
these data. Two rotational bands containing about 7
or 8 transitions have been observed for the first time
in 182Au. These bands extend up to spins assumed to
bearound 26 % from acomparison with the neighbor-
ing odd-odd nuclei. The bands also appear in coinci-
dence with each other, and the dipole cross-over
transitions are observed. A more detailed analysis is
presently being carried out, and DCO ratios are bein g
measured to determine the multipolarity of the gamma
rays.

1. Partial support from the Joint Institute for
Heavy Ion Research, ORNL.

2. Presentaddress: Lawrence Berkeley Labora-
tory, Berkeley, CA.
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4. See P. F. Hua et al.,, “Search for
Hyperdeformation in the Mass A = 182 Region,” this
report.

THE MASS DEPENDENCE OF MOMENTS
OF INERTIA OF RAPIDLY-ROTATING

- NUCLEH

D. F. Winchell 2 D. O. Ludwigsen,?
andJ. D. Garrett

An analysis of high-spin moments of inertia for
the yrast sequences of deformed nuclei from A = 72-
184 indicates that, within each deformed mass region,
the moment of inertia is surprisingly constant. In
contrast, between the different deformed mass re-
gions the A>? dependence of the moment of inertia,
expected for a macroscopic rotor, is approximately
restored.

1. Abstractof published paper: Phys.Lett. B289,
267 (1992).

2. Partial support from the Joint Institute for
Heavy-Ion Research, ORNL.

3. Participant in the University of Tennessee
Science Alliance Undergraduate Summer Program
from Beloit College, Beloit, WI.

HIGH-SPIN STRUCTURE OF
167w AND 168wl

K. Theine? A. P. Byrne,?? H. Hiibel? M. Murzel ?
R. Chapman,® D. Clarke > F. Khazaie,*”
J.C. Lisle! J.N.Mo,*J. D. Garrett, H. Ryde ’
and R. Wyss”#

Excited states in 16’W and %W, populated in the
142Nd(39Si,xn) reaction, were investigated at high
spins using the ESSA30 array with 29 Compton-
suppressed Ge detectors. The level schemes are
extended to higher spins and several new rotational
bands are identified. The results are discussed in
comparison with existing data on the neighboring N
=93 and 94 isotones and on the Z =74 W isotopes. A
theoretical analysis is presented within the frame-
work of a pairing-self-consistent cranked shell model

using shape parameters obtained from total-routhian-
surface calculations.

1. Abstract of paper submitted to Nuclear Phys-
ics A.

2. Institut fiir Strahlen-und Kernphysik,
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4. Schuster Laboratory, University of Manches-
ter, Manchester, U K.

S. Present address: NNC Ltd., Knutsford, U.K.

6. University of Lund, Lund, Sweden.

7. Manne Siegbahn Institute of Physics,
Stockholm, Sweden.

8. JointInstitute for Heavy Ion Research, ORNL.

HIGH SPIN STATES IN NEUTRON RICH
NUCLEI FROM SPONTANEOUS FISSION!?

K. Butler-Moore? S. Zhu? X. Zhao?

J. H. Hamilton? A. V. Ramayya? Q. Lu?
W.-C.Ma?L.K. Peker? J. Kormicki? J. K. Deng?
P.Gore? D. Shi?E. F. Jones? H. Xie?
W.B.Gao? J. D. Cole R. Aryaeinejad’ 1. Y. Lee,
N.R.Johnson, F. K. McGowan,* C. E. Bemis,
G. Ter-Akopian,’ and Yu. Oganessian’

One fragment-y-y and three Y-y coincidence
measurements of the prompt y-rays from the frag-
ments produced in the spontaneous fission (SF) of
252Cf and very recently of *2Pu were carried out with
a 20 Ge detector ball at HHIRF. With our high
statistics, y-y-y coincidences, where the two gatesare
on ftransitions in the two partner fragments, were
extracted. Comparing the 2Cf and %2Pu data al-
lowed unique placements of many transitions. New,
higher spin states were observed in many nuclei, upto
16* in some of the heavy partners. Levels in several
nuclei were observed for the first time. Studies of the
fission process included measured relative branchings
to the 1n to 6n channels. Much data remains to be
analyzed. These data provide new insights into the
changing structures at higher spins of many neutron-
rich nuclei and the fission process.

1. Abstract of paper to be published in Proceed-
ings International Conference on Nuclei Far From
Stability and Atomic Massess, Germany, July, 1992,
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FIRST EVIDENCE FOR STATES IN Hg
NUCLEI WITH DEFORMATIONS
BETWEEN NORMAL- AND

SUPER-DEFORMATION!

W.C.Ma?J. H. Hamilton? A. V. Ramayya?
L. Chaturvedi?J .K.Deng? W.B. Gao,?
Y. R. Jiang? J. Kormicki> X. W. Zhao,?
N.R.Johnson, J.D. Garrett,1. Y. Lee, C. Baktash,
F.K.McGowan? W. Nazarewicz,® and R. Wyss*

High-spin states in '#Hg with a quadrupole
deformation of B, = 0.34(4) have been established
from measured gamma-ray coincidences and life-
times. These data, which provide the first evidence
for a deformation midway between normal- and
super-deformed, can be interpreted in terms of the
[651 1/2] and [770 1/2] neutron configurations.

1. Abstract of paper accepted for publication in
Physical Review C.

2. Vanderbilt University, Nashville, TN.

3. Partial support from the Joint Institute for
Heavy Ion Research, ORNL.

4. JointInstitute for Heavy Ion Research, ORNL.

NEW HIGH-SPIN EXCITATION MODES
IN 184Hg

J.K.Deng,!W.C.Ma,' J. H. Hamilton,!
A.V. Ramayya,' J. Kormicki,! X. W. Zhao,’
W.B.Gao, 1.Y. Lee,J. D. Garrett, N. R. Johnson,
D. Winchell2 M. Halbert, C. Baktash

The region of neutron-deficient Hg isotopes pre-
sents an extraordinarily rich variety of shape evolu-
tion and shape coexistence phenomena. The under-

standing of these nuclei has recently been deepened
rapidly through extensive experimental and theoreti-
cal efforts devoted to this region. The coexistence
between different structures at low spins and low
excitation energies in the 182-188Hg isotopes is experi-
mentally well established.> Our previous experi-
ments for '%Hg revealed higher-spin statesup to 32 #
(Ref. 4), and five new rotational bands were found.
To further understand the properties of these new
bands we need to study the high-spin states in #Hg
and other neighboring nuclei.

A new !3Hg y-y coincidence experiment was
performed recently at Holifield Heavy Ion Research
Facility. The high-spin structure of **Hg was popu-
lated by using the !6Gd(32S ,4n) reaction at the tan-
dem accelerator at ORNL, with a beam energy of 160
MeV as selected in the previous expeirment.® A self-
supporting stacked 15Gd target, with total thickness
of 1085 pg/cm?, was used. In-beam y-ray coinci-
dence events were detected with the Spin Spectrom-
eter which included 18 Ge detectors and 54 Nal
counters as sum-energy and multiplicity filter. Only
the events with multiplicity 212 were collected. They
were decomposed later into 149 million double-
coincidence events.

New transitions in ¥ Hg were identified by their
coincidence relations with previously established tran-
sitions.>® The higher-spin states in the '**Hg yrast
band were extended up to (26*). Seven new rotational
bands were observed for the first time in these data.
The 8 isomeric state and bands builton it, as found in
the N = 106 isotone chain,” were not found. Theoreti-
cal calculations based on the framework of CSM are
currently underway.

1. Vanderbilt University, Nashville, TN.

2. Partial support from the Joint Institute for
Heavy Ion Research, ORNL.

3. J.H.Hamiltonetal.,Rep. Prog. Phys. 48,631
(1985).

4. W.C. Maetal., submitted to Physical Review
Letters.

5. W.C.Maetal., Phys. Lett. 16TB, 277 (1986).

6.J. D. Cole et al., Phys. Rev. Lett. 37, 1185
(1976).

7. J. H. Hamilton, p. 387 in Proceedings Inter-
national Symposium on Heavy Ion Physics and Its
Applications, Lanzhou, Oct. 1990.
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NUCLEAR STRUCTURE STUDIES VIA RADIOACTIVE DECAY

SEARCH FOR THE o DECAY OF %Hg AND
THE o-DECAY BRANCHES OF

136g AND 15Hg

K. S. Toth, Y. A. Akovali, C. R. Bingham,’
H.K. Carter? Y. Hatsukawa,? P. F. Mantica?
and M. Zhang'

In a discussion* of a-decay half-lives of even-
even nuclei in the lead mass region it was noted that
Hg isotopes appear to have decay rates that are slower
than those of Pb nuclides. The result is unexpected
since there should be a hindrance effect of the Z = 82
closed shell on the Pb a-decay half-lives. Wedecided
to provide additional data on the subject by
remeasuring the o branching ratios of the two heavi-
est known Hg o emitters, namely 136Hg and '3%Hg,
since for each of these isotopes only one experimental
determination of its a branch was available. As part
of the investigation we also attempted to identify the
o decay of 1%*Hg.

Natural tungsten was bombarded with %C ions
extracted from the Holifield Heavy Ion Research
Facility 25-MV Tandem accelerator. Three bom-
barding energies were selected in turn to maximize
yields for the Hg nuclides, and the UNISOR on-line
isotope separator was used to mass separate reaction
products. These were collected on a movable tape
system which was programmed to transport
radioactivities to an array of a-particle and y-ray
detectors following a preset collection time. Collec-
tion and counting times were optimized for the half-
life of the mercury nuclide being investigated. The
Ge vy-ray detectors were calibrated for energy and
absolute efficiency with an NBS standard Eu source
while the Si(Au) o-particle detector was calibrated
with 24°Pu and #“Cm sources whose absolute disin-
tegration rates were known.

Figure 3.14 shows the o-particle spectra re-
corded at A = 186 [part (a)], A = 188 [part (b)],and A
=190 [part(c)]. For !%¢Hg the intensities of the strong
112.1- and 251.5-keV yrays were used together with
the adopted® decay scheme to calculate the isotope’s
(EC+p*)-decay strength. By comparing this intensity
with that of the 5094-keV o« transition [see Fig.
3.14(a)] the '%Hg o branch was deduced to be 1.8 x
104, This branch agrees with the available’ value of
1.6 x 10", For 33Hg the most intense y-ray transition

ORNL-DWG 92M-10514

T T T T T T
600 1

{a) A=188
(*%hg)
400 4 5094 )

200 g
(mm)

! Il 3 —
0 t t y

(|qu)
4810

COUNTS

(c) A=190

700 800 900 1000 1100 1200 1300 1400
CHANNEL

Fig. 3.14. Alpha-particle spectra recorded for mass-
separated sources produced in (*2C +"*W) bombard-
ments.

(66.7 keV) is obscured by K x rays and we are
currently evaluating intensities for the other, much
weaker, ¥Hg v rays with which to determine the
(EC+p*)-decay strength. In the meantime, based on
the adopted® decay scheme, we converted our Koy
and Kf, x-ray intensities to a number related to the
188Hg (EC+[B*)-decay strength. From this and the
intensity of the 4610-keV o transition [see Fig. 3.14(b)]
we deduced a preliminary !#8Hg o branch of 4.2 x
107 which agrees with the available® value of 3.7 x
107. In Fig. 3.14(c) we indicate by an arrow the
expected location of the 1%°Hg o peak if its energy is
indeed 4043 keV as predicted’ from systematics. The
A = 190 data were accumulated for two days but no
o group was seen in the vicinity of that energy. The
190Hg (EC+p*)-decay strength was determined based
on the isotope’s adopted’ decay scheme and the
intensity of its strongest y ray, 142.6 keV. We then
deduced an upper limit of 3.4 x 10 for the 1%°Hg o
branch by assuming that a peak with 5 counts close to
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the predicted energy would have provided us with
clear cut evidence for the a decay of 1%Hg. The
previously available upper limit” is S x 10”7,

1. University of Tennessee, Knoxville, TN,

2. UNISOR, Oak Ridge Associated Universi-
ties, Oak Ridge, TN.

3. Japan Atomic Energy Research Institute,
Tokai, Ibaraki 319-11, Japan.

4. K. S. Toth et al., Phys. Rev. Lett. 53, 1623
(1984).

5. R. B. Firestone, Nucl. Data Sheets 55, 583
(1988). -

6. B. Singh, Nucl. Data Sheets 59, 133 (1990).

7. B. Singh, Nucl. Data Sheets 61,243 (1990).

STUDY OF PLATINUM NUCLEI WITH THE
ATLAS FRAGMENT MASS ANALYZER

K.S. Toth, C.N. Davids,! B. B. Back,! K. Bindra?
C.R. Bingham, W. Chung,* D. J. Henderson!
T. Lauritsen,! D. M. Moltz A. V. Ramayya,?
J.D. Robertson,® and W. B. Walters’

The fragment mass analyzer (FMA)® at the
Argonne National Laboratory has recently under-
gone a series of commissioning tests using beams
from the ATLAS facility. One such test involved the
study of short-lived neutron-deficient platinum o-
emitting isotopes produced in 32S irradiations of
144Sm. Following their traversal through the FMA,
fusion reaction products were implanted in a Si(Au)
detector placed behind a parallel plate avalanche
counter (PPAC) located at the focal plane of the
FMA. The subsequent a-particle decays of these
recoils were then investigated, with spectra recorded
both during bombarding and counting intervals.
During the counting intervals a beam sweeper was
used to deflect the 32S jons off the 144Sm target. The
M/q resolution of the FMA was found to be about one
part in 350. Excellent beam rejection was accom-
plished by means of a time-of-flight measurement
between the PPAC and the surface barrier detector.

Two bombarding energies, 164 and 200 MeV,
were used to emphasize the production of (!73Pt and
172Pt) and of (1"'Ptand !"°Pt), respectively. The half-
lives of '"*Prand !72Pt were determined to be 290(60)
ms and 110(20) ms in agreement with values
adopted®! for the two isotopes. InFig. 3.15 we show
the spectrum accumulated in the 200 MeV irradia-

ORNL-DWG 92M-10513

(moﬂ
5402

450 -

400 L

350 200-Mev 325, 1445 u

300 - -
4
Z 250 - -
3
Q

200 L

(171")
150 5925 R
100 L
1704y
‘5020 (')
50 6545 |-
(mp‘,l
L N N 6450
o, Lo o
[ : ? 7 : -

T
480 480 500 520 540 560 580 600 620

CHANNEL

Fig. 3.15. Alpha-particle spectrum of reaction
products implanted in a Si(Au) detector following
their traversal through the ATLAS fragment mass
analyzer,

tions when the beam was both on and off the '4Sm
target. While the o peaks of 17'Prand !®Ptare clearly
present in Fig. 3.15, one sees the low cross sections
encountered for these extremely proton-rich (32§,5n)
and (*28,6n) reaction products. For !7'Pthalf-lives of
40(10) ms and 20(6) ms have been reported;!! our
estimate of ~ 45 ms favors the first of these two
values. In the case of 17°Pt, only three o-decay events
were observed when the beam was deflected off the
target. Since they were all registered in the first 10-
ms time bin of the 80-ms counting interval used in the
A =171 and A = 170 measurements, our results
support the one available half-life determination!2 for
179pt, namely 6*3ms. We plan to have an experiment
in the near future wherein the bombarding and count-
ing times will be optimized to obtain a better half-life
measurement for 1"°Pt with which to improve our
understanding of o-decay rates in this mass region.

1. Argonne National Laboratory, Argonne, IL.
2. Vanderbilt University, Nashville, TN.

3. University of Tennessee, Knoxville, TN.

4. Notre Dame University, Notre Dame, IN.

5. LawrenceBerkeley Laboratory, Berkeley, CA.
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7. University of Maryland, College Park, MD.
8. C.N.Davids and J. D. Larson, Nucl. Instrum.
Methods B40/41, 1224 (1988).
9. V. S. Shirley, Nucl. Data Sheets 54, 589
(1988).
10. W. Gongging, Nucl. Data Sheets 51, 577
(1987).
11. V. 8. Shirley, Nucl. Data Sheets 43, 127
(1984).
12. S.Hofmannetal.,Z. Phys. A299,281 (1981).

ALPHA DECAYS OF LIGHT URANIUM
ISOTOPES!

K.S.Toth,H.J. Kim,J. W. McConnell,
C.R. Bingham? and D. C. Sousa®

With the use of a velocity filter, the a-particle
decays of 22U and 22U were studied in °F bombard-
ments of 2”Bi. The data obtained for these two
isotopes are compared with those of previous inves-
tigators, and the o-decay rates of 222224226 are
discussed within the context of partial o half-lives for
even-even nuclei with Z > 84,

1. Abstract of published paper: Phys.Rev. C 45,
856 (1992).

2. University of Tennessee, Knoxville, TN,

3. Eastern Kentucky University, Richmond, KY.

INVESTIGATION OF SHORT-LIVED RARE
EARTH NUCLEI

K. S.Toth, J. M. Nitschke,! D. C. Sousa,?
K. S. Vierinen! and P. A. Wilmarth!

‘We have investigated the nuclear structure char-
acteristics of neutron-deficient rare-earth nuclei near
the proton drip line by studying the decay properties
of short-lived isotopes produced in bombardments of
Ru, Mo, and Nb targets with Ni and %Zn ions
extracted from the Lawrence Berkeley Laboratory
SuperHILAC. Products of interest were mass sepa-
rated with the OASIS on-line facility? and then as-
sayed with particle and y-ray detectors. Herein we

discuss recent results dealing with the decays of
145Dy' lSSLu’ 157Lll, and 154Tm.

While 145Dy is a well-characterized* B-delayed-
proton emitter, essentially no informationis available
concerning levels in its (EC + B*)-decay daughter
with only four yrays having been assigned® to !45Dy.
We have observed numerous ¥ rays following 45Dy
(EC + B*) decay and have also made a thorough
dissection of its $-delayed-proton spectrum, includ-
ing the detection of protons in coincidence with
positrons, x rays, and yrays. The y-ray coincidences
show that, in addition to the ground state, the first 2*
level in 1%Gd is fed by the proton decays. Population
of these two levels demonstrates that there are states
in 14Dy with very different spins that emit B-delayed
protons. A comparison of the experimental final-
state feedings with values predicted by statistical
model calculations shows that the assignments for
these 4Dy precursors are consistent with the VSip
(ground state) and vh,;, (isomer) orbitals expected
from systematics. Indeed, we have identifieda 108.1-
keV yray which decays with a 6(2)-s half-life rather
than the 14.5(10)-s value that we observe for most of
the other intense 4Dy transitions. Because the
predominant number of yrays decay with the longer
half-life, which agrees with published® values for
145Dy, it must represent the decay of the hy;, isomer
while the new 6-s half-life must be due to the decay
of the s  ground state. InFig. 3.16 we show a partial
145Dy decay scheme that involves low-lying single-
proton levels in 45T associated with the 108.1-keV
transition which is at the base of a three y-ray cascade,
184.5 — 145.1 — 108.1 keV. In addition, there is a
cross-over transition, 253.1 keV, which is in coinci-
dence with the 184.5-keV 7yray but not with the other
two. A sequence of four states, 0.0, 108.1,253.1, and
437.7 keV, is then established and, on the basis of
single-proton level systematics for N = 82, 84, and 86
odd-A Tb, Ho, and Tm nuclei, one would propose
assignments of s,p, d3p, dsp, and gy, respectively,
for these states. However, we also observe an intense
437.7-keV yray, not in coincidence with any strong
transitions. It therefore appears to de-excite the
437.7-keV level directly to the base state (either
ground or first-excited state) for the 4>Tb low-spin
levels. This437.7-keV cross-over transition implies
that the base state is d;, and not s, ;, and that the level
sequence in this N = 80 nucleus is dp, s, 5, dsp, and
g1n-

We recently discovered evidence® of second,
lower-energy, o groups from 155Lu and 5Lu (see
also Refs. 7 and 8). These data provide information
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on the ground and first-excited states in these Lu
isotopes. The new groups have low heavy-ion-in-
duced production yields so they must originate from
levels with spins lower than those of states emitting
the previously known higher-energy o groups. These
latter transitions, 5648- (15°Lu) and4988-keV (1"Lu),
based on their allowed o-decay rates,5 proceed from
h, 12 states to the same proton levels (ground states) in
151Tm and !3Tm, respectively. While o branches for
the new 5579- (*55Lu) and 4924-keV (1’Lu) groups
are not known, the 140-ms half-life of the !3Lu
transition, when compared to B-decay rates of nearby
nuclei, indicates that, for it, o. decay predominates. If
its branch is assumed to be 79% (that of the 5648-keV
155y emitter) then its o width of 0.066 MeV indi-
cates an unhindered decay from a low-spin (ds, or
5172) state to the s, isomer in **'Tm. Since the same
decay patterns (hy ;1 — hyyp and sy — 8y ) are seen
for the oi-emitting hy,p and s, states in Tm and Ho
odd-A isotones, one surmises that the 4924-keV
157Ly transition also feeds the !%3Tm s, isomer.
Initial and final level energies and a-decay Q-values
then are such that the hy , levels cannot be the ground
states in 5*Lu as they are in Tm and Ho with N = 84
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and 86. Instead, they have to be ~ 22 keV above the
low-spin (dsp; or s;) ground states.

In a series of Zn bombardments of %Mo and
92Mo we investigated the decay properties of the
high- and low-spin !%*Tm isomers (probable spin
assignments of 9* and 2, respectively). The 8* —
6* > 4* — 2* 5 0* y-ray cascade’ in 13*Yb was
observed, together with the well-established® 5031-
keV (9 level) and 4956-keV (2" level) a transitions.
In our irradiations of 92Mo, ***Tm could be produced
directly only from heavier Mo isotopes present in the
target material. Instead, most of this nuclide origi-
nated from the B decay of '>*Yb and the yield of the
high-spin isomer was therefore greatly suppressed
via-a-vis the low-spin state. In these experiments
with the 92Mo target, coincidences between o par-
ticles and yrays revealed a new, very weak, o transi-
tion (associated with the 2- state) which populates a
low-spin !5°Ho level at~130keV previously seen'®in
the B decay of 1°Er. Its intensity is ~ 2 x 103 that of
the 4956-keV transition.
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5. L. K. Peker, Nucl. Data Sheets 49, 1 (1986).

6. K. S. Toth et al., Z. Phys. A 340, 343 (1991).

7. S.Hofmannetal., Z. Phys. A 333, 107 (1989).

8. M. Lewandowski et al., Z. Phys. A 340, 107
(1991).

9. R.G.Helmer, Nucl. Data Sheets 52,1 (1987).
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IDENTIFICATION OF THE B-DECAY
BRANCH OF “'"Tm!

K.S. Toth, D. C. Sousa? P. A. Wilmarth?
J. M. Nitschke,’ and K. S. Vierinen’

Thehy , groundstate of '4”Tm has been known**
for about adecade tobe a direct proton emitter. While
cross-section measurements, barrier-penetration cal-
culations, and gross B-decay half-life predictions
have all indicated that the radioactivity’s dominant
decay mode is (EC + B*) decay, this particular branch
has not been observed. Here in we report the identi-
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fication of the 7Tm (EC + B*) decay in a series of
58N irradiations of 2Mo with the use of the OASIS
on-line separator facility® at the Lawrence Berkeley
Laboratory’s SuperHILAC.

Two sets of irradiation and counting cycles were
used, namely, 1.28 and 4 s. A comparison of low-
energy photon spectra from these two experiments
showed the presence of Er K, x rays in the 1.28-s
data set but not in the 4-s results. Also, a 0.6-s
component was noted in the decay curve of the
annihilation radiation seen in the 1.28-s irradiations.
Because the “’Tm B-decay energy is higher than
those of the other A = 147 isobars investigated here,
we set gates on the annihilation-radiation peak and
looked at coincident y rays to emphasize the ' Tm
contribution. Figures 3.17(a) and 3.17(b) show these
coincident spectra for the 1.28- and 4-s data, respec-
tively. Inaddition to yrays belonging to ’Er, 14’Ho,
and '4"Dy, an 80.9-keV transition (and Er Ky, x rays)
isclearly seeninFig. 3.17(a) while in Fig. 3.17(b) the
yray is scarcely visible. We therefore assign the 80.9-
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Fig. 3.17. Gamma-ray spectra observed in coin-
cidence with annihilation radiation for A = 147 nu-
clides during 1.28-s [part (a)] and 4-s [part (b)]
counting cycles. The 81-keV y ray in part (a) is
assigned to '“"Tm (EC + B*) decay. Transitions
assigned to the decays of '4’Dy, 14’Ho, and !#’Er are
labeled by their elemental symbols.

keV yray to the B decay of the '¥’Tm h; ; , ground state
and propose that it connects the 47Er first-excited ds,
o neutron-hole level with its s,, ground state. This
placement is based on systematics of sy ,d3p, and hy
» neutron-hole states in this mass region that were
recently updated’ following our study of the § decay
of ¥SHo (h, ), the N = 79 isotone just below 4"Tm.
The 80.9-keV energy for the ds, level in '47Er fits
well into the overall picture, i.e., this level is at 1.58
keV in 14'Sm, and then increases in excitation energy
to45.1and 66.3 keV in43Gd and 1’ Dy, respectively.
As in the case of '**Ho decay,’ the dsp, level in 147Er
isprobably populated by a+y ray from the higher-lying
dsp, state; however, we could not observe this ds, —
dsp, transition nor any other y rays which could be
assigned to '4"Tm decay.

1. Summary of a paper submitted to Physical
Review C.

2. Eastern Kentucky University, Richmond, KY.

3. Lawrence Berkeley Laboratory, Berkeley, CA.

4. O.Klepperetal., Z. Phys. A305, 125 (1982).

5. P.O.Larsson et al., Z. Phys. A314,9 (1983).

6. J. M. Nitschke, Nucl. Instrum. Methods 206,
341 (1983).

7. K. S. Vierinen et al., Phys. Rev. C 39, 1972
(1989).

ALPHA-DECAYING LOW-SPIN LEVELS IN
ISSLu AND 157Lul

K.S.Toth, K. S. Vierinen,? J. M. Nitschke ?
P. A. Wilmarth? and R. M. Chasteler?

Using an on-line mass separator, the a-particle
decays of '**Lu and 'S’Lu were investigated. A new
o-emitting level in 1’Lu was identified [T, , =5.7(5)
s, Ey = 4924(20) keV]. In addition, a half-life of
140(20) ms was measured for the recently discovered
second, low-lying, a-decaying level [Ey = 5579(5)
keV] in 155Lu.

1. Abstract of published paper: Z. Phys. A340,
343 (1991).
2. Lawrence Berkeley Laboratory, Berkeley, CA.
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PHYSICS WITH RADIOACTIVE BEAMS

NORTH AMERICAN RADIOACTIVE BEAM
INITIATIVES!

J.D. Garrett

After abriefreview of existing radioactive beam
facilities in North America, two new initiatives (the
Oak Ridge Radioactive Ion Beam Facility and the
IsoSpin Laboratory) are described in some detail. An
evaluation of which nuclei these facilities will be able
to study, that cannot be studied with stable targets and
beams, also is presented.

1. Abstract of paper to be published in Proceed-
ings of the Workshop on the Techniques of Secondary
Nuclear Beams, Dourdan, France, March 1992,

EXOTIC NUCLEAR SHAPES AND
CONFIGURATIONS THAT CAN BE
STUDIED AT HIGH SPIN USING
RADIOACTIVE ION BEAMS!

J.D. Garrett

The variety of new research possibilities af-
forded by the culmination of the two frontier areas of
nuclear structure: high spin and studies far from
nuclear stability (utilizing intense radioactive ion
beams) are discussed. Topics presented include: new
regions of exotic nuclear shape (e.g.,
superdeformation, hyperdeformation, and reflection-
asymmetric shapes); the population of and conse-

quences of populating exotic nuclear configurations;
and complete spectroscopy (i.e., the overlap of state
of the art low- and high-spin studies in the same
nucleus). Likewise, the various beams needed for
proton- and neutron-rich high spin studies are also
discussed.

1. Abstract of paper to be published in Proceed-
ings of the Workshop on the Techniques of Secondary
Nuclear Beams, Dourdan, France, March 1992,

PROSPECTS FOR STUDIES OF
ASTROPHYSICAL INTEREST WITH

RADIOACTIVE ION BEAMS!
J.D. Garrett

Realistic estimates of the new nuclei that will
become accessible for study with the planned new
generation of radioactive beam facilities are com-
pared with the predicted paths of the various nucleo-
synthetic processes. These facilities should permit
studies of essentially the complete set of nuclei asso-
ciated with the rp- and p-processes, the CNO cycle,
and big-bang nucleosynthesis, as well as the r-pro-
cess below A = 150.

1. Abstract of paper to be published in Proceed-
ings of the Nuclei in the Cosmos 1992 Conference,
Karlsruhe, Germany, July 5-10, 1992,
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HEAVY-ION REACTION MECHANISM STUDIES,
FUSION AND FISSION

LARGE DEFORMATION IN A ~170
NUCLEI AT HIGH EXCITATION
ENERGIES!

M. Thoennessen? J. R. Beene, F. E. Bertrand,
C. Baktash, M. L. Halbert, D. J. Horen,
D. C. Hensley’ D.G. Sarantites,* W. Spang,®
D.W. Stracener,® and R. L. Varner

The y-ray decay of the giant dipole resonancae
was measured in coincidence with fission fragments
following the fusion reaction 10 + !**Tb forming
175Ta at 123.4 MeV excitation energy. A large
splitting of the giant dipole resonance (GDR) ener-
gies in the compound system was observed corre-
sponding to a large deformation of B = 0.55.
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ANGULAR MOMENTUM EFFECTS IN
SUBBARRIER FUSION

M. L. Halbert and J. R. Beene

Further investigations have been carried out of
the fusion reactions Ni + 1Mo and !%0 + ¥Sm at
energies near the Coulomb barrier in order to improve
the analysis of the low-£ region of the angular-
momentum distributions.! Old data!? were re-
examined and new data were obtained on fusion of
160 + 148Sm. In the following, k denotes the coinci-
dence fold - i.e., the number of Nal detectors that
fired in a given event.

(1) The analysis of Ref. 1 discarded data with k
< 3 because these events did not provide a good
estimate of event timing needed for time-of-flight
separation of neutrons and y rays. New scans of the
data tapes made with no restrictions on k showed that

there in fact had been no significant losses due to the
k < 3 condition.

(2) These tape scans also provided k spectra
without rejection of late-arriving pulses (presumably
due to neutrons). The effect on the k spectra of
removal of neutron pulses was studied at all five %Ni
beam energies (235,225,220,215,and 210 MeV lab)
and both 10 beam energies (81.3 and 71.2 MeV lab).
It has already been noted?? that at Ni energies of
235 and 220 MeV, the principal difference between
the k distributions obtained with and without off-line
neutron rejection was a shift toward lower k values.
This shift is about two units in k and is consistent with
what is known about the neutron efficiency of the Nal
detectors in the Spin Spectrometer.? Careful com-
parisons of the spectra with and without neutron
rejection have now been made for every data set;
similar results were obtained for the k shifts.

(3) For the pairs of k spectra with the best
counting statistics, the neutron-rejected spectra show
a slightly steeper slope on the high side of the peak.
The slight broadening with the neutrons included is
probably due to finite width of the Spin Spectrometer
response function for neutrons. To investigate this
point, the k response for neutrons was represented by
a Poisson distribution with mean value equal to the
average number of neutrons detected; since this num-
ber is the same as the shift in k, the broadening can be
included without adding any additional parameters.
Though the choice of the Poisson distribution may
seem arbitrary, it is actually a realistic choice. For a
mean value of k ~ 2, the neutron response should
show a significant probability for k = 0 (no neutrons
detected) and a tail on the high-k side (if a neutron
scatters once in the Spin Spectrometer, it has a good
chance of scattering again); the Poisson distribution
fulfills these expectations. Empirically, the improve-
ment in fit when the neutron broadening is taken into
accountisshown by areduction in the chi-squared per
degree of freedom to values substantially closer to
unity. Figure 3.18 shows the best-fit k shifts from this
type of analysis.

(4) Our measured cross-section fractions for the
xn exit channels in the °O-induced reaction at the
lower of the two beam energies disagree with similar
data measured by another technique.** One possible
explanation of the disagreement is an inconsistency
in beam energy scales among the three measure-
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Fig. 3.18. The shift in the k distributions due to
neutron detection for the reactions %Ni + ®“Mo
(upper part) and '%0 + 48Sm (lower part). The five
%Ni and the two !%0 beam energies (lab) are indi-
cated. Theeffectof the broadening due to the neutron
response was taken into account as described in the
text.

ments. As a check, the absolute calibration of the
HHIRF tandem energy scale was re-measured® with
a71.23-MeV %0 beam by the time-of-flight method.”
At the same time spectra from %0 + “¥Sm were
recorded with a large number of Ge counters in the
Spin Spectrometer at this beam energy and also at
68.54 and 66.06 MeV. The analyzing-magnet cali-
bration and hence the beam-energy scale were found®
to be identical within (0.03% 0.08)% of what they had
been in 1986. Analysis of the reaction data is in
progress to check the xn fractions.
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FUSION NEAR THE COULOMB BARRIER:
NONSTATISTICAL EFFECTS AND Y-RAY
MULTIPLICITY

J.R. Beene, M. L. Halbert,
and M. R. Thoennessen’

The dynamics of the fusion of heavy nuclei near
and below the Coulomb barrier has proved tobe much
more interesting than would have been guessed a
decade ago. One example of the unexpected richness
of phenomena which has recently been uncovered in
the study of fusion reactions at low energy is the
apparent contradiction of the Bohr independence
hypothesis in the decay of fused systems formed, at
the same excitation energy and angular momentum,
by fusion reactions with very differententrance chan-
nel asymmetries. Provocative early work in this area
was reported by the Argonne National Laboratory
group and by a Giessen-Argonne-Heidelberg col-
laboration.2>*5 They compared the decay of rare-
earth compound systems produced by 12C- and 190-
induced (i.e., very asymmetric) reactions with the
decay of those produced by Ni projectiles (i.c., a
nearly symmetric entrance channel). The main ex-
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perimental difficulty in making a meaningful com-
parison between two such reactions is the very much
larger range of entrance-channel angular momenta
involved in the Ni-induced reaction, if the bombard-
ing energy is chosen to match excitation energy. This
difficulty is dealt with by y-ray multiplicity tech-
niques using a 4 crystal-ball y-detection array.

In an earlier report (ORNL-6689) we have dis-
cussed results on the ratio of exit-channel cross sec-
tions, G,,/Z0;,, as a function of angular momentum,
£, for the '%Yb* nucleus formed by the 190 + 143Sm
and Ni + %Mo reactions. These reactions were
studied at HHIRF using the ORNL Spin Spectrom-
eter. An example of these data is shown in Fig. 3.19,
which shows relative exit channel (xn) cross sections
plotted against y-ray fold, i.e. the number of detectors
in the Spin Spectrometer which were triggered in an
event. The fold from the 3n exit channel is increased
by 2.5 units to account for the character of the 15! Yb
level scheme. The lower part of the figure, corre-
sponding to a !%*Yb" excitation energy of 49 MeV,
shows a departure from the expected compound
nucleus behavior above a y-ray fold ke ~17. This
effect is almost identical to that reported in Ref. 3. A
new and interesting feature is provided in Fig. 3.19a,
which shows similar data taken at a slightly lower
bombarding energy, corresponding to an excitation
energy 9 MeV lower. In contrast to the 49 MeV data,
there is no statistically significant difference between
the two entrance channels.

Subsequent analysis has uncovered another dif-
ference in the decay of these excited '%Yb systems
formed by different entrance channels. In Fig. 3.20
the relative cross section for the o2n exit channel is
plotted, again as a function of y-ray fold. Here an
excess o2n yield is found in the %0 induced reaction,
with the difference between the two entrance chan-
nels decreasing at high fold, in contrast to the xn
results in Fig. 3.19.

It was established in the 1970’s that an approxi-
mately linear relationship exists between the angular
momentum of the states populated in a reaction and
the y-ray multiplicity observed in the subsequent
decay. The transformation of distributions in y-ray
multiplicity to distribution in £ have been done
almost universally by assuming that the observed
relationship between average values of multiplicity
and £, canbeextended to imply a functional (i.e., one
to one) relationship between the Zand M treated as
variables; i.e.,

M, = f(£). (1)
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Fig.3.19. Fractional xn cross sections, G,,/Z0,
for the $Ni + 1%Mo (filled symbols) and 190 + 143Sm
(open symbols) as a function of gammaray fold. The
two panels are for two different '%Yb excitation
energies (see text).

Such a relationship leads to a straightforward map-
ping from a distribution in M, to a distribution in
angular momentum £. We have investigated such
transformations using statistical-model calculations
to define the relationship between the initial angular
momentum and mean multiplicity. Even if we relax
the normal assumption that the relation in equation
(1) is linear (polynomial approximations up to 3rd
order were used), we find that a transformation based
on equation (1) with its form fit to statistical-model
results — preserves and in some cases even enhances
the entrance-channel dependent decay effect seen in
Fig. 3.19b.

It is well known that the relationship implied by
equation (1) is false. A point in My space maps to a
distribution in £space and vice-versa. Itis also clear
that for most purposes the error introduced in the final
£ distributions by the assumptions of a one to one
mapping is of negligible importance. Thisis notclear
for the ratio of cross section data like that in Fig. 3.19
and Ref. 3. We felt that before the data in Figs. 3.19
and 3.20 could be seriously considered to show a
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violation of the independence hypothesis, the effect
of this distributed mapping should be investigated.

We have done this by using the full information
provided by Monte-Carlo statistical models to con-
struct £ — M, mapping, and unfolding techniques to
transform the cross section distributions. The map-
ping from M, to k (multiplicity to fold) is well
understood experimentally. We have found that
Monte-Carlo calculations based on GEANT repro-
duce these experimental results accurately. We there-
fore combined the Monte-Carlo statistical model and
detector response codes to directly relate v -ray-fold
distributions to angular-momentum distributions,

The results of this investigation were surprising,
and cast doubt on the significance of the entrance-
channel effect shown in Fig. 3.19. Reasonable statis-
tical-model parameters can be found which fully
account for the differences between the %Ni and 160
induced results! By implication, this observation
casts doubt on the results in Ref. 3 as well.

The effect on the oxn ratio shown in Fig. 3.20,
however, survives the transformation to £. Rather
than a failure of the independence hypothesis, how-
ever, we interpret this result as a manifestation of the
well known propensity of 10 to break up into !2C +
o prior to fusion. Qur results can be accounted for
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Fig. 3.20. Cross section ratios, as in Fig. 3.19, for
the o2n exit channel. Solid points are for the 150 +
19Sm entrance channel. Open points are for ®Ni +
1000p.,

quantitatively by applying breakup-fusion or incom-
plete-fusion models. It is very surprising, however,
that this process continues to be important at such low
bombarding energies [Ep,,('%0) = 80 MeV and 70
MeV]. Itappears that the tendency of light heavy ions
like 190 to break up must be taken into account even
in near-barrier reactions.
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EVIDENCE FOR LONG FORMATION
TIMES IN NEAR BARRIER FUSION

REACTIONS!

M. Thoennessen? J. R. Beene, R. L. Auble,

F.E. Bertrand, C. Baktash, M. L. Halbert,

D.J. Horen, D. G. Sarantites,> W. Spang *
and D. W. Stracener’

We measured high-energy yrays from the decay
of the GDR built on highly-excited states in 1Yb at
E.; = 49 MeV formed in two different reactions.
While standard statistical model calculations can
describe the y-ray spectrum from the 160 + 148Sm
reaction, they fail to reproduce the y-ray spectra from
the more symmetric reaction %Ni + 1®Mo. A simple
model which includes particle evaporation and y-ray
decay during the formation process can account for
the differences when large fusion times (~2 x 10-2%s)
are assumed.
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CHARGED PARTICLES AS PROBES TO
STUDY ENTRANCE-CHANNEL EFFECTS IN

THE COMPOSITE SYSTEM 14Yb

J.L.Barreto,! D. G. Sarantites,! R. J. Charity,!
N. G. Nicolis,! L. G. Sobotka,! D. W. Stracener,!
D.C. Hensley? J.R. Beene, M. L. Halbert,
and C. Baktash

Entrance-channel effects have been studied by
comparing measured charged particle and y-ray mul-
tiplicities in coincidence with residue nuclei (identi-
fied by discrete transitions), from both mass symmet-
ric and asymmetric reactions. The systems studied
are ©Ni + 1Mo and %0 + 43Sm, both of which
would produce the '#Yb compound nucleus with 52
MeV of excitation energy. In the (02n) exit channel,
the center of mass o-particle angular distribution is
symmetric around 90° in the Ni-induced reaction,
indicating emission from a fully equilibrated system.
The extracted anisotropies show no evidence for an
enhancement of o-particle emission in the low-
energy region, whichindicates emission from anearly
spherical system. However, the corresponding angu-
lar distribution of the %0-induced reaction shows a
strong forward component, which is a clear signature
of a non-statistical contribution to the residue cross
section.

1. Washington University, St. Louis, MO.
2. Office of Waste Management and Remedial
Actions, ORNL.

ANALYSIS OF LIGHT PARTICLES
EMITTED IN COINCIDENCE WITH
EVAPORATION RESIDUES FOR THE
Br + 27A1 SYSTEM AT 11 MeV/NUCLEON

J. Gomez del Campo, J. P. Wieleczko,! E. Chdvez,?
D. Shapira, M. Korolija,® H. Kim, C. Volant,*
A.D’'Onofrio’ K. TehS and J. Shed’

Animportant step in the understanding of nuclear
collisions in the intermediate energy domain (10-100
MeV/nucleon) is the ability to study reaction prod-
ucts by means of exclusive measurements with ap-
propriate gates to isolate the various competing reac-
tion mechanisms. Such a study is reported here for
products of the reaction "Br + Al produced by
bombardment of an 2’Al target with a 7”Br beam of

930 MeV, obtained from coupled-accelerator opera-
tion of HHIRF. Light particles (protons, deuterons,
tritons, and alphas) were measured in coincidence
with evaporation residues (ER) of Z = 36-43 by
means of the large detector array HILL®

The light particles were detected with a hodo-
scope array composed of 192 plastic scintillators that
were calibrated with recoil protons produced by an
160 beam on a polypropylene target. The calibration
for particles of higher Z and M was done as described
in Ref. 8. Additional checks were carried out by
comparing the alpha-particle and Z = 1 spectra ob-
tained with the hodoscope to those obtained from
calibrated Si detector telescopes. For example, for
the case of singles o spectra measured for the **Ni +
58Nji reaction at S00 MeV bombarding energy with Si
detectors placed at similar laboratory angles as the
hodoscopes, agreement of the measured energy spec-
tra was found within 2 MeV. We estimate the overall
energy resolution to be better than 5%. The hodo-
scopes alone provide Z identification; the mass was
determined by time of flight using the cyclotron RF
and the time signal of each plastic detector.

Energy spectra for p, d, t, and o are shown in Fig.
3.21 by the open circles. These spectra were obtained
by summing all the counts from each element of the
hodoscope for all laboratory angles between 2.8 and
24 deg. The spectra in Fig. 3.21 have the constraint
of being in coincidence with fragments of Z = 36-43,
detected with the ionization chamber of the HILI
system. The energy cutoffs seen in Fig. 3.21 (about
8 MeV forp’sand 20 MeV for o’s) are consistent with
the energy threshold imposed by the 0.5 mm thick-
ness of the AE element of the plastic hodoscopes.

Since the light particles are in coincidence with
fragments which have Z’s characteristic of ER of the
compound nucleus, the proper calculation to com-
pare with the data is the Hauser-Feshbach theory,
assuming that the particles are emitted by a com-
pound nucleus formed at equilibrium in a complete
fusion reaction. These calculations were performed
using the Monte Carlo code LILITA;® however, sub-
stantial modifications were needed to improve the
agreement with the low-energy part of the experi-
mental spectrum. The most important modification
was to introduce explicit optical-model transmission
coefficients using the optical-model parameters of
Ref. 10. (The original version of LILITA has a simple
parameterization for low excitation energies plus a
sharp cutoff for high excitation energies.) Results are
shown as solid lines in Fig. 3.21 where the normaliza-
tion factor for each curve is indicated in the figure.
The same experimental constraints placed by the
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Fig.3.21. Experimental energy spectra (dots) for
light particles emitted in coincidence with evapora-
tion residues of "Br + 27Al at 11 MeV/nucleon. The
solid lines are predictions of code LILITA discussed
in the text.

HILI system on the spectra have been applied to the
calculation.

From the comparisons shown in Fig. 3.21, it can
be seen that except for the low-energy part of the
alpha spectrum the calculated shapes are in reason-
able agreement with the experiment. The yield,
however, has some serious problems. The calcula-
tions predict correctly that the yield of deuterons and
tritons is an order of magnitude lower than that of the
protons and alpha particles, as seen from Fig. 3.21.
Also the relative yields of p’s and o’s seem to be well
reproduced. However, the yields of deuterons and
tritons are clearly overpredicted by factorsof 2and 5,

respectively. Some of the yield discrepancies can be
attributed to the fact that the data contain components
other than complete fusion that are not in the simula-
tion. If an analysis is done with higher-fold coinci-
dences, the relative yields are in better agreement, as
was shown previously in analysis of the ER.!!

In more detail, it can be seen from Fig. 3.21 that
forthe Z = 1 particles there is a slight disagreement in
the low-energy part of the spectra that may support
the idea that the emission barriers are lower than
predicted by normal optical models due to deforma-
tion effects on the compound nucleus (claims made in
Ref. 12 and references therein). Clearly for the case
of the alphas the discrepancy is more important and
will require very large deformations to explain it
(effective radius of the compound nucleus about 1.5
times that of the normal shape). The low-barrier
effect observed in the present experiment is more
pronounced for the o channel than for the protons, but
the opposite is reported in Ref. 12. Also the high-
energy slopes are lower than predicted for deuterons
and tritons.

Another interesting feature of Fig. 3.21 is the
slope of the high-energy part of the spectra. The
slopes for protons and alpha particles are reasonably
well reproduced with a value of the level-density
parameter a = A/12. Lower values, such as A/S,
produce substantially bigger slopes that deviate
strongly from the data. The experimental slopes are
not as well reproduced for deuterons and tritons
which, together with the fact that the relative yields
are not well reproduced either, may be indicative of a
problem with the optical-model parameters. The
value of a = A/12 is in agreement with other
analyses!Z !4 although it has also been suggested!5-16
that g should increase with decreasing excitation
energy up to the Fermi-gas limit of A/8. The present
comparisons support values substantially lower than
A/8.

Coming back to the lower energy region, it can
be seen in Fig. 3.21 that there is a clear discrepancy at
very low energies which can be understood by invok-
ing very large deformation of the compound nucleus.
In particular, for the alpha-particle channel, emission
barriers as low as those of 2’Al (E,~4.5 MeV) are
required to reproduce the data. One appealing expla-
nation that requires further analysis is that of
preequilibrium-shape emission for which emission
from a dinuclear configuration, resembling the en-
trance channel, occurs before a fully-equilibrated
compound nucleus is formed. Well-known effects
such as incomplete fusion have been considered, but,
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even for a channel losing up to two a particles, the
predictions do not account for the lower emission
barrier.
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THE “N + 1B SYSTEM MEASURED AT
E(*N) = 248 MeV!

M. E. Ortiz? E. R. Chdvez,? A. Dacal?
J. Gomez del Campo, Y. D. Chan?
andR. G. Stokstad®

Total and differential cross sections forreactions
induced by 14N on 1°B have been measured at a 1N
bombarding energy of 248 MeV (~18 MeV/A) for
products from Z = 3 to 11. The study of saturation
effects on the angular momentum and the identifica-
tion of the non-fusion cross sections constitute the
aim of the present work. Energy, angular, and Z
distributions are presented and compared to Hauser-
Feshbach calculations for the fusion components and

a sum-rule model for the non-fusion components.
The extracted critical angular momentumis 21 +2#
and is the same as at lower energies. The experimen-
tal total reaction cross section is in agreement with an
optical model calculation.

1. Abstractof published paper: RevistaMexicana
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2. Instituto de Fisica, Universidad Nacional
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ENERGY SHARING IN BINARY
REACTIONS INDUCED BY

198 ON ®Ni AT 118 MeV/!

A. Brondi? G. de Angelis? A. D’ Onofrio?

G. LaRana? R. Moro? V. Roca? G. Spadaccini,?
F. Terrasi? M. Vigilante 2 R. Alba;? G. Bellia}?
A. Del Zoppo,® G. Russo;® P. Sapienza’
and J. Gomez del Campo

Complex fragments have been detected in singles
and in y-particle coincidence measurements for the
19F + 6Ni system, at 118 MeV incidentenergy. Cross
sections for the excited states of the complex frag-
ments were measured detecting the characteristic y-
transitions deexciting these states. The measurement
of cross sections for the population of the ground and
excited states of 80 and '3C, as well as of the
production cross sections of heavy residues in coinci-
dence with these ejectiles, as a function of the total
dissipated energy, indicate an evolution of energy
sharing, with increasing mass transfer, from
equipartition to thermal equilibrium.

1. Abstract of paper to be published in Nuclear
Physics A.

2. Instituto Nazionale di FisicaNucleare, Napoli,
Italy.

3. Dipartimento di Fisica dell’Universita,
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PROTON-PROTON CORRELATIONS:
DETERMINATION OF THE
CHARACTERISTIC SOURCE SIZE AND
THE LIFETIME FROM A DEEP INELASTIC
58Ni + **Ni REACTION AT 15 MeV/
NUCLEON/!

M. Korolija?” D. Shapira, J. Gomez del Campo,
E. Chdvez? and N. Cindro®

Triple p-p-fragment coincidences from the ®Ni
+38Nireaction at 850 MeV have been measured. The
average source size (r,) and the average particle
emission time (t) have been deduced from the direc-
tional dependence of the p-p correlation function.
The ambiguity in the determination of the parameters
I, and 1 has been resolved by extracting the param-
eters 1, and T from a simultaneous fit to the p-p
correlation functions subsets for which the compo-
nents of the p-p relative momentum (Ap), parallel or
perpendicular to the relative velocity between the
p-p c.o.m. and the source (v,.), are small. This
analysis yields values of (2.5 + 0.2) fm and
3.6 *10725s for the parameters r, and .

1. Abstract of paper to be submitted to Physical
Review C.

2. Partial support from the Joint Institute for
Heavy Ion Research, ORNL.
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3. Rudjer Boskovic Irstitute, Croatia.
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STATUS OF SOFT PHOTON EXPERIMENT

R. Clark,! C. Erd? J. Gomez del Campo, A. Ray,?
J. Schukraft? D. Shapira, M. Tincknell’
and C. Woody®

Experiment E8SS5, a search for new sources of
“soft” photons (transverse momentum < 50 MeV),
was conducted at Brookhaven in March of 1990. A
beam of protons of energy 10 and 18 GeV was used
to bombard Be and W targets at the AGS. Some
theorists claim that partial or complete quark
deconfinement would lead to a slight excess of just
such photons,” and hence, provide supporting evi-
dence for the existence of quark-gluon plasma.

Toisolate the signal of interest one has to remove
all known sources of photons in this energy regime,
which include hadronic decays, bremsstrahlung, and
the decay of excited nuclei. Of the hadronic decays,
the overwhelming contribution is due to n°’s, each of
which decays into 2 photons. Figure 3.22 shows the
dominance of the n%’s compared with the other had-
ronic species. In this figure and the ones which
follow, the abscissa is the transverse momentum, py,

ORNL-DWG 92-15088

Fig. 3.22. LUND Monte Carlo calculation of contributions to the hadron decay background in p-W
interactions at 18 GeV as a function of pr: upper dashed curve, % dotted curve, 1y; dot-dashed curve with peak
<0.2 GeV/c, n’; other dot-dashed curve, w; lower solid curve, Z° upper solid curve, total.
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in GeV/c, and the ordinate is yield in arbitrary units.
The only exception is the ordinate of Fig. 3.25, which
shows a differential cross section.

The experimental setup and the objective were
reported previously.®® This report lists further
progress made in the analysis and in particular pre-
sents results from the detectors positioned at large
angles.

During the past year the contribution to the
photon spectra due to bremsstrahlung has been calcu-
lated. Also, we have determined the dN/dy rapidity
distributions, where N is the number of photons
emitted as a function of y, the rapidity (for photons

—log(cot—) and for particles with mass, y = ﬁ log

E p,
E -
the conmbuuon from the nt® decays to our photon
spectra. As expected, the distributions were essen-
tially gaussian, the widths of which agree remarkably
well with the LUND Model, an event generator for
high energy collisions that we frequently use as a
guide.

We have utilized GEANT, a detector simulation
software package, to systematically study various
aspects of our detectors’ response, and we have
corrected the data accordingly. Although much of
this work is complete, still outstanding is the determi-
nation of the effect of the individual-crystal constant-
fraction discriminator efficiencies on the overall py
spectra as well as the effect of energy leakage.

The parameterization of the #° pr spectra pres-
ently used for the Be data is given by:

). This quantity is important in estlmatmg

—_(}’__‘2'3)_, $))

204

f(y.pr) = a;pr exp(-a;my)exp

where 1/mﬂ.2 + p;? and a; denote the parameters.

The prdependence of Equation (1) has been shown to
be valid for charged pions in similar energy re-
gimes,!® and it is assumed that the n”’s may be
parametrized as the average between the #*°s and the
w’s. As for the y dependence in the equation, it is
based on the measured photon spectrum, which was
in excellent agreement with a gaussian shape. Since
LUND indicates that the n® distribution behaves
similarly, as, the peak of the gaussian, was assumed

to be the same as measured for the photons and,
therefore, not allowed to vary in the fitting procedure.

A second exponential term was needed to fit the
tungsten data. We have assumed a p° distribution
given by,

f(y, pr) = a;prlexp(-a;mr)
2
+asexplagmplexp 29 ()
2a 4

Since our data focuses on the low pr end, the system-
atic error introduced by using a double exponential is
insignificant, although, admittedly, this question needs
to be studied further.

Figure 3.23 shows the result of the various fits for
the tungsten data and Fig. 3.24 shows the same data
plotted at a finer range in pr. At wider angles [more
negative rapidities (ycm = 0 corresponds to 18° in the
lab, and y, = -1.84 is 6,,, = 90°)] it is evident that
there is a low pr component to the spectrum thatcan’t
be accounted for by the n¥’s.

It should be pointed out that the data shown in
Figs. 3.23 and 3.24 have been arbitrarily normalized
such that the peak occurs at about 10 for all displayed
spectra. In reality, the yield at the widest angle is
about 30% as much as at the peak. If this component
isdue to the isotropically decaying W nuclei, it would
be most prominent just where it is seen in the figures.
Since the fits have yet to be finalized, a subtraction of
nuclear y's hasn’t been carried out yet.

The Be fit is as good as the W at the high pr end,
but it doesn’t show the excess at very low pr for the
wider angles that is seen in tungsten. Figure 3.25
shows the photon spectrum at y.,, = 0 for both Be and
W photons from the fitted n0 distribution, the
bremsstrahlung and the sum of the two also dis-
played. The data doesn’t show the characteristic
asymptotic behavior of the bremsstrahlung because it
hasn’t yet been adjusted for the constant-fraction
discriminator efficiencies. Figure 3.26 is the same as
Fig. 3.25 except for data taken at 0},, = 90°.

Although there are a few corrections yet to be
performed to the data and it must undergo a thorough
and systematic error analysis, the tentative judgment
is that within the expected experimental errors, no
anomalous excess of low py photons is seen for either
Be or W, and the large-angle photon spectra indicate
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Fig. 3.23. 'W data shown with photons generated from =° distribution; the ordinate is arbitrarily
normalized.
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Fig. 3.24. W data shown with the fitted distribution with an expanded abscissa (photon transverse

momenta).
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Fig. 3.25. p-Be(W) data shown lefi(right) at 0y,p, = 18° (Y., = 0). With the data is plotted the fitted n°
distribution, the bremsstrahlung (asymptotic at py = 0) and the sum of the two. Here the ordinate is ngpl in
T

mb/GeV/c.
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Fig. 3.26. p-Be(W) data shown left(right) at 8;,, = 90° (Y = -1.83). An excess possibly due to nuclear
Y's in the W data is present.
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the presence of a significant contribution of gamma
rays from nuclear decays for the W target.
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PARTICLE MULTIPLICITY DEPENDENCE
OF HIGH-ENERGY PHOTON PRODUCTION

IN A HEAVY-ION REACTION!

L. G. Sobotka? L. Gallamore? A. Chbihi,?
D. G. Sarantites? D. W. Stracener? W.Bauer?
D.R. Bowman? N. Carlin’ R. T. DeSouza,’
C.K. Gelbke3 W. G. Gong? S. Hannuschke ?
Y. D. Kim? W. G. Lynch,? R. Ronningen,’
M.B.Tsang,’ F. Zhu? J.R. Beene, M. L. Halbert,

and M. Thoennessen®

The production of high-energy photons in an
intermediate energy heavy-ion reaction (65 MeV/
nucleon “°Ar + 93Nb) is studied by characterizing the
events, which produce the photons, by the forward
and backward, light and heavy, charged-particle pro-
duction. While the absolute yield of high-energy
photons increases with increasing charged particle
multiplicity, the spectral shape is found to be almost
independent of multiplicity. This indicates that the
fundamental photon production mechanism is insen-
sitive to the impact parameter but that the production
process is more probable for the more violent colli-
sions. This is expected for an incoherent nucleon-
nucleon bremsstrahlung mechanism but not for a
statistical mechanism. This work also provides a

comparison of two observables that have been sug-
gested as impact parameter selectors: the high-
energy photon yield and the charged-particle multi-
plicity. We find that the photon yield, binned by
particle multiplicity, does not scale as would be
expected if both techniques truly measured the im-
pact parameter. This observation can beexplained by
large fluctuations in the particle multiplicity at fixed
impact parameter.

1. Abstractof published paper: Phys.Rev.C 44,
R2257 (1991).

2. Washington University, St. Louis, MO.

3. Michigan State University, East Lansing, MI.

THE MECHANISM FOR THE
DISASSEMBLY OF EXCITED 10
PROJECTILES INTO FOUR ALPHA

PARTICLES!

R.J. Charity? J. L. Barreto? L. G. Sobotka,?
D. G. Sarantites> D. W. Stracener? A. Chbihi?
N. G. Nicolis2 R. Auble, C. Baktash, J. R. Beene,
F. Bertrand, M. Halbert, D. C. Hensley,’

D. J. Horen, C. Ludemann,* M. Thoennessen,’
and R. Varner

The decay of excited ®O projectiles into the
four-alpha-particle exit channel has been investi-
gated. The projectiles, with bombarding energies of
E/A = 25 MeV, were excited through peripheral
interactions with !3°Tb target nuclei. The distribution
of relative angles between the four alpha particles in
their center of mass frame was compared to simula-
tions of !0 decay by various mechanisms. The
relative angles are found to be consistent with either
a disassembly via sequential evaporation of alpha
particles or by a prompt disintegration process. The
data are not consistent with a sequential decay se-
quence initiated by the fission of the projectile into
two ®Be fragments.

1. Abstract of paper accepted for publication in
Physical Review C.

2. Washington University, St. Louis, MO.

3. Office of Waste Management and Remedial
Actions, ORNL.

4. Human Resources Division, ORNL.

5. Michigan State University, East Lansing, M1
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DETECTOR, INSTRUMENTATION, AND
COMPUTER DEVELOPMENT

UPGRADE OF THE HILI DETECTOR
SYSTEM AND ITS COMMISSIONING AT

THE TEXAS A&M CYCLOTRON
D. Shapira, M. Korolija,' and J. Gomez del Campo

In July 1991, the HILI was disassembled and
shipped to the Texas A&M Cyclotron (TAMU) at
College Station, Texas, and has been reassembled
and readied for operation on a dedicated beam line at
TAMU. The HILInow has eightionization chambers
for heavy-fragment detection. An array of Si-strip
detectors to be used in front of several hodoscope
clements has been purchased and tested. The noise
level in each individual channel has to be low enough
todiscriminate 150-keV signals leftby fast protonsin
the Si detector. We are now testing the electronic
signal-processing package developed especially for
that array. Three test runs have been performed and
changes were made in the beam line that greatly
improved the quality of the beam delivered. A new
data acquisition system based on a DEC 5000 work-
station operating under UNIX has been put together.
The data analysis and reduction programs for the
HILI have been rewritten and debugged as have the
numerous programs that provided for smooth control
and operation of the HILI during data acquisition
(e.g., setupand othercommunication with the FastBus
ADCs, pedestal acquisition and storage, control and
matching of high voltages on 192 phototubes, etc.).
We expect to start calibration measurements in No-
vember 1992 and take first data in early 1993.

1. Partial support from the Joint Institute for
Heavy Ion Research, ORNL.

OCTAL AMPLIFIER AND DISCRIMINATOR
MODULE FOR THE SILICON DIODE
DETECTOR ARRAY IN THE HILI

J. L. Blankenship,! J. Gomez del Campo,
and D. Shapira

An array of 72 silicon-diode detectors is to be
used in front of nine plastic scintillators in the hodo-

scope of the HILI detector system, now located at the
Texas A&M University Cyclotron. Each plastic
scintillator will have eight transmission-type silicon
diodes in a close-packed 4-by-2 array in front of it.
The silicon diodes provide improved angular resolu-
tion for light charged particles sensed by the plastic
scintillator and a second measure of dE/dx for heavier
charged particles.

An eight-channel preamplifier, amplifier, and
discriminator module has been designed for this
silicon-diode array. A total of nine modules are
required for the 72 silicon-diode detectors. The
analog signal from each of the eight charge-sensitive
preamplifiers is amplified and applied to a summing
amplifier for processing by a spectroscopy-type shap-
ing amplifier. This approach reduces the number of
spectroscopy amplifiers required, but increases the
noise referred to the input by a factor of approxi-
mately three. Each analog signal is separately ampli-
fied, shaped by a high-pass filter, and applied to a fast
leading-edge discriminator. The discriminator out-
put is an emitter-coupled-logic (ECL) signal which is
applied to a non-retriggerable, monostable
multivibrator. The multivibrator provides a 500-ns
differential ECL logic signal on a front-panel connec-
tor, The individual discriminator output signals en-
able identification of which one of the eight diode
elements produced the signal at the analog sum out-
put. Each of the eight channels of logic signals is also
applied to an ORgate, and the resulting ECL logic
signal is also provided at the front-panel connector.
The discriminator threshold is adjustable from 0 to
1.0 volt by a front-panel potentiometer, and can be
monitored by a test point on the front panel.

The module is constructed in conformance to the
VXI specifications for the D-size module, except for
the P1 connector-pin assignments. Connectors P2
and P3 are notused. Therefore, the P1 connector must
provide the voltages required by the module, namely
+12, -12, +5, and -5.2 volts, as well as the detector
bias voltage. This module does not use the data and
control lines defined in the VXI specifications in this
design. A specialized backplane was designed for
this system, which provides the required voltages on
only the P1 connector. The large area provided by
this module enables a circuit layout which exhibits no
measurable crosstalk between the fast risetime (1ns),
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ECL-logic signals and the low-level analog signals of
the charge-sensitive preamplificr inputs.

1. Partial support from the Joint Institute for
Heavy Ion Research, ORNL.

DEVELOPMENT OF THE ORNL BaF,
ARRAY

P.E. Mueller,! J. R. Beene, F. E. Bertrand,
J. L. Blankenship,' M. L. Halbert, D. J. Horen,
D. H.OliveandR. L. Varner

During the past three years we have assembled,
developed, and operated an array of 77, 6.5-cm x 20-
cm, right-hexagonal-prism BaF, crystals,each coupled
to a HAMAMATSU R2059 quartz-window photo-
multiplier tube with integral voltage-divider base and
magnetic shield. These detectors are mounted in four
19 packs. The array was commissioned in July 1989
and has since been used in approximately 25 experi-
ments at six different accelerator facilities. These
experiments utilized light and heavy ion beams rang-
ing in energy from a few MeV/nucleon to 95 MeV/
nucleon. The experimental conditions required a
BaF, gamma-ray detection system with very fast
timing for time-of-flight discrimination between pho-
tons and much more abundant low-energy neutrons,
pulse-shape discrimination for charged particles and
high-energy neutrons, and good energy resolution.
Among the more important results from these experi-
ments was the first definitive observation of the two-
phonon giant dipole resonance and the isolation of the
isovector giant quadrupole resonance.

This success notwithstanding, our future plans
are limited by the solid angle coverage we can achieve
with the present array. In particular, experiments
where neutral meson decays are either studied di-
rectly or are present as a background require larger
crystal stacks (more elements) to be feasible. We
therefore have requested funds to expand our array to
192 detectors.> These detectors will be mounted
either in ten 19 packs or in five 37 packs as required
by each experiment (see Fig. 3.27). We also plan to
provide each BaF, detector with a charged-particle
veto (CPV). Each CPV will be an independent
detector consisting of a hexagonal piece of thin plas-
tic scintillator coupled by a lightguide to its own
photomultiplier tube. Each plastic scintillator will

cover the face of one BaF, detector. The CPVs will
provide charged-particle suppression on line.

While the performance of our present array has
been superb, we have noticed a gradual deterioration
of its energy resolution. Over a two-year period the
resolution [AE(FWHM)/E, E = 898 ke V] of the BaF,
detectorsunder experimental conditions has increased
by an average of 13%. During the same time the gain
of the BaF, detectors has decreased. If this decrease
in gain resulted from a decrease in the number of
primary scintillation photons, and/or photoelectrons,
it should be related to the increase in resolution by
Poisson statistics. The observed increase in resolu-
tion is actually somewhat less than would be pre-
dicted by this relationship for the majority of the
detectors.

Bench tests of one fourth of the photomultiplier
tubes were conducted by measuring their resolution
at E = 662 keV when coupled to the same test BaF,
crystal that was used three to four years earlier during
their acceptance tests. This test crystal had never
been used in an experiment. The resolution of the
photomultiplier tubes has degraded by an average of
30% with respect to their acceptance tests. Individual
photomultiplier tube resolution increased between
10% and 40%. Several of these photomultiplier tubes
were further tested by measuring their resolution
when coupled to the same Nal(T1) crystal that had
also been used in their acceptance tests. The average
increase in resolution was 10%.

Nal(TI) has ten times the light output of BaF,.
Therefore, for the same energy gamma ray, a small
noise background in the photomultiplier tube would
make a larger contribution to energy resolution when
measured with a BaF, crystal than when measured
with a Nal(T1) crystal. Photomultiplier tube resolu-
tions measured with the test BaF, crystal did not show
any deviation from the predicted 1/ VE behavior in
the limited energy range from 662 keV to 1836 keV.
A deviation would indicate a contribution to the
resolution from a constant noise background added in
quadrature with the photomultiplier tube signal.

The wavelength of maximum emission for
Nal(Tl) is 415 nm. The wavelength of maximum
emission for the slow component of BaF, (which
contains most of the light) is 310 nm. A wavelength-
dependent reduction in photocathode quantum effi-
ciency could also account for the different increases
in photomultiplier tube resolution measured with
Nal(Tl) and BaF,. Ion bombardment of the photo-
cathode is a possible cause of quantum efficiency
reduction. Evidence of ion bombardment is the
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Fig.3.27. Frontview of aplanned 37 pack of BaF, detectors. The shaded region

shows the present 19 pack configuration.

presence of afterpulses in the photomultiplier tube
signal.

The phenomenon of afterpulsing occurs when a
gas atom between the photocathode and the first
dynode is ionized by a photoelectron. The ion is
accelerated back into the photocathode, ejecting many
secondary electrons which behave just like the origi-
nal photoelectron but are delayed by the ion drift time,
The photomultiplier signal then consists of a primary
pulse followed by an afterpulse. Similar processes
can also occur along the dynode chain where the
probability of ionization is higher (due to higher
electron flux) but the subsequent amplification is
lower# Since the ionization of gas atoms is a statis-
tical process, afterpulsing also directly degrades pho-
tomultiplier tube resolution.

Gas inside a photomultiplier tube can either
remain from the manufacturing process (residual
gas), or, in the case of helium, leak directly through
the glass envelope. Pure quartz (fused silica) is

significantly more permeable to helium than other
glasses. Quartz window photomultiplier tubes are
known to be particularly susceptible to inleakage of
helium and the resultant afterpulsing.’

Observation with a 400 MHz microchannel-
plate oscilloscope reveals distinct afterpulses starting
300 nsec after the primary pulse of many of our
photomultiplier tubes, indicating the presence of he-
lium. Averaging thousands of signals with a 500
MHz digitizing oscilloscope shows that, in addition
to a broad peak around 300 nsec after the spike of the
primary pulse, there is also a long tail which rides on
the long tail of the primary pulse. The broad peak of
the afterpulse is associated with the spike (fast light
component) of the primary pulse. The long tail of the
afterpulse is associated with the long tail (slow light
component) of the primary pulse.

The magnitude of the afterpulse suggests that
afterpulsing can make a significant direct contribu-
tion to resolution (in addition to causing long-term
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photocathode degradation), particularly at the nomi-
nal integrating gate widths of 1500 nsec. The effect
of afterpulsing is seen by measuring resolution with
different integrating gate widths (see Fig. 3.28).
Because of the long decay time of the slow compo-
nent (600 nsec), the fractional resolution in a non-
afterpulsing photomultiplier tube decreases with in-
creasing gate width out to times on the order of 3 psec.
Resolution then increases for longer gate widths since
more noise isincluded in the gate without any signifi-
cant additional inclusion of signal. By contrast, this
minimum occurred at only 600 nsec for a selected
photomultiplier tube that showed pronounced
afterpulsing. This can be similarly understood as due
to the introduction of afterpulsing noise at gate widths
larger than 300 nsec.

Our present efforts are directed at correlating
quantitative measurements of afterpulsing with reso-
lution for all the photomultiplier tubes in our array.
The conclusions of this study will have important
consequences for future photomultiplier tube pro-
curement, operation, and (perhaps) periodic replace-
ment.

1. Partial support from the Joint Institute for
Heavy Ion Research, ORNL.
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Fig. 3.28. Energy resolution as a function of
integrating gate width for two different BaF, detec-
tors. The open boxes show the expected behavior for
aphotomultiplier tube with noafterpulsing. The solid
boxes show a minimum in resolution at 600 nsec for
aphotomultiplier tube with afterpulsing. t,5 indicates
the start of the afterpulse at 300 nsec after the primary
pulse due to inleakage of helium.

2. Partial support provided by Vanderbilt Uni-
versity and Oak Ridge Associated Universities under
the Laboratory Graduate Research Program.

3. Letter of intent to the Department of Energy,
10 April 1992,

4. Thorn EMI Electron Tubes catalog PMC/86.

5. Hamamatsu publication RES-0791-02, sec-
ond edition.

HYBRID ION CHAMBER FOR THE
TEXAS A&M CYCLOTRON
SPECTROGRAPH

J. L. Blankenship,! R.L.Auble,J.R. Beene,
F.E. Bertrand, and D. Shapira

Texas A&M University (TAMU)isreplacing its
Enge Spectrograph with a magnetic spectrograph
originally designed and built for use at Oxford Uni-
versity. The focal-plane detector for the Oxford
spectrograph is a hybrid ion chamber with a sensitive
volume of 10.5-cm high, 49.5-cm deep, and 37-cm
wide. The existing entrance window has a clear
opening of 6 cm x 30 cm. The total energy signal is
obtained from the charge induced on the cathode,
Frisch grid, and field-shaping electrodes by the re-
maining positive ions after the electrons have drifted
to the anode. Measurements of particle energy loss
(AE) are made by two anode segments, each of which
is 6.7-cm deep. The electrons collected from the
remaining anode depth are not sensed electronically.
The horizontal location of the track is measured at
twodepths by position-sensitive proportional counters
(PSPC’s) spaced 15 cm apart, with the two AE anodes
between them.

The hybrid ion chamber has been tested at ORNL
and changes in the design have been made to improve
detector performance and adapt the chamber to the
energy range of the TAMU Superconducting Cyclo-
tron. New front and back cover plates have been
designed. A plastic scintillator will be located at the
rear window to stop particles which pass through the
ion chamber, and thus will provide part of the total
energy information. The new front cover plate will
provide coupling to the transition chamber which will
continue the vacuum flight path from the last spec-
trometer element to the entrance window of the ion
chamber. Drawings of these parts are complete, and
construction is under way at TAMU.

The design of the field-shaping electrode struc-
ture has been changed to provide a more robust
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construction and to allow quick replacement of field-
shaping wires at the frontand rear windows. Stainless
steel rods of 1.6-mm diameter are used as field-
shaping electrodes on each side of the drift region.
The voltage-divider resistors which fix the potential
of the field-shaping electrodes are now located on a
terminal strip, along with bypass capacitors, and the
charge signal from the field-shaping electrodes is
now available for addition to the charge signals from
the cathode and the Frisch grid. Using a movable,
collimated alpha source, we found that the charge
signal induced by the positive ions was strongly
dependent on horizontal position if the charge signal
was obtained only from the anode and Frisch grid. At
15 cm from the chamber center, measured horizon-
tally, the charge signal was found to drop to 70 per
cent of that signal measured at the chamber center.
This distance corresponds to the edges of the entrance
window. This measurement demonstrates the impor-
tance of including the charge signal induced on the
field-shaping electrodes.

The large quantity of Delrin plastic used in the
original construction of the ion chamber presents a
challenge to keeping the gas free of impurities which
trap electrons and reduce electron mobility. After a
month of conditioning, the reduced electric field at
which near-complete electron collection could be
obtained in isobutane was found to be 2.5 V/Torr-cm.
This value was found to hold between 50and 150 Torr
of isobutane. This condition is achieved at 100 Torr
for 3500 V on the cathode, 700 V on the Frisch grid,
and anode at ground potential.

An improved system of grounding was installed
in the ion chamber to reduce crosstalk between the
proportional counters, the anodes, and the Frisch
grid. A 2.5-cm-wide strip of printed-circuit board,
clad on both sides with copper, extends from the front
plate along both outer sides of the Delrin support
structure to the rear, 3 mm below the anode plane, and
iselectrically bonded to the front cover. Filter capaci-
tors are bonded to this ground bus with minimum lead
length, thus minimizing lead inductance.

Modification of the ion chamber at ORNL has
been completed, and the chamber has been returned
to TAMU. Following completion of the new front
and rear chamber windows/covers, beam tests will be
made.

1. Partial support from the Joint Institute for
Heavy Ion Research, ORNL.

COMPTON-SUPPRESSION TESTS ON GE
AND BGO PROTOTYPE DETECTORS FOR
GAMMASPHERE!

A. M. Baxter?T.L.Khoo? M. E. Bleich/?
M. P.Carpenter? I. Ahmad? R.V.F. Janssens?
E.F.Moore? I. G. Bearden? J. R. Beene, and
LY Lee?

Measurements are described of the Compton
suppression of two prototype detectors for
GAMMASPHERE. The prototypes consistof alarge
(75% efficient) n-type germanium detector with a
BGO Compton-suppression shield. A peak-to-total
ratio of 0.678(2) is achieved with a °Co source. This
is the best ratio reported to date for a detector of this
kind. The results are compared with those obtained
from Monte Carlo simulations. The simulations can
predict the observed peak-to-total ratios if a signifi-
cant background from scattered photons is included.

1. Abstract of published paper: Nucl. Instrum.
Methods Phys. Res. A317, 101 (1992).

2. Argonne National Laboratory, Argonne, IL.

3. Purdue University, West Lafayette, IN.

4. Present address: Lawrence Berkeley Labora-
tory, Berkeley, CA.
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CERN WA93 AND WA98 EXPERIMENTS
WA93 Collaboration

P. Donni,! E. Durieux,! M. Izycki,!

M. Martin,! L. Rosselet,! N. Solomey,!

R. Bock? H. H. Gutbrod? B. W. Kolb,?
H. R. Schmidt? S. Kachroo? N. K. Rao?
S.S. Sambyal? V. Antonenko.* S. Fokin,*
M. Ippolitov® K. Karadjev,’ A. Lebedev,!
V. Manko,? S. Nikolaev,! A. Vinogradov,*

H. Léhner? I. Lund,’ G. Claesson.®
A. Eklund S. Garpman S H. A. Gustafsson.’
J.1dh$ A. Oskarssont I. Otterlund
K. SéderstrémS E. Stenlund,S
H.J. Whitlow,S F. Berger D. Bock,”
G. Clewing, L. Dragon, R. Glasow,”
G. Hélker! K.-H. Kampert, T. Peitzman,”
M. Purschke R. Santo, K. Steffens,”

P. Steinhduser, D. Stiiken,” T. C. Awes,
F. E. Obenshain, F. Plasil, S. Saini,
G.R.Young, M. M. Agarwal 2 V. S. Bhatia
I.S.Mitra8B. S. Garcha® K. B. Bhalla?
SK.Gupta? S. Lokanathan® S. Mukherjee,’
S. Ramiwala® X. He !° S. P. Sorensen,'!
N. Van Eijndhoven,’? R. Kamermans,'?

S. Chattopadhyay,’? A. Das,!3
MR.D. Majumdar,’3 T. Ghosh,!3
G.S.N. Murthy,”* M. N. Rao,’’

B. C. Sinha,’* D. K. Srivastava,’’

M. D. Trivedi,* Y. P. Viyogi 13

The CERN WAO93 experiment is the successor to
the WAS80 experiment in which ORNL has partici-
pated since 1984. The primary purpose of WA93 is
to extend the data set obtained by WAS80 and, in
addition, to implement new detector systems com-
missioned primarily for use in the upcoming WA98
experiment. WA98 will be the successor to experi-
ment WA93 and will be performed using the lead
beams at CERN. It was described in last year’s
progress report under the title “Proposal for a Large-

Acceptance Hadron and Photon Spectrometer” (Ref.
14).

During this reporting period, two WA93 runs
have taken place. The first run was carried out in
Octoberand November 1991, and the second run took
place in April 1992. The primary change in WA93
relative to WAS80is the removal of the Plastic Ball and
the addition of a large magnet (“Goliath™) needed for
particle tracking, which is performed by means of
multistep avalanche counters (MSACs). In addition,
a photon multiplicity detector (PMD) built by Indian
members of the collaboration was also commissioned.
The ORNL designed and built Mid-Rapidity Calo-
rimeter (MIRAC) and Zero-Degree Calorimeter
(ZDC), as well as the nearly 4000-element lead-glass
photondetector, were retained from experiment WA80
for operation in WA93. Prior to the first WA93 run,
the radiation-damaged scintillator of the ZDC had to
be replaced since its performance had degraded to an
unacceptable level. The radiation damage was a
result of the combined effect of the continuous low-
level uranium activity from the ZDC absorber plates,
as well as the higher level radiation doses received
from the full intensity heavy-ion beams stopped in the
ZDC. The replacement of the ZDC scintillator plates
turned out to be a difficult (and expensive) operation
due to the presence of uranium oxide powder from the
corroded depleted-uranium absorber plates.

The first WA93 run (October—-November 1991)
was only a partial success. This was, in part, due to the
fact that the new detector systems had not been
thoroughly studied in test beams and some (e.g.,
MSACs) did not perform as expected. It wasalso due
partly to numerous beam delivery problems. The
second WA93 run (April 1992) was much more
productive than the first run. However, while the
performance of the MSACs continued to improve
during the run, their efficiency never exceeded 80%.
Nevertheless, during both runs a large amount of
photon data was obtained.

In early April 1992, the SPSL Committee ap-
proved the P260 proposal, leading to experiment
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WAO98. This approval, however, was extended to
only part of the experiment (photon measurements).
The committee withheld approval of the tracking
portion of the proposal, pending presentation of re-
sults from the WA93 runs. The actual design of
WA9S8 continues to undergo changes. MIRAC will
continue in operation, but will be reconfigured. The
size of the lead-glass array will be expanded to 10,000
elements, and ORNL-designed monolithic electron-
ics will be installed on it for readout. A larger PMD
will be constructed. The ZDC will be decommis-
sioned and replaced by a calorimeter capable of
withstanding the increased exposure to radiation dam-
age which will take place with lead beams. The
Plastic Ball will be reinstalled. It is expected that
experiment WA98 will first be operated in 1994,

. University of Geneva, Switzerland
. GSI, Darmstadt, Germany.
. University Jammu, India.
Kurchatov Inst., Moscow, USSR.
KVI, Goningen, The Netherlands.
. University of Lund, Sweden.
. University of Miinster, Germany.
. Punjab University, Chandigarh, India.
. University Rajasthan, Jaipur, India.
10. University Tennessee, Knoxville.
11. Adjunctresearch participant from the Univer-
sity of Tennessee, Knoxville.
12. University of Utrecht, The Netherlands.
13. VECC, Calcutta, India.
14, Phys. Div. Prog. Rep.for Period Ending Sept.
30, 1991, ORNL-6689, p.80.

COLAUA W

STATUS REPORT OF WA80 PROTON
DATA ANALYSIS

WAS80 Collaboration

R. Albrecht! T. C. Awes, P. Beckmann ?
F.Berger?R. Bock,' G. Claesson?
G. Clewing? L. Dragon? A. Eklund?
R. L. Ferguson, A. Franz? S. Garpman?
R. Glasow? H. A. Gustafsson,’
H.H. Gutbrod,! J. Idh,’ P. Jacobs,*
K. H. Kampert?> B. W. Kolb,!

P. Kristiansson’ 1. Y. Lee, H. Léhner?
I. Lund,'F. E. Obenshain, A. Oskarsson’
I. Otterlund,? T. Peitzmann? S. Persson,’
F. Plasil, A. M. Poskanzer,® M. Purschke 2

H. G. Ritter S. Saini, R. Santo 2
H.R. Schmidt,! R. Schmidt? T. Siemiarczuk,!
S. P. SorensenS E. Stenlund 3
M. L. Tincknell, G. R. Young

The WASO collaboration has published results
of calorimetric measurements of transverse and
forward energy distributions in previous years.” The
setup included a midrapidity calorimeter (MIRAC)
and a zero-degree calorimeter (ZDC). The reactions
were induced by 60-GeV/c/A oxygen, 200-GeV/c/A
oxygen, and 200-GeV/c/A sulphur beams from the
CERN SPS bombarding different targets. Analysis
of WAS80’s 200-Ge V/c proton data taken in 1988 will
provide additional understanding of the reaction
mechanisms in high-energy collisions; this analysis
is presently underway.

The experimental minimum-bias cross sections
have been compared with the Fritiof 1.7 calculations
and Glauber theory predictions (see Table 4.1). All
the cross sections and spectra have been corrected for
background effects by subtracting the normalized
results from runs on an empty aluminum target frame.
The background corrections to the raw minimum-
bias cross sections are typically between 20% to 30%
and only affect the E spectra for the most peripheral
events (i.e., Ep less than 2.5 GeV).

Preliminary transverse energy E| spectra (mea-
sured using MIRAC) were obtained for the targets
naC, 27A1, " Cy, "'Ag, and '9Au (see Fig.4.1). Sev-
eral parameterizations have been tested to fit the E.
spectra by using the single- and double-gamma distri-
butions.®? A single-gamma distribution (with three
parameters) does not fit the E spectra well. A better
fit to the E spectra can be obtained with the double-
gamma distribution, at the cost of introducing two

Table 4.1. Comparison of WA80 pA minimum-
bias (MB) cross sections with Fritiof 1.7 and

Glauber theory predictions.
MB Cross Section (mb)
Target Fritiof Glauber WAS80
C 221.5 2353 2459
Al 402.0 410.3 351.0
Cu 755.8 756.3 809.9
Ag 1103 1085 1178
Au 1701 1628 1760
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Fig. 4.1. Transverse energy spectra (minimum
bias) for 200-GeV/c proton-induced reactions on
natCC 27A] maiCy, "atAg, and !97Au target. The error
bars reflect the statistical error only, and the spectra
have been corrected for distortions caused by back-
ground events.

additional free parameters in the fit procedure. A
clear physics interpretation of these parameters is
lacking. An alternative approach is to use folding
models to get effective nucleon—nucleon E| spectra
from p+A reactions. The A+A spectra can then be
built up from the effective nucleon—nucleon E ;. spec-
tra by using properties of p+A and A+A collisions.

MIRAC covered a pseudorapidity range of 1.6-
<n < 6.0. It had a full azimuthal coverage in the
pseudorapidity interval 2.4<n< 5.5, forboth the WA0
proton and heavy-ion runs. Preliminary
pseudorapidity distributions were obtained using dif-
ferent event selection criteria. These were fit well
using a Gaussian distribution, and a target-mass de-
pendence of the dE /dn distributions was estab-
lished. The distribution shifts backwards further in
pseudorapidity space, with greater target mass. This
is consistent with WA80’s heavy-ion data.’

In addition, some of the Monte Carlo code pre-
dictions have been compared with our data. This will
be explored more in further data analysis.

1. GSI, Darmstadt, Germany.

2. University of Miinster, Germany.

3. University of Lund, Sweden.

4, LBL, Berkeley, Calif.

5. University of Tennessee, Knoxville,

6. Adjunctresearch participant from the Univer-
sity of Tennessee, Knoxville.

7. R. Albrechtetal., WAS80Collaboration, Phys.
Rev. C 44,2739 (1991) and references therein.

8. M. J. Tannenbaum, Inter. Journal of Mod.
Phys. A 4,3377 (1989).

9. T. Abbott et al., E-802 Collaboration, Phys.
Rev. C 45,2933 (1992).

TRANSVERSE ENERGY AND FORWARD
ENERGY PRODUCTIONIN A
HIGH-ENERGY NUCLEAR
COLLISION MODEL!

Jing-Ye Zhang ? Xiaochun He,? Chia C. Shih?
Soren P. Sorensen,’ Cheuk-Yin Wong

Distributions of transverse energy, forward en-
ergy, and dE /d from 60 A GeV and 200 A GeV '60O-
induced and 200 A GeV 32S-induced nuclear collision
with Al, Cu, Ag, and Au are calculated by a high-
energy nuclear collision model and compared to
recent experimental data from the WAB80 Collabora-
tion at CERN. The high-energy nuclear collision
Monte Carlo model, which is based on the concept of
independent, multiple nucleon-nucleon collisions,
describes the experimental data well at forward rapid-
ity and midrapidity.

1. Abstract of published paper: Phys. Rev. C 46,
748 (1992).

2. University of Tennessee, Knoxville.

3. Adjunctresearch participant from the Univer-
sity of Tennessee, Knoxville.
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HADRONIC MODEL FOR THE

SPACE-TIME DEVELOPMENT

OF HIGH-ENERGY NUCLEAR
COLLISIONS

Soren P. Sorensen’ Chao Wei-Qin?

Since 1986, ORNL’s High-Energy Reactions
Group has, as part of the CERN WAS80 collaboration,
accumulated a large amount of calorimeter data from
high-energy nuclear collisions. Most of these data
have now been analyzed and published. Inan attempt
to understand better the physics underlying the data,
we have started a theoretical attempt to model the
space-time development of high-energy nuclear col-
lisions. The emphasis in the model has been put on
investigating how much information about the en-
ergy densities attained can be obtained from the
available data on transverse energy and forward en-
ergy. ’

The model is based on a completely hadronic
scenario in which the energy lost in the binary colli-
sions between the initial nucleons is used to generate
pions with ppand rapidity distributions obtained from
free nucleon-nucleon collisions. The pions emerge
after a formation time 7, in their own rest frame. The
subsequent rescattering between nucleons and pions
is treated with special care by a novel method, which
is Lorentz-frame independent.

We find that the maximal energy density at SPS
energies [V(s) < 20 GeV] is 30-50% smaller than
predicted by use of the Bjorken formula. This is
caused by the finite collision time of approximately
1fm/c, which is comparable to the formation time. At
RHICenergies the collision time will be much smaller,
and the energy densities will be closer to the Bjorken
model predictions. These considerations assume that
no rescattering takes place.

If, however, the rescattering is turned on, the
measured transverse energies change considerably,
whereas, the maximal energy density does not. This
is because the maximal energy density is reached
early in the collision before rescattering has any
effect.

We have also made systematic studies of the
effects on the energy density of different formation
times, stopping powers, bombarding energies, and
colliding nuclei. Figure 4.2 shows a typical develop-
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Fig. 4.2. The longitudinal space and time devel-
opment of the local energy density in a central colli-
sion of 200 A GeV 328+197Ay,

ment of the energy density as a function of the time
and longitudinal coordinate.

1. Adjunct research participant from the Univer-
sity of Tennessee, Knoxville.

2. Institute of High Energy Physics, Beijing,
P.R.C., and CCAST, Beijing, P.R.C.

PRECONCEPTUAL DESIGN OF PHENIX
EXPERIMENT FOR RHIC

PHENIX Collaboration

J.C. Gregory,! T. Shiina,! Y. Takahashi,!
M.Tocci! S. K. Gupta? S. H. Aronson?

M. Fatyga’ S. Gavin® W. Guryn,’ J. Harder3
S.Kahn? E. Kistenev? P. Kroon’ M. J. Murtagh?
E.O’Brien? L. Paffrath’ S. Rankowitz
S. Rescia?’ T. K. Shea? M. Tanaka’
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Shao-min Chen,'! Qi-ming Li,'! Jun-guang Lu,"!
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E. Melnikov,'? Yu. Mikhailov,’* V. Onuchin 2
Yu. Pischalnikov,)2 Yu. Protopopov,’?

V. I. Rykalin,'? K. Shestermanov,’? A. Starkov,’?
D. Strustyumov,!? A. Surkov,? V. Zaetz,?

A. Zaichenkov,’? Ruirong He,'? Genming Jin,"?
Yixiao Luo,® Baowan Wei,”> Hongfei Xi 13
Feng Ye,'3 Wenlong Zhan,'3 Jingyu Zhang,?

Y. Akiba,'* H. Hamagaki,'* S. Homma,' H. Sako '
M. Sekimoto,'* L. A. Ewell, S J. C. Hill, 1
H. Skank,!S W. Thomas!> F. K. Wohn *®
L. Anatori,'6 A. Baldin,'® A. Malakhov,'®
Z. Pavel '6 A. Sergei,!S R. Sergei,'® D. Vladimir,'

A. YuriJ6 J. Chiba” Y. Mori”” M. Nomachi,'”
0. Sasaki'” H. Sakamoto,’” T. Shintomi 7
K. H. Tanaka,”” K. S. Sim,' S. Belyaev,"”
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I. Otterlund ?* K. Soderstrom,* E Stenlund >
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W.J. Liope 8 S. Panitkin,® M. Rao,?® J. Stachel,?®
N.Xu28Y.Zhang?® C. Zou® T. Awes, Hee Kim,
F. Obenshain, F. Plasil, S. Saini, G. R. Young,
Shang-lian Bao,*® Jia-ehr Chen,*
Dong-xing Jiang ?° Lun-cun Wei,”®
N. K. Abrosimov,** N.N. Chernov,*

V. G. Ivochkin,® L. M. Kochenda,*°
G. A. Rjabov° V. Schegelski’’

D. M. Seliverstov,’° N. Smirnoff ;>
E. M. Spiridenkov,*® A. Vorobyov,*® O. Dietzsch,’!
N. Cansian de Silva’! E. M. Takagui’!
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K. Kurita,®* Y. Miake * Y. Nagasaka,

H. Tobinai?® K. Tomizawa,>> S. Ueno,>’ K. Waki
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G. Diebold,?” B. Shiva Kumar*” J. Mitchell 57
J.Nagle’” A. Oulette,”” K. Pope >’ S. Borenstein*®
W. L. Kehoe* K. Kimura®

The PHENIX Preliminary Conceptual Design
Report (PCDR) was submitted to Brookhaven Na-
tional Laboratory and RHIC management on June 29,
1992. Subsequent reviews by the BNL/RHIC Tech-
nical Advisory Committee and Program Advisory
Committee were held in Augustand September 1992,
respectively. The collaboration will submit a formal
Conceptual Design Report to BNL in January 1993,
with the intent to begin final engineering and con-
struction of PHENIX by the latter part of 1993.

The PHENIX collaboration consists of about
275 scientists, engineers, and graduate students from
41 institutions in 10 countries. The collaboration is
still growing.

The PHENIX collaboration at RHIC was formed
under a common interest to measure as many poten-
tial signatures of the quark-gluon plasma (QGP) as
possible, to see if any or all of the physics variables
show a simultaneous anomaly due to the formation of
the QGP. We concentrate our efforts on electromag-
netic radiation and selected aspects of hadron emis-
sion from relativistic heavy-ion collisions. We em-
phasize the importance of searching in parallel for



96 Physics Division Progress Report

several markers of deconfinement, our hypothesis
being that formation of the QGP will have many
identifying marks, with no single signal assured of
success. A key theme is the measurement of con-
tinuum electromagnetic radiation from the strongly-
interacting system created in the collision. This
radiation is observed in the form of real and virtual
photons (via y*— I*l', 1= e orp. We will be sensitive
to this continuum from the high p; and m; range,
above 4 GeV, where perturbative QCD should serve
asa quantitative point of reference, down through the
range from 1-3 GeV and below, where radiation from
aQGP is expected to be largest. Creation of a plasma
with a large latent heat or large initial

temperature will result in large amounts of radiation
emitted. Similarly, we would be sensitive to a system
with along-lived mixed phase, the more so the higher
the QCD critical temperature happens to be. We will
alsodetect I'I' decays of vector mesons, a particularly
useful class of hadrons for probing the matter created
at RHIC and sensing changes in it. In the hadron
sector, we will perform measurements of nt* and K*
spectra, measurements of small Aq correlations, and
measurements of specific decays such as ¢ - K*K-".
This gives us capabilites to observe strange particles
(K*) and particles carrying strange quarks (¢.n)). The
production of both types of particles is predicted to be
modified in the presence of a plasma or mixed phase
with temperature T approaching m_, the strange quark
mass. We will also study two-particle correlation
measurements, which yield information on the space—
time size and shape of the system at hadronization.
Observation of a particularly large system or one
exhibiting a shape asymmetry, characteristic of a
long hadronization time, would be expected to be
correlated with observing significant thermal electro-
magnetic radiation (e.g., in the form of copious pho-
ton emission at p;~ T ..). By measuring hadrons, we
can also test ideas conceming the expected chiral-
restoring transition of strongly interacting matter via
comparison of ¢ — e*e” and ¢ — K*K" decay chan-
nels, which requires a comparison of lepton and
hadron decay modes under the same set of reaction
conditions.

We will search for a QGP through the program-
matic study of a broad array of potential signatures as
a function of energy density inboth A+ Aandp + A
collisions. Since some of the potential signatures
involve rare processes and small effects, we have
designed the detector to be capable of taking data at
the highest luminosities expected to be provided at
RHIC. An isometric view of the PHENIX detector,
as proposed in the PCDR, is shown in Fig.4.3.
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Fig. 4.3. Overview of the PHENIX detector
showing the location of detector subsystems.

We have chosen an axial field magnet with two
opposing electron detectors in order to have uniform
pracceptance for dielectrons. Electrons and positrons
are detected by this two-arm spectrometer, each arm
subtending 90° in azimuth (¢) and +0.35 units in
pseudorapidity (n), roughly equivalent to a polar
angle (0) acceptance of +20° centered at 0 equal to
90°. The solid angle of each arm is 0.94 sr. Within
this aperture, which is to be fully active for electrons,
are subsets for photons (Ad = 45°, An =+0.35 for Pb
glass and A¢ = 90°, An = 10.15 for CsI or BaF,) and
for hadrons (A¢ = 30°, An = +0.35). For muons, a
cone within 6 equal to 37° around the beam direction
is instrumented.

The detector consists of two magnets and a
number of detector subsystems, which are summa-
rized in the table below.

The detector will use the Major Facility Hall
(MFH) at RHIC for final assembly and operation.
Beneficial occupancy of the MFH in January, 1994,
is required in order to complete the detector for
operations in September, 1997.

1. University of Alabama, Huntsville.

2. BARC, Bombay, India .

3. Brookhaven National Laboratory, Upton, NY.

4. University of Califoria - Riverside, CA.

5. China Institute of Atomic Energy, Beijing,
PR.C.

6. Columbia University, Nevis Laboratory,
Irvington, NY.
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Table 4.2. Summary of the detector subsystems for the standard version of PHENIX.

Element An Ad Ch# Purpose, special features, etc.
Magnet:central 0.5 360° 1.0 Tm for ++; 0.41 Tm for +—
muon 1.1-25 360° 0.95 Tm for n =2; 0.41 Tm forn = 1.3
Beam-beam +3.14 360° 0.1K Start timing, on-line vertex decision
Si strip 12 120° 23K dN/dn, accurate vertex decision
Si pad +1.6-38 360° 23K d’N/dnd¢
Drift chambers +0.35 90°x 2 13K Good momentum resolution, Am/m= 0.4% at the ¢
Pad chambers +0.35 90°x 2 47K Pattern recognition, tracking for non-bend direction
TE chambers +0.35 90°x 2 43K Pattern recognition, dE/dx and TRD
RICH +0.35 90°x 2 64K Electron ID and tracking, PM tube based
TOF +0.35 30° 2K ¢ <100 ps; good hadron ID
EM Cal +035 90°x15 18K Good e/n separation
Pb-glass +0.35 45° 10K Photon detection
Csl/BaF, +0.05 90° 3K High resolution photon detection
Muon chambers 1.1-2.5 360° 17K Tracking for muons

Muon identifier 1.1-25 360° 10K

Steel absorbers and streamer tubes for p/hadron
separation
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MONTE CARLO SIMULATIONS OF THE
PHENIX DETECTOR AT RHIC

T.C. Awes, H.J. Kim, J. Kreke,! X. C. He!
F. E. Obenshain, F. Plasil, S. Saini, S. Sorensen,?
G.R. Young

The design of the PHENIX detector for RHIC is
currently in an intensive simulation phase in order to
evaluate and optimize the detector elements and the
experimental configuration within the constraints of
a fixed construction budget. In general, two rather
different simulation approaches are followed de-
pending onthe issues to be addressed. A standardized
approach is to use the GEANT simulation package
which can track the particles of simulated events in
full detail through all of the active and inactive media
of the experiment. This approach is extremely useful
in order to evaluate the expected performance of the
detector elements themselves, as deployed in the
detector configuration, with full events. It is also
useful in order to investigate sources of background,
as might be produced by particles showering in por-
tions of the detector. Such a GEANT-based simula-
tion framework called PISA, which includes the full
PHENIX geometry, has been set up by C.F. Maguire
of Vanderbilt University. However, due to the ex-
tremely large particle multiplicities at RHIC and the
large amount of CPU time necessary to track all
particles fully, it is generally not feasible to simulate
fully more than a few thousand events using GEANT.
Since the emphasis of the PHENIX experiment is to
concentrate on electromagnetic probes which have
low count rates, this generally means that many
millions of events must be simulated in order to
approach the level of significance where physics will
be done. For this reason, a second simulation ap-
proach is to use efficient Monte Carlo generators in
which the physics signals and the backgrounds are
parameterized appropriately in order to make para-
metric studies of the physics performance for various
detector options.

Such efficient Monte Carlo simulations have
been described previously for analysis of the photon
detection results within PHENIX.? The simulation
code which was developed for this purpose has been
adapted to simulate either the electron-pair or muon-
pair performance of the PHENIX experiment. The
code uses an efficient event generator which pro-
duces only those particles which decay to produce
leptons in the final state, and which includes back-
grounds which might be identified falsely as leptons.

The code has been implemented on the ORNL Intel/
i860 Hypercube in order to obtain sufficient numbers
of simulated events in short (~1- to 2-day) simulation
runs.

Results of such simulations for the electron-pair
measurement within PHENIX are shown in Fig. 4.4,
The results are shown for 12.8x 10° central Au+Au
eventsin whichamultiplicity of dN/dy=375 hasbeen
assumed for each pion charge state. This corresponds
to about three days of running at RHIC at design
luminosity. The PHENIX detector electron coverage
consists of two arms, each subtending 90 degrees in
¢ with a 45-degree opening between the arms, and
covering the pseudorapidity region of | T]l < 0.35.
Electrons are assumed to be tracked and identified if
their momentum exceeds 100 MeV/c; softer elec-
trons are trapped in the central magnetic field. For
these simulations it has been assumed that, according
to design, pions will be misidentified as electrons
with 10 probabiflity and that 0.5% of the photons
will convert to e*e” pairs and not be eliminated by
means other than a pair-mass cut. The results of Fig.
4.4 show the invariant mass spectrum for opposite-
sign electron pairs after imposing a Dalitz pair rejec-
tion criteria in which all electrons which form an
opposite-sign pair with invariant mass less than 50
MeV/c? are eliminated from the pair list. This Dalitz
rejection criteria has been optimized through such
Monte Carlo studies. Itis observed that the electron-
pair invariant-mass spectrum is dominated by a large
combinatorial background which is seen to be attrib-
uted mainly to the background due to Dalitz elec-
trons. This is the case in spite of the attempted
rejection of Dalitz pairs. In fact, the Dalitz rejection
provides a background suppression by about a factor
of three only, due to the fact that many of the electrons
to be associated to a Dalitz pair fall below the 100-
MeV electron threshold or out of the detector accep-
tance. The results indicate the importance of finding
amethod to improve the rejection of Dalitz pairs. It
is currently under investigation whether it is feasible
to include an inner detector to identify electrons
whose momentum is below the electron arm thresh-
old in order to improve the Dalitz rejection capabili-
ties.

The results of Fig. 4.4 are shown integrated over
the transverse momentum of the pair. In Fig. 4.5 the
simulation results are analyzed quantitatively for the
P, ®,and ¢ resonances as a function of the transverse
momentum of the resonance. It is seen that due to the
large combinatorial backgrounds, the peak/total ra-
tios for these resonances are quite low for transverse
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Fig. 4.4. Simulation of electron-pair measurements in the PHENIX detector at RHIC for 12.8 x 10° central
Au+Au events. The solid curve is the same in each panel and shows the expected experimental result for the
invariant-mass spectra for opposite-sign pairs. Inthe upper left panel, the true pair signal is shown by the dashed
curve in which the p, ®, 1, and JAy resonances can be seen on top of a continuum due to DD decays. No p—
® mixing is assumed. The like-sign pair combinatorial-mass distribution is shown by the dashed curve in the
upper right panel. Inthe lower left panel the contribution of true opposite-sign electron pairs from Dalitz decays
of the n® and 1 is shown by the dashed curve. Itis seen to fall several decades below the combinatorial spectrum;
only the latter can be measured. The dotted curve indicates the combinatorial background due to a Dalitz decay
electron with any opposite-sign electron, while the dashed—dotted curve indicates the same for all combinations
of Dalitz electrons only. The lower right panel shows the contribution to the combinatorial background due to

misidentified electrons (e.g., charged hadrons) with anything (dashed curve) or misidentified electrons paired
with themselves (dotted curve).
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Fig. 4.5. The expected performance of the PHENIX detector electron-pair measurement as a function of
the pair transverse momentum for the p (open circles), o (closed circles), and ¢ (open squares) resonances for
12.8x 10° central Au+Au events. The results were analyzed after Dalitz pair suppression by first eliminating
all electron candidates which form an opposite-sign pair with pair mass less than 50 MeV. The upper left panel
shows the peak/total ratio integrated over the region of £2¢ about the peak. The upper right panel shows an
estimated (comparing runs with/without Dalitz rejection) efficiency that the Dalitz rejection does not reject true
pairs. The lower left panel shows the accepted true yield as a function of transverse momentum. The lower right
panel indicates the statistical uncertainty to extract the true yield after background subtraction.
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momenta below about 2 GeV/c. Only the J/y reso-
nance appears without combinatorial background.
As aresult of these combinatorial backgrounds, the
statistical errors for extracting the resonance cross
section from the large background (equal to
\,(2 -Q)/(QN), where Q is the peak/total ratio and
N is the number of counts in the peak) are relatively
large, even with the large number of accumulated
events and even though the yields in the peaks are
themselves large. The conclusion to be drawn from
these simulations is that with the PHENIX electron
detection system as presently designed, extracting
the p and ® resonance production via their electron-
pair decay will be quite difficult for central Au+ Au
collisions at RHIC. The extraction of the p produc-
tion cross sections is probably not possible, and by
implication, neither will be the more difficult extrac-
tion of thermal electron pairs due to decay of virtual
photons. In order to improve the PHENIX electron-
pair measurement substantially, it would be neces-
sary to increase the electron detection coverage sig-
nificantly, which is not feasible financially, or to
improve the Dalitz rejection capabilities in order to
eliminate this overwhelming background.

1. University of Tennessee, Knoxville.

2. Adjunctresearch participant from the Univer-
sity of Tennessee, Knoxville.

3. “Monte Carlo Simulations of Photon Mea-
surements for the PHENIX Detector at RHIC,” Phys.
Div. Prog. Rep. for Period Ending Sept. 30, 1991,
ORNL-6689, p. 96.

LOW ENERGY RESPONSE OF Pb GLASS
CALORIMETERS FOR RHIC

T.C. Awes, A. Lebedev,! A. Nyanin'

The emphasis of the PHENIX detector at RHIC
is to concentrate on the detection of electromagnetic
probes of the relativistic heavy-ion collision. As part
of the PHENIX experiment, it is intended to use the
10,000 element Pb-glass detector array presently
being assembled for use in the WA98 experiment
with Pbbeams at CERN. A portion of this system has
already been used with the oxygen and sulphur beams
at CERN to perform a search for excess direct pho-
tons, which would be expected due to thermal radia-
tion in the event of formation of a quark-gluon plasma

(QGP). The prospects for QGP formation are consid-
ered more favorable at RHIC due to the expected
increase in energy density. Within the PHENIX
experiment, the Pb-glass array will be used in a
similar search for excess direct photons. It will also
provide an important component of the electron iden-
tification system in PHENIX which will be used to
study the production of virtual photons and vector
mesons through their electron-pair decay.

The response of the Pb-glass detector has previ-
ously been measured thoroughly at CERN for ener-
gies and operating conditions appropriate for the
fixed-target operation at CERN. Atthe RHIC collider
the Pb-glass detector will be deployed at midrapidity,
with the result that the average particle energies in the
detector will be considerably lower. In order to
investigate the Pb-glass response in operating condi-
tions more appropriate to RHIC, measurements were
made in the A2 test beam at BNL. The tests were
made with a 7x7 module array of Pb-glass elements
(each 4x4x40 cm?, 16 radiation lengths). The Pb
glass was provided by the Kurchatov Institute, to-
gether with Russian FEU-84 photomultipliers and
bases for readout. Tests were performed with gain
settings corresponding toabout2 MeV/channel (com-
pared to settings of 20 MeV/channel for CERN op-
eration) using positive and negative beams of elec-
trons, muons, pions, and protons from 0.5 GeV/c to 4
GeV/c. Thetests were performed with varying angles
of incidence up to 20 degrees, as expected in the Pb-
glass configuration within PHENIX. A main purpose
of the tests was to determine the expected energy
resolution and typical number of active modules, to
estimate occupation probabilities, for the PHENIX
detector settings. It was also desired to provide an
initial data set for development of shower identifica-
tion algorithms and to determine the electron/pion
discrimination capabilities of the Pb glass for the low-
energy particles typical of RHIC. In addition, timing
measurements were made to investigate the possibil-
ity to use the Pb glass for a low-resolution time-of-
flight measurement for particle identification at low
momentum. The configuration of the test beam line
consisted of a fast start counter followed by two
Cerenkov counters operated with nitrogen in thresh-
old mode and set to trigger on electrons but not pions
or muons. A fast stop counter was placed 12.85 m
downstream of the start detector immediately in front
of the Pb glass. The fast timing detectors had rms
timing resolutions of about 80 ps.

The energy resolution of the Pb glass is shown in
Fig. 4.6 for electrons of 0.5 GeV/c to 4 GeV/c at
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Fig. 4.6. Pb-glass energy resolution as a function of 1/ \[(E) for electrons of
incident momenta of 0.5 to 4 GeV/c at various angles of incidence.

angles of incidence of 0, 5, 10, 15, and 20 degrees. In
order to keep the shower well-contained in the Pb
glass array, the array was displaced by 1/2 of a
module width for each 5-degree change in orientation
of the array. Thus, the beam was centered on the
central module for 0 degrees incidence, but centered
on the adjacent module for 10 degrees incidence, and
centered on the next-to-adjacent module for 20 de-
grees incidence. The beam profile was diffuse with a
nearly uniform illumination overasingle module size
of 4x 4 cm? as defined by the beam counters. After
correction for the beam resolution (assumed to be
removed in quadrature), an energy resolution of 5.8%/
\/—(E) is measured with no constant term. If the beam
resolution correction is not performed, an energy
resolution of 5.9%/+/(E) + 0.8% is obtained. This
may be compared to a resolution of 7.4%/ J(—E5 +
1.4% measured at CERN with the same Pb-glass
elements but at higher incident energies and corre-
spondingly higher gains. There was no observed
degradation of the energy resolution with increasing
angle of incidence. In fact, the results shown in
Fig. 4.6 suggest an improved energy resolution with
increasing angle of incidence. However, thisresult is
explained by the fact that the energy resolution of the

modules adjacent to the center module, into which the
beam was shifted, had better intrinsic resolution (as
observed when measured at 0 degrees incidence
during gain-matching of all modules). This is shown
in Fig. 4.7, where the measured resolution at 2 GeV/
¢ for O-degree incidence is shown versus the mea-
sured number of photoelectrons/GeV. A clear corre-
lation between resolution and the number of photo-
electrons is observed. An average value of 622
photoelectrons/GeV was measured for all Pb-glass
modules, while the center module which dominates
most of the test results was on the low-performance
side with only 484 photoelectrons/GeV.

The most interesting aspect of the Pb-glass test
beam measurements was the timing results. For these
measurements, the analog output of the center mod-
ule was split with timing information obtained using
a constant fraction discriminator on one of the split
signals and the other output sent to the ADC. The
discriminator was set with a threshold at about 15
mV, corresponding to an energy deposit of about 50
MeV.InFig. 4.8 the timing resolution as a function of
the energy deposited in the module is shown for
positron beams summed over all incident momenta

and for pions of 1 GeV/c. The timing resolution may
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Fig. 4.7. Energy resolution versus the number of photoelectrons/GeV for each
of the central 5x5 Pb-glass modules. The energy resolution is for electrons at
normal incidence on the center of each module at 2 GeV/c. Module 25 was the

center module for 0° incidence.

be fit to the form &t= 5t + t,/ ,}(Npe * EDCP) , where
N, is the number of photoelectrons/GeV and Ep,, is
the energy deposited in the module. The fitted results
give aconstant term contribution of dt,=75 ps, which
is presumably due to intrinsic fluctuations in the
shower localization. The second term, which im-
proves with photon statistics, has a value of 8t,=3.75
ns, which corresponds to about 1/4 to 1/3 of the signal
risetime. The same dependence of the timing resolu-
tion on the deposited energy is obtained for pions and
protons for energies up to and slightly above the
minimum ionizing peak at 500 MeV. There was
insufficient timing data to draw conclusions for had-
rons which deposit greater energy.

The most surprising aspect of the Pb-glass tim-
ing results was the observation that the pion and
proton timing signal generally arrived sooner than
that of an electron with similar energy deposit. For
example, in the region of the minimum-ionizing
peak, the pion signal arrived about 800 ps before the
electron signal. The interpretation of this effectis that
the showering electron produces light at the front of
the Pb glass which is then transmitted at a reduced
velocity of c¢/n, where n is the Pb-glass index of
refraction, compared to a minimum-ionizing pion
which can traverse the length of the Pb glass with a
velocity ¢ and put Cerenkov light directly into the
photomuitiplier from the back of the Pb glass. (Ac-
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Fig.4.8. Single Pb-glass module timing resolution as a function of the energy
deposited in the module for electrons of incident momenta 0.5 to 4 GeV/c and pions

of 1 GeV/c.

tually due to emission at the Cerenkov angle, the light
from the electron shower must also travel a path
length increased by a factor 1/n, further delaying the
signal arrival time, although this correction factor
also applies to light generated by a minimum-ioniz-
ing pion.) Thus, the signal arrival time in the Pb glass
provides information about the depth at which the
energy is deposited in the Pb glass. Due to this effect,
it appears possible to obtain discrimination between
hadrons and electrons (or photons) on the basis of
signal arrival time in regions of momenta where there
is no difference in time of flight. On the other hand,
this sensitivity to the depth of the shower may com-
plicate the use of the Pb-glass timing information for
actual time of flight measurements. Additional tests
are planned to study this effect.

1. Kurchatov Institute, Moscow, Russia .

PHENIX MUON SPECTROMETER
PHENIX Collaboration*

A muon endcap-spectrometer, with large solid
angle acceptance and highrate capability, is proposed
for the PHENIX detector at RHIC to detect muon
pairs with broad kinematical coverage. Muon pair
detection appears to offer a tractable solution for
lepton-pair detection at rapidities greater than one.
Muon pairs can span a range in invariant and trans-
verse mass from 1to 10 GeV/c?. This approach, using
an endcap spectrometer with full azimuthal coverage
at forward rapidity, y, also allows us to obtain useful
counting statistics in the mass region above 4 GeV/c2,
where perturbative QCD should be applicable. We
can then move to lower mass using the same detector
to examine the regime where nonperturbative effects
and plasma may be seen. This spectrometer could
also be used for measurements of the A, _,, pr, and
xg dependences of lepton-pair emission in p-A colli-
sions. These measurements take advantage of the
unique capabilities of RHIC to provide p-A collisions
at high ¥s. Such studies can shed light on modifica-



High-Energy Nuclear and Particle Physics 105

tions of structure functions in nuclei and are an
integral part of a program secking to understand
lepton-pair and photon emission in A-A collisions.

Several authors! have suggested that there may
be a modification of properties of vector mesons
immersed in dense strongly-interacting matter. These
include changes in mass, width, branching ratio, and
yield of vector mesons. One suggestion for demon-
strating deconfinement is the observation of suppres-
sion of the yields for certain heavy vector mesons.

The proposed spectrometer will detect vector
mesons over a large range of rapidity (1< y<3) and py
(0GeV/c up to the statistics limit, which should be >5
GeV/c for the JAy. The acceptance and resolution are
sufficiently good to measure the cross section not
only for JAy and y’, which are expected to be sup-
pressed, but als for ¥ production, which is expected
to be a “control” for vector meson suppression due to
size effects.

Vector-meson suppression depends on the local
energy density and, thus, screening radius; therefore,
an experiment requires large rapidity coverage in
order to take advantage of the variation of dE/dy
with rapidity. Measurements at several values of s
will be necessary to observe a large variation in the
maximum dE,/dy for a given system. Good statistics
are needed, which implies large acceptance. The
need for large acceptance becomes acute forlowers,
since the luminosity at RHIC decreases there, as does
the lifetime for intra-beam scattering. Suppression
effects should disappear at sufficiently high py, be-
cause the qq pair leaves the plasma before it can
separate to a radius at which screening affects forma-
tion of the relevant state. This behavior is usually
predicted to occur at py around 5 GeV/c, again plac-
ing a premium on acceptance if “control” points are
to be accessible experimentally.

The muon endcap spectrometer consists of three
main sections: a hadron absorber thick enough to
remove most hadrons but thin enough to permit good
mass resolution and kinematic acceptance, a mag-
netic spectrometer providing good acceptance and
mass resolution of <2-3%, and a muon identifier to
complete rejection of hadrons to the 10 level or
better.

The purpose of the absorber is to attenuate the
hadronic flux entering the tracking region to accept-
able levels. The particular design depends upon the
magnet chosen for PHENIX. The axial-field magnet
has steel pole tips at forward rapidities lyl>1.0 and for
the present design it is ~4A thick. This serves as the
hadron absorber. If further calculations of the field
configuration in the central spectrometer section in-

dicate that some of the steel could be removed from
the lyl> 1.0 region, it would be preferable to replace as
much of this steel as possible with other materials;for
example, a low-Z material such as ALO, could be
used for the first 2-3A in order to minimize the
multiple-scattering which dominates the resolution
below 3 GeV/c2invariant mass. Simulations indicate
that tracking through the magnet is not a problem
since the integrated effect of the field is less than the
effect of multiple scattering. Leakage calculations
indicate that 1-2A of copper will have to be added to
the steel in order to reduce shower leakage into the
muon tracking chambers to an acceptable level.

The shower products exiting the pole tip are
dominated by soft e*, ¢’, and gammas, which can be
easily suppressed by installing 10 radiation lengths of
lead after the pole tip. Whether a graded absorber or
a monolithic one of steel is used, presently depends
upon magnet developments.

Following the absorber is the muon tracking
region. This consists of a large magnet and tracking
chambers. The magnet being designed at the present
time is shown in Fig. 4.9 and gives nearly complete
acceptance in ¢. It is a piston and lamp-shade con-
figuration where the magnetic field is radial every-
where along the beam line. The polar-angle accep-
tance depends on the configuration of the poles for the
central-region magnet and the muon magnet design.
Itincludes all polar angles in the range 8.75°< 6<37°.

The tracking chambers, as presently conceived,
use drift chamber technology, which may be most
suitable with the radial geometry. The chambers
would be arranged in three stations, each with 6
detector planes. As an alternative, wire chambers
with strip and/or pad readout could be constructed
with the wires parallel to the field direction. It is
likely that the wire chambers can be constructed with
fewer radiation lengths of material, say, less than two
percent.

Behind the tracking system will be a second
hadron absorber for muon identification. This system
will consist of steel layers interspersed with either
proportional or streamer tubes. These may be read
out using pads or by digital strips positioned along
and normal to the wire direction. Which method is
preferable (or necessary) depends upon further study
related to the ability of any given system to connect a
deep hit in the muon-identifier with the correct par-
ticle out of the several dozen present in the tracking
section.

The inner absorber will eliminate most of the
background in the muon spectrometer portion of the
detector. However, several percent of the hadrons,
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Fig.4.9. A section of the dimuon spectrometer is shown in relation to the main axial-field magnet (see
PHENIX write-up). The iron yoke of the main magnet serves as the muon inner absorber. The muon magnet
and tracking chambers are shown on the right. The muon identifier is the last element of the spectrometer.

particularly pions, will not be absorbed and will be
detected in the outer absorber. In addition, some
secondaries from showers starting late in the absorber
will also enter the tracking section, as will a signifi-
cant number of neutrons. Thus, the outer absorber
must function as a “muon identifier,” capable of
discriminating between muons and the background
of pions and other hadrons. The ideal muon identifier
comprises >6 layers of absorber plates alternating
with gas proportional tubes or streamer tubes. The
exact configuration of plates needs to be optimized,
but at least 10A are needed. Our Monte Carlo studies
indicate that the muon identifier needs effective pat-
tern recognition in order to reject hadrons at the level
required. The front layers may have to be instru-
mented with streamer tubes with pad readout in order
to obtain good three-dimensional pattern recognition
and to associate a hit deep in the muon identifier with
the correct particle entering, since there are several

dozen particles entering the forward muon identifier
per event. It may be possible to instrument the deep
layers in a less expensive manner with proportional
tubesinaltemating x and y layers with readoutin yes—
no mode, because the showers caused by hadrons are
dilute there. We hope that directional information
from deep hits is sufficient to resolve which entering
particle matches the deep hit, because that would
allow us not to instrument the first 2-3 of the muon
identifier. This would save considerable money. We
will study this design issue to optimize performance
versus cost.

We have investigated the ability of the muon
identifier to provide a fast trigger signal, by making
Monte Carlo studies using as few as two parameters,
neither of which would require a long time to process,
either in terms of signal collection times or calcula-
tion times. We find that satisfactory results are ob-
tained by using only two parameters—total number
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of hits and deepest plane registering a hit. Our Monte
Carloresults indicate that more than 95% of the pions
can be rejected while rejecting only about 10% of the
muons over the range from 1 to 10 GeV. We will
study this topic further in order to improve the accep-
tance for the muons. Additional cuts on tracking
chamber hits and a vertex constraint would be applied
before amuon candidate would be accepted. Tagging
muons at trigger level is most important in reducing
interaction rates for p-A and low mass A-A cases, as
well as for peripheral Au+Au collisions.

*For a complete list of authors, see article
“Preconceputal Design of PHENIX Experiment for
RHIC.”

1. T. Matsui and H. Satz, Phys. Lett. B 178,416
(1986); B.Svetitsky, Phys. Lett. B 227, 450 (1989);
“The Nuclear Equation of State, Part B: QCD and the
Formation of the Quark—Gluon Plasma,” edited by
W.Greiner and H.Stécker, Plenum Press, New York,
1989, p. 257.

SIMULATIONS OF THE PERFORMANCE
OF THE PHENIX MUON DETECTOR

PHENIX Collaboration*

At the current stage in the development of the
PHENIX detector for the RHIC accelerator, large-
scale Monte Carlo simulations are of great impor-
tance for the evaluation of the performance of the
various detector components. At ORNL we have
been responsible, in collaboration with Tennessee,
Georgia State, Vanderbilt, and Los Alamos, for the
simulation of the muon detector. This detector con-
sists of a tracking element with a lamp shade magnet,
followed by a large, instrumented block of steel
serving as a muon identifier.

The early work was focused on evaluating the
acceptance and dimuon invariant mass resolutions.
The current detector design will accept all muons
with scattering angles between 9 and 35 degrees with
energies above 2 GeV. At the same time, pions and
kaons with the same kinematics will be suppressed by
=3x104. Based on the measured positions of the
muons in three drift chambers and the vertex position,
determined by the vertex detector, we have devel-
oped a novel method for determining the momentum
vector at the vertex. The method is based on a

Chebyshev polynomial expansion in the measured
quantities. It is especially well suited for second-
level trigger purposes, since it is very fast and does
not require any fitting.

The tracking of particles through the detector
will impose three problems: (1) correlation of hits
within the drift planes of a tracking station, (2) corre-
lation of hits between tracking stations, and, finally,
(3) correlations between tracks found in the muon
identifier and the spectrometer. At the moment, we

“have solved problem 1 and are working on 2. The

algorithm used for solving problem 1 is based on the
principal component method and seems to be able to
handle hit densities of up to 15-20%. We anticipate
hit densities of 5-10% from our GEANT studies.

The whole feasibility of the muon detector hinges
on the magnitude of the vector meson yield compared
to the underlying combinatorial background of muons
originating from sources other than vector meson
decay or correlated dimuon production. The most
important source is decay muons from pion decay.
Through GEANT calculations at Vanderbilt and Los
Alamos and high-gain Monte Carlo simulations at
ORNL, we have found that even if the combinatorial
background will be a most annoying feature. The
signal-to-noise ratio will still be above 1 for invariant
masses from 3 GeV and up.

Figure 4.10 shows the invariant dimuon mass
distributions for both all unlike-sign accepted muon
pairs and the original signal consisting of vector
mesons and Drell-Yan pairs. No background is
present at the Y (9.4 GeV). The JAy (3.1 GeV) is
clearly seen above the background, whereas the y’
(3.7 GeV) just makes it. The p (0.8 GeV)and ¢ (1.0
GeV) seem to be completely covered below the
background, but one is able to recover their yield to
within 10-20% by performing the proper background
subtraction based on like-sign muon pairs. We note
that no cuts to remove background muons have been
made in this spectrum.

*For a complete list of authors, see article
“Preconceputal Design of PHENIX Experiment for
RHIC.”
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LIMITED STREAMER TUBES
FORMUONID

H.J.KimF.E. Obenshain
J.G. Kreke! G.R. Young

Limited Streamer Tubes (LST) are the leading
detector candidate for the muon-identification sec-
tion of the PHENIX detector. We have purchased 160
LSTs from a commercial vendor for evaluation. The

tubes are 8.4-cm wide, 148-cm long; and they are
being evaluated at the test facility which was set up
during the summer (1992). These LSTs are rugged,
reliable, simple, and inexpensive, and are widely
used in experiments where charged-particle detec-
tion over large surface area is required, e.g., hadron
calorimeters, muon identifiers, etc. The magnitude
and shape of cosmic-ray, gamma-ray, and beta-par-
ticle induced pulses from the plastic LST (supplied by
Hodotector, Inc., of Houston, Texas) observed at the
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test facility are in good accord with expected results.
Having completed the evaluation of detector charac-
teristics and found the performance to be satisfactory,
these LST are being instrumented into a ten-layer,
muon identifier interleaved with steel plates. Once
assembled and thoroughly tested using cosmic rays,
this prototype muon identifier will be taken to the
AGS facility at Brookhaven National Laboratory for
in-beam test experiments. We will study range, tra-
jectory, shower pattern, and shower size for relativis-
tic charged particles that traverse or partially traverse
the ten-layer detector. We plan to utilize results from
this study to design the muon identifier for the PHENIX
experiment at RHIC.

1. University of Tennessee, Knoxville.

CALORIMETER OPTIMIZATION
EXPERIMENT
(RD-10/RD-45 PROJECT)

S. H. Aronson,! M. J. Murtagh,! M. Starks,!
X.T. Liu2 G. A. Petitt? Ziyang Zhang 2
L.A.Ewell?J.C. Hill’ F. K. Wohn,?

J. B. Costales? M. N. Namboodiri,*

T. C. Sangster,* J. H. Thomas,® A. Gavron,
L. Waters’ W. L. Kehoe/% S. G. Steadman,®
T.C. Awes, F. E. Obenshain, S. Saini,
G.R.Young,J. Chang’ S.-Y. Fung,”
J.H.Kang/’ J. Kreke? Xiaochun He !
E.C. Cornell? C. F. Maguire®

The RD-10calorimeter optimization experiment
conducted at the AGS at Brookhaven National Labo-
ratory, in the spring of 1991, resumed this spring
under the project designation RD-45. This year’s
experiment concentrated on iron absorber studies
with calorimeter thicknesses of 4.8 and 8.2 . The
layout was the same as for RD-10, with the exception
of the addition of a third Cerenkov counter. This
counter was placed between the beam hodoscopes, as
close as possible to the calorimeter, and was used to
better identify pions, thus reducing the number of
misidentified decay muons incident on the calorim-
eter. Incident particle momenta were 1.5, 2, 3, 4, 6,
and 8 GeV/c for the thinner calorimeter and 3, 4, 6,
and 8 GeV/c for the thicker calorimeter. Because of
the low leakage count rate with the relatively thick
calorimeter configurations, the secondary-level muon

trigger was notimplemented, and only the 4-inch lead
curtain was used at the four highest energy runs.
Secondary-level triggers did include the electron
trigger and the leakage trigger; a minimum bias (no
secondary) trigger was also used for survey and
normalization purposes.

1. BNL, Upton, NY.

2. Georgia State University, Atlanta.

3. Iowa State University, Ames.

4. LLNL, Livermore, CA.

5.LANL, Los Alamos, NM.

6. MIT, Cambridge, MA.

7. University of California, Riverside.
8. University of Tennessee, Knoxville.
9. Vanderbilt University, Nashville, TN

DEVELOPMENT OF MONOLITHIC ELEC-
TRONICS FOR RHIC AND CERN WA98

T.C. Awes, G.R. Young, G.T. Alley,! C L Britton,!
M.N. Ericson,! M L. Simpson,! A.L. Wintenberg'

Work has continued on development of mono-
lithic electronics circuits for use in reading out the
large number of channels to be encountered in the
RHIC PHENIX detector, and on those under con-
struction for the photon calorimeter for the CERN
WA9S8 experiment. Activities for this year concen-
trated on testing of ADC circuits and of a large,
integrated readout chip which represented one pos-
sible solution for partitioning the overall readout
chain. The goal remains to reduce the entire chain,
including preamplifier, amplifier/shaper, sampler/
analog storage unit, readout amplifier, and ADC plus
output buffer, to one or two circuits implemented
entirely in monolithic form. We prefer to do this in
CMOS where possible, in order to minimize power
consumption and provide access to a widely used
fabrication technology.

Testing of the various ADCs using different
construction methods indicated that a successive ap-
proximation (SAR) ADC with 11 bits differential
nonlinearity and 5-microsecond conversion time was
achieved. This is encouraging, but this ADC does
require a considerable amount of silicon area, limit-
ing its usefulness in a design where 16 or 32 channels
of readout must be included on a single silicon sub-
strate. Accordingly, work on amultichannel Wilkinson
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ramp-down-type ADC, encompassing at least 16
channels converting in parallel, was begun. This
design will require longer conversion times than the
SAR design, but should afford greater economy in
silicon area usage and system cost.

Testing of an integrated readout chip, which
included everything from preamp to ADC, indicated
that all components functioned, but that clocking
noise from the analog memory units interfered exces-
sively with preamp behavior. Accordingly, a sepa-
rated-function design with preamp/amp/shaper on
one substrate, and all other functional blocks on
another, was begun.

A block diagram of the readout system for the
10,000 element lead-glass detector for CERN experi-
ment WA98 was prepared. This includes two 10-bit
ADC channels separated by a factor of 8 in gain. This
is well matched to the intrinsic resolution of the lead-
glass [6%/N(E)], as well as to the dynamic range
requirementof operation from 2 MeV (pedestal range)
upto40GeV, as dictated by the fixed-target nature of
WAG9S. The circuit also includes a TAC/ADC chan-
nel used to measure flight times from the target to the
lead glass with a precision better than 50 psec, over a
full range of 50 nsec in flight time. This time
measurement will be a new capability for the photon
detectors used in the WA80/93/98 experiments. It
will help in distinguishing minimum-ionizing par-
ticles, which only pass through the detector, from
~500-MeV photons, which yield a similar pulse-
height signal. It will also help with the general prob-
lem of separating hadrons from photons in the lead-
glass detector.

1. ORNL I&C Division.

ORNL ACTIVITIES IN SUPPORT OF THE
SSC GEM COLLABORATION

M. L. Bauer,! C. L. Britton,! S.M. Chae?
L.G. Clonts, H. O. Cohn, C.C. Eberle?
Y. Efremenko,® A. Gordeev,? J. L. Heck?

Yu. Kamyshkov,? A. Nikitin,> D. Onoprienko,’
F. Plasil, K. F. Read, M. J. Rennich? A. Savin,3
K. Shmakov? A. Smirnov,? E. Tarkovski,?
R.A.Todd! A. L. Wintenberg,' K. G. Young,!

During this reporting period, ORNL continued
to play a major role in the GEM calorimeter group.
Yuri Kamyshkov was in charge of coordinating the

overall GEM calorimetry effort. In the course of the
year, several difficult technology choices were made
by the collaboration. At the time of the submission of
the Letter of Intent in the fall of 1991, two technolo-
gies were under consideration for both the electro-
magnetic and the hadronic calorimeter sections.
Barium fluoride crystals and liquid argon were the
two competing technologies for the electromagnetic
calorimeter, and scintillating fibers and liquid argon
were considered for the hadron calorimeter.

It was recognized that the most important poten-
tial disadvantage of the barium fluoride crystals was
the possibility that their performance might suffer as
a result of radiation damage. An expert panel was
convened to study the problem and to provide guid-
ance for an intense R&D program, in which ORNL
participated. A schedule was established regarding
R&D progress and decision deadlines. Criteria on
which the decision was to be based were generated. A
similar procedure was followed for the liquid-argon
electromagnetic calorimeter option. In this case, the
most significant potential problem was in the area of
engineering.

In late spring of 1992, it was recognized that the
liquid-argon electromagnetic calorimeter would not
be able to provide the excellent resolution required by
GEM. Consequently, it was decided that liquid
krypton would be used in the electromagnetic section
should the cryogenic liquid option be chosen. At the
same time, so-called “hybrid” options were studied.
While the barium fluoride crystals are naturally
matched to the projective scintillating fiber hadronic
towers, it is also natural to consider a large cryostat,
in which both electromagnetic and hadronic sections
would be contained. With the selection of krypton for
the electromagnetic portion, however, the appeal of
an all-cryogenic liquid system diminished, since it
would have been too expensive to fill such a large
system with liquid krypton. Thus, consideration was
given to a “hybrid” system consisting of a liquid
krypton electromagnetic section backed by a scintil-
lating fiber hadronic section.

The Baseline 1 document of the GEM collabora-
tion, prepared in April 1992, featured primarily an
all-liquid-argon calorimeter and mentioned some of
the othercombinations described above. This baseline
GEM design was presented to the SSC Program
Advisory Committee in July 1992. The committee
expressed concern regarding the approach that GEM
was taking to calorimetry and suggested that GEM
may not be able toreach desired physics performance
under any of the proposed scenarios.
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In August 1992, the expert panel on barium
fluoride radiation damage concluded that the pro-
posed strategy (preradiation of the crystals) was not
likely to be successful. However, the panel also
pointed out that an alternative strategy (annealing in
situ) was very promising. This was followed up with
intensive R&D, which confirmed the panel’s conclu-
sion.

The electromagnetic calorimetry decision was
made in early September, 1992, and the liquid kryp-
ton option was selected. The ORNL group believes
that this choice was unfortunate, since it regards the
potential performance of a barium fluoride system to
be superior and more closely matched to GEM per-
formance objectives.

In early October,1992 the second major GEM
calorimetry decision was made. It was decided thata
“hybrid” system would be proposed. The ORNL
group welcomed this decision, since a large part of its
effort was devoted to scintillating fiber calorimetry
R&D and since it was assumed that the hybrid system
would consist of a liquid krypton electromagnetic
calorimeter backed by a scintillating fiber hadronic
calorimeter. Unfortunately, this assumption turned
out to be wrong. What GEM management had in
mind was to place a substantial portion of the had-
ronic section of the calorimeter inside the cryostat.
Thus, the scintillating fiber option was essentially
relegated to the role of a hadronic shower “tail-
catcher.”

During the year, the ORNL effort has concen-
trated on barium fluoride R&D (radiation damage
studies, performance simulations, engineering, pro-
totype design and production, beam test, etc.) and on
scintillating fiber R&D (engineering design, beam
tests, simulations, fiber radiation damage studies).
Consequently, the GEM technology choices have
come as a disappointment. As a result, ORNL has
declined the offer to play the lead engineering role in
GEM calorimetry. Instead, the ORNL group, to-
gether with ITEP colleagues working at ORNL, plans
to play a major role in the design and construction of
the scintillating fiber “tail-catcher,” and in the “for-
ward” calorimeter system, where a choice of technol-
ogy has not yet been made and where the radiation
damage problems are expected to be very severe.

In addition to ORNL s activity in GEM calorim-
etry described above, ORNL participates actively in
the design and implementation of electronics associ-
ated with the central tracker.

1. ORNL I1&C Division.

2. Martin Marietia Energy Systems Engineering
Division.

3. Consultant under subcontract from ITEP,
Moscow.

CALORIMETRY DEVELOPMENT FOR THE
GEM EXPERIMENT AT THE SSC

SM.Chae, H. O. Cohn, C.C. Eberle,!

Y. Efremenko? A. Gordeev? J. L. Heck,!
Yu. Kamyshkov? A. Nikitin,? D. Onoprienko,?
F. Plasil, M. J. Rennich,! A. Savin?

K. Shmakov? A. Smirnov? E. Tarkovski?
R.A.Todd? K.G. Young’

During 1992, ORNL has played an important
role in the design and optimization of electromag-
netic and hadron calorimetry for the GEM experi-
ment at the SSC. Emphasis was placed on two major
areas; engineering and Monte Carlo simulation stud-
ies. A group of physicists and engineers from the
Institute of Theoretical and Experimental Physics
(ITEP) of Moscow, Russia, which is currently on
assignmentat ORNL, played an essential role in these
studies. This group was supported by the SSC Labo-
ratory with FY1992 R&D funds, and it operated in
collaboration with ORNL Physics and 1&C Divi-
sions, and with the Martin Marietta Energy Systems
Engineering Division.

The following studies were performed at ORNL:

Comparative MC studies of different EM calo-
rimeter options for the detection of a neutral
Higgs decaying into two gammas. Higgs mass
reconstruction from H°—yy decay was studied for
BaF, and LAr/Krelectromagnetic calorimeters.* The
best energy resolution in the 80- to 150-GeV Higgs
mass region was shown to be achieved with a BaF,
calorimeter. In the end-cap calorimeter region, the
choice of technology does not significantly impact
the total energy resolution (Fig. 4.11).> The accuracy
of decay-vertex reconstruction for H®—yy in the
different calorimeter options was estimated. Recon-
struction at different collider luminosities was con-
sidered. Calorimeter performance for jet measure-
ments, for n° rejection,’ and for e-x discrimination
was studied.

Effects of cracks and of dead material on
calorimeter performance. The effects of cracks and
of dead material on the performance of different
electromagnetic calorimeter options was studied for
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Fig. 4.11. Higgs mass reconstruction obtained with PHYTHIS.6; M= 150 GeV and
with the assumption of perfect position resolution. The energy resolution was taken for LA,
7.5%NE+0.4%; LKr, 5.0%/NE+0.4%; and BaF,, 2.5%NE+0.5%.

H%—yy decay. It was shown that all options would
have similar detection efficiencies for H—yy (about
65%) without taking into account possible interac-
tions in the central tracker. Interactions in the tracker
will reduce the efficiency to about 50%. Separately,
the influence of dead material in front of and behind
the EM calorimeter was considered for electron and
gamma response. Response corrections resulting
from a “massless gap” were studied, and estimates of
the accuracy of missing E; measurements due to
losses in cryostat walls were performed.’
Simulation of BaF, calorimeter performance,
With the help of the light-transport Monte Carlo code
LTRANS.? requirements for crystal uniformity were
defined in order to optimize the energy resolution.%10
Studies of different coatings of BaF, crystals resulted
in the establishment of a method to equalize crystal
response in order to meet requirements for crystal
uniformity. It was shown that light annealing of

radiation effects in BaF, crystals could be performed
with a UV source and with quartz optical fibers.
Studies of calibration options for BaF, crystals via
isolated electrons, noninteracted hadrons, and an
RFQ system were performed with the help of Monte
Carlo simulations.

Beam tests with various calorimeter proto-
types. ORNL staff members participated in the
preparation of LAr/Kr calorimeter prototypes with
accordion and parallel-plate geometries for beam test
measurements at the AGS at BNL.!! Simulation of
beam test results for spaghetti-calorimeter modules
was performed with the help of the GEANT Monte
Carlo code.

Monte Carlo study of the performance of the
forward Cerenkov calorimeter. Cerenkov light-
collection efficiency in quartz fibers was calculated
by means of the LTRANS code for different crossing
angles, impact parameters, and particle velocities.
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The response of a Cu/quartz-fiber calorimeter to
electrons, pions, muons, and jets with energies of 10
and 100 GeV was simulated for different fiber/ab-
sorber ratios.

Engineering design studies. Designs of various
calorimeter options and of various calorimeter com-
ponents were performed. These include design of a
scintillating-fiber hadron calorimeter with a BaF,
crystal EM section, design of the details of a number
of hybrid calorimeter configurations with LKr EM
sections and scintillating-fiber hadronic sections, and
design of a scintillating-tile “massless” gap as the
forward part of the hadron calorimeter. Experimental
setups for the study of the variation of attenuation
length of fibers vsradiation dose and for the measure-
ments of uniformity of light yield of scintillating tiles
were designed and constructed.

1. Martin Marietta Energy Systems Engineering
Division.

2. Consultantunder subcontract fromITEP, Mos-
cow.
3. ORNL I&C Division.

4. Simulations for LKr EM Calorimeter, GEM
Calorimeter Group Meeting, BNL, GEM TN-92-
119.

5. Pointing and Light Higgs Mass Reconstruc-
tion with LKr/LAr EM Calorimeter, Higgs to
GammaGamma Task Force Meeting, SSCL, GEM
TN-92-139.

6. n° Rejection Using Shape Analysis with Pb/
LKrEM Calorimeter, EM Calorimeter Meeting, Stony
Brook, N.Y., GEM TN-92-183.

7. Missing Ep in Cryostat Walls, Task Force on
a Hybrid Calorimeter, GEM TN-92-213.

8. “Light Transport Code LTRANS,” A. Savin,
K.Shmakov, E.Shoumilov, E.Tarkovski, in prepara-
tion.

9. Simulations on BaF, Response Uniformity,
GEM Calorimeter Group Meeting, Tucson, GEM
TN-92-84.

10. Local Nonuniformity of the BaF, Crystals,
Calorimeter Group Meeting, SSCL, GEM TN-92-
143,

11. GEM Baseline Calorimeter: Noble Liquid
Integrated Calorimeter, The Liquid Argon Test, 3rd
International Conference on Calorimetry in High
Energy Physics, Corpus Christi,Texas, Sept. 1992.

ORNL ACTIVITIES IN SUPPORT OF THE
GEM CENTRAL TRACKER

C. Britton,! L. Clonts,! K. Read,
and A. Wintenberg!

ORNL is active in the central tracker group for
the proposed GEM detector at the SSC. Hardware
activities include collaboration between the 1&C and
Physics Divisions of ORNL in order to develop
radiation hard readout electronics for the Interpolat-
ing Pad Chambers (IPC) which surround the silicon
microstrip tracker.

The front-end IPC readout electronics consist of
apreamp followed by an analog memory unit (AMU),
followed by aflash ADC. ORNL ’s primary hardware
contribution will be development of the AMU design.
Further IPC readout hardware contributions are pos-
sible. The AMU is a switched capacitor array. Due
to its close proximity to the interaction point, it must
be fabricated using a process resistant to 1-Mrad
accumulated dose. The 16-channel AMU is 128 cells
deep. The channel pitch is 310 um, and the celllength
is 34 um. The AMU uses two 6-bit decoders to serve
as a 7-bit decoder. The dynamic range is 10 bits.

Efforts this year have concentrated on selecting
a foundry for the first radiation hard prototype fabri-
cation run. This year ORNL signed nondisclosure
agreements with Harris and UTMC for their radiation
hard processes. They obtained process models to
simulate the effects of radiation damage on the cir-
cuits. An AMU prototype design was developed this
summer using the Harris AVLSI-RA process. The
design should be submitted for fabrication by the end
of 1992. The prototype run will yield two alternate
designs of the AMU with different decoding schemes
on a single wafer. The first chip will be an 8-channel
prototype with 128 cells per channel. Four channels
will use a voltage-write, voltage-read topology. The
other four channels will employ a voltage-write,
charge-read topology. One 6-bitdecoder will control
the first 64 channels. The other 6-bit decoder will
control the remaining 64 channels. The second chip
will be logically identical to the first except that the
two decoders will control alternate channels.

During the spring of 1993, the prototype chips
will be tested for performance and radiation hardness
and will be characterized in order to refine the design.
A major goal is to ascertain whether or not the Harris
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AVLSI-RA process is satisfactory and whether ornot
the UTMC 1.2-pym UTE-R process is preferable to
the Harris process. Another goal is to assess the
relative merits of the voltage-write, voltage-read and
voltage-write, charge-read topologies.

Monte Carlo simulations of the tracker perfor-
mance have been performed. A powerful local Sili-
con Graphics workstation is used for this purpose.
Work is in progress to contribute to the development
of the central tracker off-line reconstruction code.

1. ORNL I&C Division.

NEUTRAL-STRANGE-PARTICLE
PRODUCTION IN 200-GeV/c p/r*/K*
INTERACTIONS ON Au, Ag, and Mg!

International Hybrid Spectrometer Consortium
Including H. O. Cohn
{For a complete list of authors, see Ref.1)

We have used the Fermilab 30-in. bubble-cham-
ber-hybrid spectrometer to study neutral-strange-par-
ticle production in the interactions of 200-GeV/c
protons and ©t* and K* mesons with nuclei of gold,
silver, and magnesium. Average multiplicities and
inclusive cross sections for K° and A are measured,
and a power law is found to give a good description
of their A dependence. The exponent characterizing
the A dependence is consistent with being the same
for K® and A production, and also the same for proton
and ©t* beams. Average K® and A multiplicities, as
well as their ratio, have been measured as functions
of the numbers of projectile collisions v_ and second-
ary collisions v, in the nucleus, and indicate that
rescattering contributes significantly to enhancement
of A production but not to K° production. The
properties of events with multiple K%’s or A’s also
corroborate this conclusion. KP° rapidities are in the
central region and decrease gently with increasing Vo
while A rapidities are in the target-fragmentation
region and are independent of v_. K° and A multi-
plicities increase with the rapidity loss of the projec-
tile, but their rapidities do not.

1. Abstractof published paper: Phys. Rev.D 45,
734 (1992).

MEASUREMENT OF THE LIFETIME OF
B-HADRONS AND A DETERMINATION
OF |V,,| (Ref.1)

L3 Collaboration
Including H. O. Cohn, Yu. Kamyshkov,? F. Plasil,
and K. F. Read
(For a complete list of authors, see Ref.1)

From afit to the impact parameter distribution of
lepton tracks from semileptonic b decay, the lifetime
of B hadrons produced in e*e collisions at the Z° is
measured to be 1.32 + 0.08 (stat.) + 0.09 (syst.) ps.
Combined withan earlier measurement of the branch-
ing ratio Br(B—#vX), the CKM matrix element IV _|

is determined to be 0.046 + 0.002 (exp.) '3 %

(theory).

1. Abstract of published paper: Phys. Lett. B
270, 111 (1991).

2. Consultant under subcontract from ITEP,
Moscow.

SEARCH FOR LEPTON FLAVOR
VIOLATION IN Z° DECAYS!

L3 Collaboration
Including H. O. Cohn, Yu. Kamyshkov? F. Plasil,
and K. F. Read
(For a complete list of authors, see Ref.1)

We have searched for lepton flavor violation in
Z° boson decays into lepton pairs, Z°—ut, Z°—er,
and Z°—ep. The data sample is based on an inte-
grated luminosity of 104 pb'! corresponding to
370,000Z° s produced. We obtain upper limitson the
branching ratios of 4.8x 10 for the pt, 3.4x 107 for
the et, and 2.4x 1075 for the ep decay modes at the
95% confidence level.

1. Abstract of published paper: Phys. Lett. B
271,453 (1991).

2. Consultant under subcontract from ITEP,
Moscow.
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MEASUREMENT OF THE STRONG
COUPLING CONSTANT o
FOR BOTTOM QUARKS AT THE Z°
RESONANCE!

L3 Collaboration
Including H. O. Cohn, Yu. Kamyshkov? F. Plasil,
and K. F. Read
(For a complete list of authors, see Ref.1)

We have measured the ratio of the strong cou-
pling constants o, for bottom quarks and light quarks
atthe Z° resonance in order to test the flavor indepen-
dence of the strong interaction. Thecoupling strength
a, has been determined from the fraction of events
with three jets, measured for a sample of all hadronic
events, and for inclusive muon and electron events.
The b purity is evaluated to be 22% for the first data
set and 87% for the inclusive lepton sample. We find
o (b)/o, (udsc)= 1.00 £ 0.05 (stat.) + 0.06 (syst.).

1. Abstract of published paper: Phys. Lett. B
271, 461 (1991).

2. Consultant under subcontract from ITEP,
Moscow.

A DIRECT DETERMINATION OF THE
NUMBER OF LIGHT NEUTRINO FAMILIES
FROM e*e —vvy AT LEP!

L3 Collaboration
Including H. O. Cohn, Yu. Kamyshkov?2 F. Plasil,
and K. F. Read
(For a complete list of authors, see Ref.1)

The L3 detector at LEP has been used to deter-
mine the number of light neutrino families by mea-
suring the cross section of single photoneventsine*e
collisions at energies near the Z%resonance. We have
observed 61 single photon candidates with more than
1.5 GeV of deposited energy in the barrel electromag-
netic calorimeter, for a total integrated luminosity of
3.0 pb’l. From a likelihood fit to the single photon
cross sections, we determine N, = 3.2 £ 0.46 (statis-
tical) £ 0.22 (systematic).

1. Abstract of published paper: Phys. Lett. B
275, 209 (1992).

2. Consultant under subcontract from ITEP,
Moscow.

ELECTROWEAK PARAMETERS OF THE Z°
RESONANCE AND THE STANDARD
MODEL!

LEP Collaborations: ALEPH, DELPHI, L3,
and OPAL
Including H. O. Cohn, Yu. Kamyshkov? F. Plasil,
and K. F. Read
(For a complete list of authors, see Ref.1)

The four LEP experiments have each performed
precision measurements of Z° parameters. A method
is described for combining the results of the four
experiments, which takes into account the experi-
mental and theoretical systematic errors and their
correlations. We apply this method to the 1989 and
1990 LEP data, corresponding to approximately
650,000 Z° decays into hadrons and charged leptons,
to obtain precision values for the Z° parameters. We
use these results to test the standard model and to
constrain its parameters.

1. Abstract of published paper: Phys. Lett. B
276, 247 (1992).

2. Consultant under subcontract from ITEP,
Moscow.

SEARCH FOR THE NEUTRAL HIGGS
BOSON AT LEP!

L3 Collaboration
Including H. O. Cohn, Yu. Kamyshkov2 F. Plasil,
andK. F. Read
(For a complete list of authors, see Ref.1)

A search for the standard neutral Higgs boson is
described. Data collected during 1990 and 1991,
corresponding to 408,000 hadronic decays of the Z°,
were used. At the 95% confidence level we exclude
the existence of the minimal standard model Higgs
boson in the mass range 0< M;;,< 52GeV.

1. Abstract of published paper: Phys. Lett. B
283, 454 (1992).

2. Consultant under subcontract from ITEP,
Moscow.
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STUDIES OF HADRONIC EVENT
STRUCTURE AND COMPARISONS
WITH QCD MODELS AT THE Z°
RESONANCE!

L3 Collaboration
Including H. O. Cohn, Yu. Kamyshkov? F. Plasil,
and K. F. Read
(For a complete list of authors, see Ref.1)

The structure of hadronic events from Z° decay
is studied by measuring event shape variables, facto-
rial moments, and the energy flow distribution. The
distributions, after correction for detector effects and
initial and final state radiation, are compared with the
predictions of different QCD Monte Carlo programs
with optimized parameter values. These Monte Carlo
programs use either the second-order matrix element
or the parton shower evolution for the perturbative
QCD calculations and use the string, the cluster, or
the independent fragmentation model for

hadronization. Both parton shower and O(c.,?) ma-
trix element based models with string fragmentation
describe the data well. The predictions of the model
based on parton shower and cluster fragmentation are
alsoin good agreement with the data. The model with
independent fragmentation gives a poor description
of the energy flow distribution. The predicted energy
evolutions for the mean values of thrust, sphericity,
aplanarity,and charge multiplicity are compared with
the data measured at different center-of-mass ener-
gies. The parton shower based models with string or
cluster fragmentation are found to describe the en-
ergy dependences well while the model based on the
O(c,?) calculation fails to reproduce the energy de-
pendences of these mean values.

1. Abstractof published paper: Z. Phys. C 55,39
(1992).

2. Consultant under subcontract from ITEP,
Moscow.
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ELECTRON-POSITRON PAIR
PRODUCTION IN COULOMB
COLLISIONS OF ULTRARELATIVISTIC
SULFUR IONS WITH FIXED TARGETS

C.R.Vane, S. Datz, P. F. Dittner, H. F. Krause,
C. Bottcher, M. R. Strayer,
R. Schuch,! H. Gao,! and R. Hutton?

Atultrarelativistic energies, peripheral collisions
between heavy, highly charged atoms produce ex-
tremely intense, rapidly varying electromagnetic fields
which are expected to give rise to copious lepton-pair
formation. These collisions are fundamentally dif-
ferent from those involving singly charged projec-
tiles because the coupling constant Z-o can be large
(= 0.5) in heavy systems. Lepton pair production in
these systems is especially interesting because the
collision strength can be varied continuously, from
regions of low charge and energy where past applica-
tions of low-order perturbative methods are suitable,
tohigherenergy and charge regimes where first-order
perturbative calculations are known to occasionally
give unphysical results.

We report here new measurements using an
improved efficiency apparatus and comparisons with
theory for angular and momentum distributions of 1—
17 MeV/c positrons from electron-positron pairs gen-
erated by 6.4 TeV sulfur ions in peripheral collisions
with fixed targets of Al, Pd, and Au. Fully stripped
6.4 TeV sulfur ions from the CERN Super Proton
Synchrotron (SPS) accelerator were passed through
thin foil targets in a high-vacuum chamber centered
in the 14-cm gap of a 1-meter-long, CERN standard
dipole bending magnet located upstream of the large
nuclear physics collaboration experiment WA93,
Electrons and positrons generated by ions in the
targets were separated in the nearly uniform vertical
magnetic field and transported 180" along circular
arcs to one of two identical arrays of discrete detec-
tors mounted on either side of the ion beam in the
plane containing the chosen target.

Electron and positron counts were stored as
functions of detector position for two settings of

magnetic field (0.18 and 0.45 T) corresponding to
detected momenta of 1.0-6.7 MeV/c and 2.5-17
MeV/c, respectively. Data were collected for targets
of: 75 pg/cm? polypropylene (CHy),; 180 pig/cm? Al;
4.9 mg/cm?Pd; and 0.6, 1.5,and 4.7 mg/cm? Au. The
very thin targets (<107 radiation length) were used to
minimize backgrounds from direct knock-on (KO)
electrons and to avoid significant multiple Coulomb
scattering of low energy electrons and positrons.
Less than one sulfur ion in ten thousand underwent
nuclear charge-changing collisions in these targets.
Signals from the WA93 Zero Degree Calorimeter
(ZDC) were used in our experiment to identify, count,
and provide coincidence timing for full energy pro-
jectile sulfur ions. Sulfur ions from the SPS were
delivered in roughly uniform spills of 5.1-sec length
with 10° to 10 ions per spill. For the 1.5 mg/cm? Au
target, typical counting rates for 1-6.7 MeV/c positrons
and electrons (primarily KQ’s) detected in coinci-
dence with projectile ions were (1-10)/sec and (100—
1000)/sec, respectively. Positron and electron yields/
ion were found to vary linearly with Au target thick-
ness from 0.6 to 4.7 mg/cm?, indicating that back-
grounds from higher-order scattering processes like
pair conversion of projectile-target yrays in the same
target are not significant.

Results of measurements of single positrons de-
tected in coincidence with full-energy sulfur ions are
reported here. Analysis of electron data collected in
coincidence with positrons and ions may be compli-
cated by possible interference of simultaneously
ejected KO electrons and will be treated at a future
date.

The variation of intensity with vertical displace-
ment is related to the angular distribution of ejected
positrons or electrons. The measured distribution
represents a projection of the source angular differen-
tial cross section on a limited vertical aperture deter-
mined by the height of the detector array. Electrons
and positrons from pairs exhibit distributions that
peak sharply in the forward direction. Instead of
attempting to deconvolute measured distributions,
we have mapped selected angular differential cross
sections through the magnetic analyzing field to the
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detector plane and compared the resulting calculated
distributions with the data. Using a computer simu-
lation which incorporates effects of multiple Cou-
lomb scattering, and assuming a simple exponential
form for the angular cross section (do/dQ ~
exp(-8/w), where 0 is the polar angle), we have
determined 1/e angular widths (w) which mostclosely
reproduce the data, as a function of horizontal posi-
tion (i.e., positron momentum). Results of these
simulation fits are displayed in Fig. 5.1 for positrons
from a 1.5 mg/cm? Au target. Figure 5.1 also shows
results for similar angular widths calulated in an exact
Monte Carlo evaluation of the two-photon terms in
lowest-order QED calculations? for structureless nu-
clei. Widths from simulation fits to the data differ
from the theoretical results by only ~1-2°, well within
the experimental median angular resolution of 3°.

Since the angular distribution for positron emis-
sion is peaked so narrowly in the forward direction,
the horizontal intensity distribution on the detector
array directly represents the momentum distribution.
We have summed counts in nine sets of detectors
grouped according to horizontal position and plot the
resulting momentum distributions in Fig. 5.2, at the
two field settings. The solid line histograms show
measured cross sections corrected for the fractions of
positrons lying outside the vertical acceptance of
each detector group. These corrections were made
assuming theoretical angular distributions as pre-
sented in Fig. 5.1. Theoretical do/dp cross sections
are displayed in Fig. 5.2 as smooth curves. Results of
First Bom approximation calculations* which em-
ploy Sommerfeld-Maue wavefunctions for the free
electron and positron are displayed by the dashed
line. To construct this curve, cross sections for 200
GeV p + U have been interpolated and scaled accord-
ing to Zp? and Z1? where Zp and Zr are the projectile
and target nuclear charges. Finally, comparing
positron yields per sulfur ion for Al, Pd, and Au, we
find that the measured cross sections vary as Z;? as
predicted by all lowest order calculations.

1. Manne Siegbahn Institute of Physics,
Stockholm, Sweden.

2. University of Lund, Lund, Sweden.

3. C.Bottcher and M. R, Strayer, Phys. Rev. D
39, 1330 (1989); M. J. Rhoades-Brown and
J. Weneser, Phys. Rev. A 44, 330 .(1991).

4. P. B. Eby, Phys. Rev. A 43, 2258 (1991); 39,
2374 (1989).
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Fig.5.1. Angular 1/e widths for do/dQ plotted as
afunction of positron momentum for 6.4 TeV S + Au.
Data points (0) are results of simulation fits to mea-
sured vertical intensity distributions as described in
the text. Error bars indicate observed fitting uncer-
tainty dominated by experimental angular resolution
set by detector size. Theoretical results (—) of
Ref. 3.
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Fig. 5.2. Measured positron differential cross
sections compared with theoretical results. Overlap-
ping solid line histograms are measured cross sec-
tions for field settings of 0.18 and 0.45 Tesla, cor-
rected for incomplete detection of the full angular
emission distributions as described in the text. Rela-
tive uncertainty in cross sections is < +10%. Smooth
curves represent results of Ref. 3 (—) and interpola-
tions of scaled First Born calculation results (- - -)
given in Ref. 4,
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KNOCK-ON ELECTRONS
PRODUCED IN COLLISIONS OF
6.4-TeV SULFUR IONS WITH
FIXED TARGETS

C.R.Vane, S. Datz, P. F. Dittner, H. F. Krause,
R. Schuch,! H. Gao,! and R. Huttor?

Secondary electron emission in collisions of ions
with atoms and solids has been atopic of considerable
theoretical and experimental interest for many years.
Significant progress has been made in understanding
the energy and angular distributions observed for
these ejected electrons for a wide variety of projec-
tile-target systems. These include partially stripped
ions up to several MeV/u and heavy, many-electron
targets, which have shown surprisingly complex spec-
tra depending on the precise charge state and energy
of the projectile ions. However, except forcosmicray
studies, almost no measurements or detailed calcula-
tions exist at extreme relativistic collision energies.

Inrecent experiments? studying the formation of
electron-positron pairs in peripheral Coulomb colli-
sions of ultrarelativistic heavy-ion projectiles with
target atoms, we have simultaneously collected data
on high-energy ( > 0.6 MeV) electrons ejected in
binary ion-electron collisions. At relativistic ener-

_gies, these direct collision secondary electrons are
usually referred to as delta rays (especially when
identified from tracks in emulsions) or as knock-on
(KO)electrons. Cross sections for KO production are
generally relatively large with observed KO yields
depending strongly on the ranges of detected electron
energies and emission angles.

Knock-on data were collected using the same
apparatus described previously? for targets of: 75 ug/
cm? - polypropylene (CH),; 180 mg/cm?2 - Al; and
0.6, 1.5, and 4.7 mg/cm? - Au. The very thin targets
were used to maintain acceptable countingrates from
KO electrons and to reduce multiple Coulomb scat-
tering. Signals from the WA93 Zero Degree Calo-
rimeter were employed for normalization and for
coincidence measurements with KO electrons de-
tected in our magnetic spectrometer. Electron counts
detected in coincidence with unscattered, full-energy
ions were stored as functions of detector position for
two settings of magnetic field (0.18 and 045 T)
corresponding to detected electron momenta of 1.0 -
6.7 MeV/c and 2.5 - 17 MeV/c, respectively.

Instead of attempting to deconvolute measured
counting distributions, we have mapped selected Born
approximation cross sections for KO production,

doubly differential in energy and angle, through the
magnetic analyzing field to the detector plane and
compared the resulting calculated counting distribu-
tions with the data. These calculations were carried
out using a Monte Carlo simulation routine which
incorporates effects of multiple Coulomb scattering
from uniformly distributed launch sites along the
ion’s path in the solid targets.

Because high-energy KO electrons tend to be
emitted in the forward direction, there is little energy/
angular mixing in trajectories through the magnetic
analyzing field, and the horizontal counting distribu-
tion on the detector array (with minor loss of resolu-
tion) directly reflects the momentum distribution.
We have summed counts in nine sets of detectors
grouped according to horizontal position and plot in
Fig. 5.3, overlapping histograms of the resulting
momentum distributions at the two field settings for
KO electrons from a 1.5 mg/cm? Au target. Dashed
line histograms in Fig. 5.3 display results of the
computer simulation calculations described above.
We note general good absolute agreement between
measurements and calculations, well within an esti-
mated experimental error of +25%. Measured distri-
butions from all other targets (including CH, and Al)
are similar, except for increased low-energy KO
contributions for the thickest Au target where mul-
tiple Coulomb scattering becomes important. This
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Fig. 5.3. Momentum distributions for KO elec-
trons from a 1.5 mg/cm? Au target. Overlapping
solid-line histograms display measured absolute yields
for 0.18 T and 0.45 T magnetic analyzing fields.
Dashed-line histograms show corresponding simula-
tion results.
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implies that target binding, averaged over all elec-
trons, has little effect on the final high-energy KO
momentum distributions investigated here.

The measured KO vertical displacement distri-
bution for 1.0 — 2.5-MeV electrons from 1.5 mg/cm?
Au target is shown in Fig. 5.4a along with simulation
results. The observed nearly uniform distributions
arise from a relatively narrow angular cut imposed by
the vertical height accepted by the detector array,
when compared to an initial launch mean polar angle
of approximately 37° corresponding to 1.5-MeV elec-
trons. Figure 5.4b shows similar results for higher
energy (10 — 12 MeV) electrons. Here, the classical
kinematical launch angle would be ~ 17°. Again, we
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Fig. 5.4. Vertical KO electron distributions at
the detector plane generated by selecting detectors
with positions corresponding to specific electron
energies. Solid-line histogram shows measured dis-
tribution of counts. Dashed-line histograms show
simulation results. Angle v is the projected vertical
launch angle, measured in the detector plane. (a) 1.0
- 2.5-MeV electrons. (b) 10 — 12-MeV clectrons.
(c) 0.6 — 1.0-MeV electrons.

note that there is generally good agreement between
experiment and calculations.

At the lowest energy range detected, 0.6 — 1.0
MeV, the measured vertical distribution is signifi-
cantly more “forward peaked” than predicted by our
simple calculations. A comparison of simulation
results and measurements is shown in Fig. 5.4c. We
suspect that this effect is due in part to secondary
scattering of higher energy electrons, launched at
larger polar angles, into the forward direction, with
production of even lower energy electrons spread
over all angles. Secondary scattering effects, except
for multiple Coulomb scattering, are not included in
the simulations. At 0.6-MeV target binding effects
may also become significant, although we observe
little variation in electron distributions for light ver-
sus heavy targets. It is interesting to note that the
observed angular distributions of secondary elec-
trons measured in experiments* at much lower ener-
gies also show some of the tendencies seen here. For
bare projectiles, electron energy spectra, integrated
over emission angles, tend to agree with Born and
binary encounter calculations, even at relatively low
collision energies. Angulardistributions, on the other
hand, are usually not well predicted. There tend tobe
more electrons observed in the forward and backward
directions than calculated.*

1. Manne Siegbahn Institute of Physics,
Stockholm, Sweden

2. University of Lund, Lund, Sweden

3. See previous article, this report.

4. J. E. Tumer and C. E. Klots, Proceedings,
Third Int’l Symposium on Microdosimetry, Stresa,
Italy, 1971, pub. by Comm. European Communities
Luxembourg, 1972; P. B. Eby and S. H. Morgan, Jr.,
Phys. Rev. A 8§, 2536 (1972).

SADDLE-POINT SHIFTS IN
IONIZING COLLISIONS

V.D.Irby,! S. Datz, P. F. Dittner, N. L. Jones,
H. F.Krause,and C. R. Vane

Experimental studies of electrons ejected in ion-
izing collisions of C*, C?*, and C?* projectiles and He
and Ne targets have been made for incident projectile
energies of 83, 100, and 150 keV/u. The data exhibit
pronounced maxima in the 10° ejected-electron en-
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ergy spectraand projectile-charge dependent shifts of
these maxima which strongly supports the hypothesis
of a “saddle-point” ionization mechanism.>3

Experiments were carried out at the ORNL EN
Tandem accelerator facility. Ejected-electronenergy
spectra were obtained utilizing a new high-resolution
spectrometer that was designed by J. P. Giese* and
assembled by U. Bechthold.? Itis twice the size of the
Swenson spectrometer® and incorporates piezoelec-
tric inchworm motors to translate and rotate the
microchannel plate detector. The differentially
pumped target consists of an inner and outer gas cell
with slots cut every 10° in both cells to allow passage
of the ejected electrons. In addition, both the inner
and outer cells are electrically isolated, allowing for
acceleration/deceleration of electrons produced in
the target region.

Figure 5.5 illustrates the results obtained for 150
keV/u C9* ions incident on He at an ejection angle of
10°. The upper, middle, and lower curves are for C*,
C?*, and C?*, respectively. As can be seen, the data
exhibit projectile-charge dependent shifts of the
maximain the ejected-electronenergy spectra. These
shifts correspond to the decrease in the “saddle-
point” velocity, Ve,

Vep = Vp/(1 + Qp/Q)
(where v, is the projectile velocity, Q, is the projectile

charge, and Q, is the charge on the ionized target) as
the projectile charge increases. The saddle-point is,
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Fig. 5.5. Ejected-electron energy spectra for
150-keV/u C9* ions incident on He taken at 10°.
Individual spectra were background subtracted and
normalized to the incident ion flux.

by definition, the position at which the Coulomb
force exerted on the electron by the target ion is equal
and opposite to that exerted by the projectile ion.

1. JIHIR, Oak Ridge, TN.

2. R. E. Olson, T. J. Gay, H. G. Berry, E. B.
Hale, and V. D, Irby, Phys. Rev. Lett. 59, 36 (1987).

3. V. D. Irby, Phys. Rev. A 39, 54 (1989).

4. J. P. Giese, private communication (1992).

5 U. Bechthold, Diploma Thesis, University of
Frankfurt (1992).

6. J. K. Swenson, Nucl. Instr. Meth Phys. Res.
B10/11, 899 (1985).

OBSERVATION OF INTERFERENCE IN
RESONANT COHERENT EXCITATION

H.F.Krause, S. Datz, P. F. Dittner,
N.L.Jones, CR. Vane

‘When an ion moves parallel to the atomic strings
inside a crystalline solid, the ion experiences a static
electric field variation as it passes each substrate
atom. The spatial variation appears as a periodic
time-varying electric field in the projectile frame.
The fundamental perturbation frequency, v experi-
enced by the ion, is v/D where v is the ion speed and
D is the distance between lattice atoms. In reality, the
spatial electric field is not a pure sinusoid, therefore
in general, the ion is also perturbed at integral mul-
tiples of the fundamental frequency, K(v/D), where
K =1, 2, ... N. When any perturbation frequency
matches an excitation frequency of the projectileion,
forexample the N =1 to N = 2 transition frequency of
a one-electron ion, a fraction of the incident ground-
state ions becomes excited. This phenomenon, called
resonant coherent excitation (RCE), hasbeen demon-
strated and extensively studied for swift, low-Z
(4 < Z < 10) one- and two-clectron ions moving in
face-centered-cubic (FCC) lattices such as Ag and
Au.l The interesting consequences that can occur in
RCE for non-FCC crystals have not been studied,
heretofore.

The <111> axis in a diamond lattice such as
silicon or germanium illustrates the importance of
phase in the RCE process. The <111> axial channel
in either an FCC or a diamond lattice is bounded by
an equilateral array of three atomic strings. In each
string, the distance D between atoms is /3 A, where
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A is the unit cell dimension (A = 5.431 A inssilicon).
A <111> string in the FCC structure only has atoms
indicated by “1” (solid dots) in Fig. 5.6. A <111>
string in the diamond structure has additional atoms
indicated by “2” (open circles) that are displaced
from atoms 1 by the distance D/4. RCE can occur in
a given harmonic when the impact-parameter-depen-
dent Fourier coefficient of the longitudinal or trans-
verse electric field, f; =  E(r)e'® " dr, is non-zero. By
comparing the location of either atoms 1 or atoms 2
with the sinusoidal integrand of the Fourier amplitude
in the K=4 and 6 harmonics shown in Fig 5.6, we see
that the integral is non-zero for either harmonic, if
E(r) is non-zero. The Fourier amplitude for either
atoms 1 or 2 alone, f; or {5, of course increases for
closer encounters with the string. In Fig. 5.6, we can
also sec that the Fourier amplitudes for atoms 1 and 2
add in the K =4 harmonic (constructive interference,
f, + f5), but cancel in the K = 6 harmonic (destructive
interference, fi-f;). Since the interference occurs
within each <111> string surrounding the axial chan-
nel and for every impact parameter, it must also occur
for all axial channeling impact parameters (i.¢., in the
superposition of the three surrounding strings that
have different translational phase factors). More
generally for a diamond crystal in the <111> direc-
tion, constructive and destructive interference should
occur for the harmonic sequences K =4, 8,12, ...and
K=2,6, 10, ..., respectively. Incomplete destructive
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Fig. 5.6. Two repetitions of an atomic string
along the <111> axial direction of a diamond lattice
that consists of atomic substrings 1 and 2. The
sinusoidal integrands of the Fourier amplitude of
electric field are shown for the K =4 and 6 construc-
tive and destructive harmonics.

interference could occur if (1) the channeled projec-
tile were deflected significantly within the distance
D, (2) the crystal had correlated defects, or (3) the
thermal vibration amplitudes for atoms in the string
were significant.

In the experiment, ion beams of C and N were
accelerated by the Oak Ridge EN Tandem Accelera-
tor. Hydrogen-like ions formed by post-stripping
were narrowly collimated before entering a thin Si
crystal (3000 A in the <111> direction). Ions emerg-
ing from the crystal were charge state analyzed using
a parallel-plate electrostatic deflector. Separated
charge states were detected using a one-dimensional
solid-state position-sensitive detector. Evidence of
hydrogen-like N = 1 to 2 excitation in RCE was
detected by studying the velocity dependence of the
emergent charge state fraction, since excited ions
ionize rapidly inside the crystal.! The emergent
charge fraction for N®* between 12 — 42 MeV is
shown in Fig. 5.7. Referring to Fig. 5.7, we see
resonance dips for K = 5 and 7 harmonic excitation
with monotonically decreasing strength. The mea-
sured strengths below 20 MeV donot accurately track
calculated Fourier coefficients for RCE because
single-electron capture cross sections for N®* rapidly
increase at the lowest velocities. The predicted con-
structive K = 8 dip is surprisingly strong, given the
high harmonic and the lack of charge state frozeness
around 14 MeV. Also as predicted, we donotobserve
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Fig. 5.7. The N® emergent charge state fraction
for one-electron ions channeled along the Si <111>
axis. The location of RCE resonances for the K = 5,
6, 7, and 8 harmonics are indicated. The K = 6
resonance that would normally be about half the size
of the large K = 5 resonance is missing because of
destructive interference in the N = 1 to 2 electric
dipole transition amplitude.
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a sharp resonance dip in the K = 6 harmonic at 26.2
MeV, where charge state frozeness is not a problem.

In this experiment, we have demonstrated that
RCE selection rules occur in the case of a diamond
lattice. The selection or propensity rules are the
consequence of complete destructive or constructive
interference in the quantum mechanical transition
amplitude forexcitation. This demonstration of atomic
interferometry proves the fundamental importance of
phase coherence in RCE at a transition frequency of
order 107 Hz.

1. C.D. Moak et. al., Phys. Rev. A 19, 977
(1979).

SCATTERING OF AXIALLY CHANNELED
IONS IN A VERY THIN SILICON CRYSTAL

H.F.Krause,J.R. Barrett,! J. Gomez del Campo,
S.Datz, P. F. Dittner, N. L. Jones, and C. R. Vane

Atomic collision processes such as excitation,
ionization and electron capture are often studied at
high energy using ion channeling techniquesand very
thin crystalline targets. For such crystals, the angular
distribution of emergent ions indicates the unique
trajectory inside the crystal. Anunderstanding of the
trajectories can simplify the interpretation of atomic
physics experiments and/or suggest directions for
more sophisticated coincidence studies performed
with angular correlation. No complete study of axial
channeling angular distributions at high energy has
been reported heretofore.

We measured high-resolution FWHM = 4 mil-
lidegrees) two-dimensional angular distributions for
0.5-2.5-MeV/uC%" ions (q=4 —6) axially channeled
in a thin silicon crystal (1730 A). The angular
distribution measured for 20-MeV C¢ channeled in
the <100> direction is shown in Fig. 5.8. The crystal
was oriented so that the four atomic stringsassociated
with the <100> axis are congruent with the corners of
Fig. 5.8. We sce that the complicated angular distri-

bution is correlated with the string locations. Islands,
due to a rainbow effect, are also observed. More
complicated structure is revealed in one-dimensional
projected cuts? that pass through 0°. A complete
analysis of our <100> data indicates that the angular
distributions depend strongly on the crystal thick-
ness, the ion velocity, and the entrance charge state.
To clarify the interpretation, we have also measured
the exit charge state distributions for entering C3*
ions (q =4 - 6), at each energy.

Extensive Monte Carlo modeling using the chan-
neling code, LAROSE, has been performed. All
observed angular distributions are closely duplicated
in the calculations by assuming only a Moliere scat-
tering potential. Small discrepancies in the experi-
mental and calculated angular distributions, barely
noticeable in a plot as coarse as Fig. 5.8, are probably
due to small inaccuracies of this potential.

Using LAROSE, now experimentally verified,
we have been able to establish that transverse axial
oscillations are the root cause of all angular effects
observed. The transverse oscillation frequency, 7.4 x
10'3 Hz for protons in Si <100>, accurately scales
with the ¢/M of the projectile, where q is the ionic
charge state and M is the projectile mass. Using this
information, we have discovered that normalized
angular distributions calculated for H* in Si <100>,
each specified by a wavelength parameter A, can be
used to predict the angular distributions for C3*, even
in the case of very different experimental conditions.
The normalization parameter A, is given by

k = tﬂf(q9M)/V (1)

where t is the <100> crystal thickness [cm], f(q.M) is
the transverse oscillation frequency [Hz] scaled from
H* ions, and v is the projectile velocity [cm/s]. Given
the complexity of axial channeling angular distribu-
tions, it is remarkable that this scaling formula is so
simple. We plan to exploit this simplicity in the
design of future atomic physics experiments.

1. Retired, ORNL Solid State Division.
2. H. F. Krause, to be published.
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Fig. 5.8. The measured two-dimensional angular distribution for 20-MeV C¢* ions
axially channeled in the <100> direction of a 1730-A-thick silicon crystal. Cuts through
the intensity distribution at a percentage of the maximum count are plotted as contours at
the following levels: 2.5, 5, 10, 20, and 50%. Atomic strings that define the axial channel
lie along <100> directions, rotated 45° from the <110> directions.

DISSOCIATIVE RECOMBINATION OF
VIBRATIONALLY COLD H;*
IN AN ION STORAGE RING

S. Datz, M. Larsson,! H. Danared? J. R. Mowat,}
P. Sigray?, G. Sundstrém,! L. Biestrém?
A. Filevich? A. Killberg? S. Mannervik,?
and K. G. Rensfel??

We have utilized the Heavy Ion Storage Ring at
the Manne Siegbahn Institute of Physics in Stockholm,
Sweden, to study the dissociative recombination (DR)
of Hy*,i.e., H3*+e > H, + HorH+ H+ H. Aside
from fundamental interest in this reaction, the rate is
of great interest for astrophysics. The molecular ion
has been identified in the Jovian atmosphere and in
interstellar clouds. Through its ability to protonate
carbon, oxygen, and other heavy atoms, the Hz*
molecule is thought to be the precursor of nearly a

hundred interstellar molecules. For it to survive loss
by dissociative recombination requires a small cross
section and, in fact, calculations verify this assump-
tion. However, numerous experiments, utilizing tech-
niques ranging from flowing afterglows to merged
electron-ion beams, indicated cross sections which
were orders of magnitude higher than anticipated.
Experimental results varied over three orders of mag-
nitude, and sober assessment of results indicated
uncertainties of a factor of 500.

The problem is the degree of internal excitation
of the H;* present as it leaves the ion source. Vibra-
tional excitation of the H3* could open a DR channel
by curve crossing which would lead to an enormous
rate at approximately zero kinetic energy. In inter-
stellar space, the time between collisions is long
compared to radiative lifetimes necessary to relax the
H;* to the v = 0 state. The longest-lived vibrational
state has aradiative lifetime of ~1 sec. We utilize the
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storage ring to circulate the Hs* long enough toreach
v = 0, and then use the merged electron beam in the
cooler to study the recombination rate.

The Hj* was injected into the ring at 300 keV/
amu via an RFQ. The beam (107 — 10® ions) was
accelerated to a full energy of 12 MeV/amu. Flat-top
was reached in 2 seconds. The beam half-life for
destruction by residual gas collision was ~2 sec, but
this was no problem. In fact, it was necessary to wait
for eight seconds before making a measurement be-
cause of pileup in the detector. During this time, the
beam was “cooled” by the electron beam set at zero
relative energy (cooling time was ~1-2 sec). The
electron beam energy was then switched to desired
relative collision energy for 0.5 sec, back to zero for
1 sec. The cycle was repeated three times for each
beam dump. The ring was filled four times a minute.
The reason for the cycling was to avoid “drag” of the
beam energy by the electron beam.

The signal was detected by a solid state surface
barrier detector placed beyond the first dipole directly
in line with the electron cooler leg so that only neutral
fragments would strike it. Collisions of the H3* with
residual gas molecules (p = 5 x 10°!! Torr) yield
neutral fragments:

H3+—)H+H2*
—> H,+ H*

which give pulse heights of one-third and two-thirds
of the full energy, respectively. DR results in all
neutral fragments which simultaneously strike the
detector and give a pulse height equal to the full
energy.

The results are shown in Fig. 5.9. The low-
energy region from 0.002 to 0.2 €V is in reasonable
agreement (a factor of two) with the latest results of
Mitchell et al.,” who used a single-pass merged beam
with an ion trap source to store the Hy* for ~10 ms
before injection. A new feature which had not been
previously observed, is the bump centered at 9 eV.
This can be shown to be due to vertical transitions
from the n =0 state of H3* onto a repulsive portion of
the Hs potential. The presence of Hs* in states n > 0
is precluded by the shape and position of this feature.
The cross section in the low energy region, although
lower than many previous reports, remains high com-
pared to expectations based on astrophysical obser-
vation.

1. Royal Institute of Technology, Stockholm,
Sweden.
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Fig. 5.9. Cross section for dissociative recom-
bination of Hs* versus relative energy: open squares
- electron beam faster than the ion beam; closed
squares - electron beam slower than the ion beam.

2. Manne Siegbahn Institute of Physics,
Stockholm, Sweden.

3. North Carolina State University, Raleigh,
North Carolina.

4. CNPA, TANDAR, 1429 Buenos Aires, Ar-
gentina.

5. J. B. A. Mitchell, Phys. Rep. 186,215 (1990).

POSSIBLE TWO-ELECTRON
EXCITATION IN C3* FOLLOWING 1 MeV/u
COLLISIONS WITH ATOMIC TARGETS:

Z=2,10, 18, AND 36

D. F. Deveney,! Q. C. Kessel, R. J. Fuller,!
M. P. Reaves,! S. Shafroth? and N. L. Jones

The projectile Auger-electron spectra following
collisions of Li-like carbon projectile ions with single
He-atom targets provides unique information on the
ion-atom many-body collision interaction. The iden-
tification of Auger peaks in the emitted electron
spectra with intermediate-autoionizing (AI) configu-
rations of the projectile states formed by the collision
can help to decipher the role which specific indi-
vidual interactions play. Possible interactions are:
The projectile electron with the target electron (elec-
tron-electron or e-¢) interaction, the projectile elec-
tron with the target nucleus (electron-nucleus or e-n)
interaction, the projectile nucleus with the target
electron (nucleus-electron or n-¢) interaction, and
various combinations thereof. For fast collisions in
the impulse approximation, target electrons can be
viewed as “quasi-free,” and one possible n-¢ interac-
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tion is the capture of a target electron onto the projec-
tileion. Combining this capture in various combina-
tions with the aforementioned interactions can result
in resonant, nonresonant, and uncorrelated capture
channels and processes such as: resonant transfer and
excitation (RTE), nonresonant transfer excitation
(NTE) and uncorrelated transfer and excitation (UTE)
such as 2eTE, which is uncorrelated two-electron
transfer and excitation, 36

In this work, we investigate the Auger electron
spectra of C3* following collisions with different Z
atomic targets at 1 MeV/u. The investigation focuses
on the relative intensities of Auger peaks between
220 and 260 eV (projectile frame) in going from
collisions with He, Ne, and Ar to Kr targets.

The experiment was performed using 12 MeV
C3* beams from the EN Tandem accelerator. Elec-
trons emitted at 10° in the laboratory frame entered a
parallel-plate, double-pass electron spectrometer that
wasdesigned and constructed by Giese and Bechthold’
and was based on the Swenson design.? Figure 5.10
shows an entire, typical, Auger electron spectrum
obtained in this case from the collision of C3* with
Kr. In Fig. 5.11, spectra from all four targets are
plotted after being normalized in each individual case
to the beam-current integration and target gas pres-
sure.

The three prominent peaks that appear in the He
targetspectraof Fig. 5.11 are the peaks that were used
to energy calibrate the spectrometer. These peaks,
the 1s2s2(3S), {1s(2s2p)°P) 2P, and {1s(2s2p)!P}2P,
are singly excited states that can relax nonradiatively
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Fig. 5.10. Auger electron spectrum obtained at
10° (laboratory frame of reference) for 12 MeV C3+
on Kr collisions.

tothe {1s*('S) + e, £ .}2L ground state (g.s.) resulting
in Augerelectron energies of 227.5, 235.9,and 339.3
eV, respectively.®~!! The formation of these three Al
states are the result of ion-atom interactions that can
include single 1s projectile excitation by either the
target nucleus (e-n) or the target electron (e-e) or
possibly even a more intricate process where a pro-
jectile electron is ionized, again by the target nucleus
or by a target electron, followed by a capture of a
target electron to the projectile (n-¢). The solid line
inFig. 5.12 is a simulation of the three singly excited
doublets, using Auger transition rates of the excited
Al state to the g.s., calculated from an atomic struc-
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Fig.5.11, The 220t0260eV energy region of the
projectile Auger electron spectra for collisions with
He, Ne, Ar, and Kr targets. Beginning with Ne
targets, the two Auger peaks at 242.1 and 248.3 eV
are apparent. These two Auger peaks are consistent
with the decay to ground state of the doubly excited
Al configurations { 1s(2p?)'D}2Dand { 1s(2p?)'S)?S,
respectively.
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ture code by Cowan'2 and fit to Gaussian line shapes
with 2 eV FWHM for comparison with the data.

In the Auger electron spectra of higher Z targets,
also shown in Fig. 5.11, two peaks at 242.1 and 248.3
eV appear. Beginning with Ne targets, the two peaks
first appear and increase in intensity with Ar and Kr
targets. The firstsingly excited Al configuration after
the (1s2s2p) configuration is (1s2s3s), which relaxes
to the g.s. with an Auger electron of energy ~270 eV.
However, the terms of the first doubly excited con-
figuration of C3* 1s2p?, 2D, and S relax to the g.s.
with Auger electron energies!? that agree well with
those observed in the experiment. In Fig. 5.12, the
calculated transition rates for the 2D and the 2S are
shown by the dashed line (reduced by a factor of ten).

Neither resonant or nonresonant interactions are
likely to lead to the Al configurations discussed
above. Aresonance between atarget He electron and
the carbon projectile for an Auger electron of roughly
240 eV will occur at roughly 5.3 MeV beam energy.
Owing to the spread of the resonance due to the
Compton profile of the target, it might extend to 12
MeV, but it will not be significant. Nonresonant
processes involving the capture of target electrons by
the projectile nucleus will also be insignificant at this
beam energy.
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Fig. 5.12. Simulated Auger electron spectrum
from singly (solid line) and doubly excited (dashed
line) Al configurations of the C3* projectile. The
Auger electron transition rates were calculated using
the atomic structure code by Cowan,'? and the ener-
gies were taken from Refs. 9 and 13.

Direct excitation mechanisms such as e-e and e-
n, however, can be significant. The beam energy
thresholds for C3* 1sto 2p, e-¢, and e-n excitations are
7.1 MeV and 324 eV, respectively, so thatat 12 MeV
both e-¢ and e-n interactions may be involved.

As a function of the target Z, it is expected that
the increased number of target electrons will influ-
ence the screening and effective Z° of the target so
that e-n becomes a more complicated function of the
impact parameter. The e-¢ excitation will also be
more complex. Itis unclear, however, to what degree
these effects, and possibly others, have for the Ne, Ar,
and Kr targets where the doubly excited states are
formed with intensities approaching those of the
singly excited states.
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ANGULAR DISTRIBUTION OF CHARGE-
EXCHANGE COLLISIONS
AT VERY LOW ENERGIES

N. Keller,! R. D. Miller,! M. Westerlind,’
L. R. Andersson,’ S. B. Elston? I. A. Sellin?

and C. Biedermann®

The investigation of collisions between highly
charged ions and atoms at very low energies (eV/u
range) has become a very active research field over
the last decade. Differential and total cross sections
for charge exchange are, for example, important in
such areas as fusion research and astrophysical model
calculations.

While many measurements in the past were
performed using heavy, multi-electron projectiles
and targets, only a few experiments investigated less
complex collision systems. One particular interest-
ing case is the collision system C** — He. In the
1970s, it was found that at collision energies below 20
keV double-electron capture occurs more frequently
than single-electron capture.* In fact, at the lowest
recorded energy (500 V), the cross sections are over
a magnitude apart.’

We present here experimental results for the C**
— He collision system at energies below 1 keV. At
lower energies, rainbow and other interference pat-
terns in the angular differential cross sections become
more resolvable, thus allowing one to extract detailed
information about the potentials and interaction dy-
namics.

Ahigh-energy ion beam (30-MeV CI**) from the
EN Tandem Van de Graaff Accelerator at the Oak
Ridge National Laboratory collides with a methane
gas target in order to produce highly charged recoil
ions. These ions are extracted out of the production
gas cell by an electric field. The strength of the field
determines the secondary projectile ionenergy. After
further acceleration, they pass through a Wien filter
forcharge and mass analysis, and are then decelerated
back to their initial energy. The selected ions, in our
case C*, are then directed onto a He gas jet. The
charge-exchanged C2* ions are energy analyzed by a
63° cylindrical electrostatic analyzer to determine
their energy gain values. A multi-channelplate with
a resistive anode mounted downstream of the ana-
lyzer is used as a detecting device.

While the energy gain is recorded in the plane of
dispersion, the scattering angle can simultaneously
be monitored in the perpendicular direction. Because
of the two-dimensional recording, angular plots cor-

responding to different energy gain values can be
chosen in the analyzing procedure.

Figure 5.13 shows an energy-gain spectra for
double-electron capture taken at a collision energy of
800 eV. The corresponding angular region covers
angles between 0° and 2°. The energy-gain peak is
centered around AE = 30 eV, indicating that the two
electrons are captured into the ground state of C2* (1s2
2s2). The Q value of this collision processis 33.4 eV.
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Fig. 5.13. Energy-gain spectra for double-elec-
tron capture within projectile scattering angles of 0°
and 2° in 800 eV C** — He collisions.

The measured energy-gain value is in accor-
dance with earlier investigations by other authors.®
Because of arather moderate energy resolution of our
analyzer (AE/E = 2%), we are not able to resolve any
oscillation towards lower energy-gain values in the
spectrum as observed by Cederquist et al.5 In Fig.
5.14, the angular differential cross sections are shown
for the three recorded energies 400 , 600, and 800 eV,
The corresponding window in the energy-gain spec-
trum was chosen to fully cover the main double-
capture peak. The angular distributions show an
oscillatory pattern with the strongest peak sitnated at
scattering angles around 2°. These oscillations have
been explained as a Stueckelberg interference pat-
tern.”® The frequency of the Stueckelberg oscilla-
tions, which can be expressed as the areas between the
branches of the classical deflection function, is usu-
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Fig. 5.14. Angular distributions for double-
electron capture in C** — He collisions at 800 (a),
600 (b), and 400 eV (c). The horizontal bar in part (a)
marks the FWHM of the incident C** beam.

ally too high to be observable in any experimental
setup. The present collision system C* — He,
however, is one of the few cases where the resolution
of the oscillatory patterns is in reach. Angular differ-
ential cross sections for double-electron capture in

C# - He collisions have been measured by Cocke et
al.? and Barat et al.!° for collision energies at 1.5 keV
and 9.6keV, respectively. Acomparisonbetween the
angular distributions of Cocke et al. at 1.5 keV and
our highest recorded energy (800 eV) shows an
approximate scaling behavior. At800 eV, the stron-
gest peak is situated at 0 = 2°, the other maxima can
be seen at angles 3°,4°, and 4.5°. Further maxima at
larger angles could not be observed since the upper
limit of our angular acceptance is + 8°. Assuming a
scaling behavior such that the angular differential
distribution remains essentially unchanged if plotted
against the reduced angle T=E0, we note acorrespon-
dence between the 2° peak at 800 eV and the 1° peak
at 1.5keV. This correspondence is also observed for
the secondary maxima. It is, however, not quite as
perfect as for the strongest peak. It should also be
noted that the assumed scaling behavior does not
transform itself further down to the two other re-
corded energies of 400 eV and 600 eV. For example,
the main peak at 800 eV islocatedat2°®. In the angular
distribution for 400 eV, it has not shifted to 4°, but
rather to angles around 3°. A similar behavior can be
observed for the secondary structures (3°,4°,and 4.5°
at 800 eV; 4.7°, 5.9°, and 7.3° at 400 eV). This
deviation from a true scaling behavior is not too
surprising. For it to be valid, it is assumed that the
incoming interaction potential can be approximated
infirst order by a flat curve. Thisis no longer the case
forlow-energy collisions where such effects as polar-
ization and core-penetration become important.
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DESIGN AND PERFORMANCE OF A
NOVEL POSITION-SENSITIVE

ELECTRON SPECTROMETER

R.D. Miller,! N. Keller,! L. Liljeby? I. A. Sellin,’
and M. Westerlind!

A spherical electrostatic spectrometer has been
designed, via computer simulation, and constructed
to be used in the angular- and energy-distribution
measurements of electrons arising from ion-atom or
photon-atom collisions. Several novel features have
been incorporated in the design of the spectrometer
which enable the simultaneous collection of all angles
inascattering plane (defined as the plane perpendicu-
lar to that containing the projectile beam axis and the
spectrometer symmetry axis) with an angular resolu-
tion (detector pixel size limited) of =2.5° (can be
improved to=0.6") and the collection of =1.5% of the
analyzer pass energy with a resolution of =0.5%. A
gas jetisemployed with the source volume being =0.5
mm?3, Electrons are detected by a position- sensitive
detector (PSD) while a time-of-flight (TOF) detector
allows for the charge state determination of the ion-
ized target atom. Further computer simulations and
initial tests of the spectrometer are presently being
performed.

1. DepartmentofPhysics, University of Tennes-
see, Knoxville.

2. Manne Siegbahn Institute of Physics,
Stockholm, Sweden.

3. Adjunctstaff member from the Department of
Physics, University of Tennessee, Knoxville.

COINCIDENT DETECTION OF
ELECTRONS EJECTED IN LARGE ANGLES
AND TARGET RECOIL IONS PRODUCED
IN MULTIPLY IONIZING COLLISIONS FOR
THE 1 MeV/u 0% + Ar COLLISION

SYSTEM

C. C. Gaither,! M. Breinig?J. W. Berryman,!
B. F. Hasson,! and J. D. Richards'

A specific problem of recent theoretical and
experimental interest in the field of ion-atom colli-
sion physics is the determination of the energy and
angular distributions of electrons ejected in multiply
ionizing collisions between fast heavy ions and neu-

tral noble gas targets. Theoretical studies using the n-
body Classical Trajectory Monte Carlo (nCTMC)
method have predicted that a substantial number of
energetic electrons will be emitted at large angles,
relative to the incident beam direction, in fast colli-
sions in which multiply charged, target-recoil ions
are produced.?

In our experiments, we have measured the angu-
lar distributions of electrons ejected from the target
into an angular region from approximately 45° to
135°, relative to the incident beam direction, in mul-
tiply ionizing collisions between 1 MeV/u O8* (q=4,
7) projectiles and Ar gas targets. These measure-
ments have been performed for electrons with ener-
gies of 179 eV, 345 eV, and 505 eV. The angular
distributions have been measured in coincidence with
target Ar recoil ions of charge state 4+ or greater, 3+,
and 2+. Additionally, measurements of the energy
distributions of electrons ejected into specific angular
regions have been performed.

Ion beams of 1 MeV/u O%* (q =4, 7) from the
ORNL EN Tandem Van de Graaff Accelerator inter-
act with Ar gas targets. Electrons ejected between
~45° and ~135° in the laboratory frame, relative to the
incident beam direction, are energy analyzed by a
cylindrical mirror electrostatic electron energy ana-
lyzer (CMA), and the ejection angles of the energy-
analyzed electrons are recorded with a two-dimen-
sional position-sensitive detector. The recoil ions
resulting from the ion-atom collisions are extracted
by asmall electric field of approximately 6 V/cm and
directed into a time-of-flight (TOF) recoil-ion spec-
trometer.

Argon LMM satellite Auger electrons appear as
a peak in the energy spectrum of electrons ejected at
all large angles. The center of this peak is found atan
electron energy of =179 eV. Electrons of 179 eV
energy, ejected at large angles, are preferentially
produced in coincidence with recoil ions of charge
state 4+. Electrons of 345 eV energy and 505 eV
energy ejected at large angles are preferentially pro-
duced in coincidence with recoil ions of charge state
3+. The angular distributions for these electrons are
strongly peaked in the forward direction; essentially
no electrons are observed at angles larger than 90°,

Absolute cross sections for ejecting electrons
into specific angular ranges, in coincidence with
recoil ions of charge state 4+ or greater, are presented
inFig. 5.15 for the O** + Ar collision system. Quali-
tatively, the angular distributions of electrons ejected
at large angles for the O7* + Ar collision system are
similar.
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Fig. 5.15. Cross section for producing 179 eV,
345 eV, and 505 eV electrons in coincidence with
recoil ions of charge state 4+ or greater for the O** +
Ar collision systems.

The data for both collision systems are consistent
with projectile- and target-electron binary-encounter
processes being the dominant large-angle electron
production mechanism. We find no evidence of
energetic electrons being ejected at large angles by
mechanisms other than Auger and binary-encounter-
type processes.

1. Department of Physics, University of Tennes-
see, Knoxville.

2. Adjunctstaff member from the Department of
Physics, University of Tennessee, Knoxville.

3. R. E. Olson, J. Ullrich, and H. Schmidt-
Bocking, Phys. Rev. A 39, 5572 (1989).

PHOTODETACHMENT STUDIES
OF FEW-ELECTRON ATOMIC
NEGATIVE IONS

D.J. Pegg!J. Dellwo? C.Y.Tang}
and G. D, Alton

Energy- and angular-resolved spectroscopic
measurements have been made on electrons detached
from few-electron negative ions, suchasLi~, Be™,and
B-. Energies, yields, and angular distributions of the
ejected photoelectrons were measured using acrossed

laser-negative ion beam apparatus. Electron affini-
ties, asymmetry parameters, and photodetachment
cross sections were determined from these measured
quantities.

A detailed investigation of the saturation charac-
teristics of the photodetachment of Li~ and D~ ions
was made in order to determine the range of laser
powers over which the photoelectron yields are ap-
proximately proportional to the photon fluxes (see
Fig. 5.16). Crosssection measurements were made in
this unsaturated regime. Results are shown in Fig.
5.16. The cross section ratio, o(Li)/c(D"), was
measured to be 1.98 £ 0.15, 1.84 £ 0.11, and 2.97 +
0.28 atphotonenergiesof 1.871,2.077,and 2.442¢V,
respectively. An absolute scale for these measure-
ments was established by normalizing the measured
ratios to theoretical 6(H") cross sections, which are
known to better than 3%. The measured absolute
cross sections, o(Li™), then become 73.5 £ 6.0, 63.5
+5.7,and 89.8 +£ 9.5 Mb. As acheck, we have used
the fitted saturation curves shown in Fig. 5.16 to
extract an apparent cross section ratio at each laser
power, and then extrapolated the ratio data to zero
laser power. This produced a result of 1.86 at 2.077
eV, which is consistent with the value of 1.84 +0.11
obtained in the unsaturated regime. We have begun
measuring the cross section ratios, 6(B-)/o(Li") and
o(Be )/o(D"). Early results are encouraging.

Preliminary measurements of the angular distri-
bution of photoelectrons associated with the degener-
ate channels: hv + Be~ (2s2p?“P) — Be(2s2p P) + ¢~
(es,d) and the electron affinity of the metastable
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Fig. 5.16. Saturation curves for Li- and D~
photodetachment.
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Be(23P) atom have been made. Data are shown in
Figs.5.17 and 5.18. Ataphoton energy of 2.076¢eV,
the asymmetry parameter has a measured value of B
=0.41+0.04. The spectral datain Fig. 5.18 shows the
peak associated with the photodetachment of the
metastable Be™ ion referenced to similar peaks asso-
ciated with the photodetachment of the metastable
He ion. The latter peaks allows one to accurately
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Fig. 5.17. Photodetachment of Be™: photoelec-
tron yields for horizontal (upper) and vertical (lower
laser) polarization.
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Fig. 5.18. Photodetachment electron spectra of
Be~and He~ions. Photon energy of 2.076 eV and ion
beam energy of 45.46 keV.

determine, in situ, the ion beam energy which is
required in the frame transformation. The prelimi-
nary Be electron affinity result is 264 + 13 meV.

1. Adjunctstaff member from the Department of
Physics, University of Tennessee, Knoxville.

2. Graduate student from the Department of
Physics, University of Tennessee, Knoxville.

3. Postdoctoral Research Associate, University
of Tennessee, Knoxville.

EN TANDEM OPERATIONS
P. F. Dittner and N. L. Jones

During the past year, the EN Tandem operated
for 1450 hours in support of the accelerator-based
atomic physics program. Operation was between
0.46and 7.21 MV on the terminal, accelerating beams
of ions from hydrogen through silver. In March, work
was completed on the new column voltage gradient
system. Thisupgrade has resulted in less variation in
gradient, better spark protection of the resistors, more
fault tolerant resistors, easier testing and replace-
ment, and areduction by a factor of ten in replacement
resistor price. After initial adjustments to the new
system, the machine was conditioned to 6.5 MV and
returned to use for experiments. Early this fall, the
machine was conditioned to 7.29 MV with no spark-
ing. The ion source cooling system was converted to
air cooling utilizing Hilsch tubes. This successful
conversion has eliminated the use of CFC’s at this
facility. A CAD workstation has been purchased for
system drawing maintenance and design. Beam line
vacuum systems have continued to be upgraded. A
new beam line was constructed for use in channeling
experiments. The facility was utilized by the ORNL
Physics Division staff, researchers from other ORNL
divisions, and by outside users from the University of
North Carolina, Kansas State University, University
of Connecticut, University of the South, University
of Tennessee, University of Missouri, and foreign
institutes such as the Manne Siegbahn Institute,
Stockholm, Sweden, and the University of Fribourg,
Switzerland.
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VERY-LOW ENERGY COLLISIONS OF
MULTICHARGED IONS WITH RYDBERG
ATOMS IN MERGED BEAMS

C. C. Havener, M. A. Haque,! and
P. A. Zeijlmans van Emmichoven?

During the last year the ion-atom merged-beams
apparatus has been modified to allow measurements
with Rydberg H(D) atoms. For very low collision
energies, electron capture from Rydberg atoms by
multicharged ions is characterized by enormous cross
sections, the predicted maximum being comparable
to the geometric size of the Rydberg atom. When the
collision velocity is greater than the orbital velocity
of the Rydberg electron (v=1/n a.u., where n is the
principal quantum number), Classical Trajectory
Monte-Carlo (CTMC) calculations? predict that the
cross section scales as n*. For lower velocities where
quantum sub-barrier transitions dominate, molecular
effects of the quasi-molecule formed in the collision
may be important. Indeed, recent calculations,* which
are based on a simple Landau-Zener model, suggest
that rotational coupling between intermediate states
formed in the collision results in an electron capture
cross section that scales as n’ up to n’, depending on
the sublevel population of the initial state. We have
initiated an effort to quantify these cross sections for
the wide range of collision energies and charge states
accessible to the ORNL ion-atom merged-beams
apparatus.

A fast H(D) beam containing 0.15% in n shells
between 11 and 24 is produced by collisional detach-
ment of H™in N, gas. A Rydberg ficld ionization
stripper is used to truncate the n-shell population of
the H(D)-excited states before merging with the
multicharged ion beam. Measurements of the beam-
beam signal as a function of the applied stripper
electric field are used to infer the n-dependence of the
capture cross section. Figure 6.1 shows two such
measurements®; 0% + D at 321 eV/amu and O°* + D
at22 eV/am. Alsoshown are estimates for the signal
when the capture cross section is assumed to be
proportional to n?, n*, or n’ (assuming a 1/n3 initial
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Fig. 6.1. The beam-beam signal as a function
of the stripper electric field. The results are
normalized at 2 kV/cm.

population of excited states for alln). Ascanbe seen,
the 321 eV/amu data suggests that the cross section
generally scales as n*, as expected from CTMC
calculations.> Due to our experimental technique,
ionization of the H Rydberg atoms by the multicharged
ions, which has a weaker n-dependence, may contrib-
ute to the measured beam-beam signal at these higher
collision energies, and could thereby reduce the ob-
served scaling. The O%* measurements at 22 ¢V/amu
correspond to a velocity slightly less than v, for the
Rydberg n states considered here, and should there-
fore not be affected by ionization. As can be seen in
the figure, the measurements show a slightly steeper
n scaling for the electron capture cross section than
n,

Preliminary measurements have also been per-
formed for O%* at collision energies below 1 eV/amu
which show even steeper n dependences, approach-
ing the n’ scaling recently predicted for statistically
populated initial n-levels. According to the calcula-
tions, the n scaling is very dependent upon the initial
state of the Rydberg atom. Indeed, scalings of up to
n’ are predicted for states with a dipole charge distri-
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bution oriented along the beam axis. In the future we
plan to produce Rydberg atoms via capture by H* in
an attempt to produce such nonstatistical states.

1. ORAU/Office of Fusion Energy Historically
Black Colleges and Universities Faculty Research
participant.

2. University of Tennessee/Joint Institute for
Heavy Ion Research; present address: Universidad
del Pais Vasco, San Sebastian, Spain.

3. R.E. Olson, J. Phys. B: Atom. Phys. 13, 483
(1980).

4. J. Macek and S. Y. Ovchinnikov, Phys. Rev.
Lett. 69, 2357 (1992).

5. C. C. Havener et al., to be published in the
Proceedings of the VI International Conference on
the Physics of Highly-Charged Ions, Manhattan,
Kansas, Sept. 28-Oct. 2, 1992,

BACKSCATTERING IN ELECTRON-
IMPACT EXCITATION OF
MULTIPLY CHARGED IONS

X. Q. Guo,! E. W. Bell,! J. S. Thompson,'?
G. H. Dunn,! M. E. Bannister,
R. A. Phaneuf? and A. C. H. Smith’

One of the important atomic processes occurring
in fusion plasmas is the excitation of ions by electron
impact, since it leads to energy loss through radiation.
The radiation resulting from the subsequent radiative
relaxation is often used as a spectroscopic diagnostic
for such plasma. To date, electron-impact excitation
cross sections have been measured for only a few
ions,* most of which are singly charged. Even fewer
measurements exist of differential cross sections for
near-threshold excitation. In the present fiscal year,
we have performed measurements of absolute total
cross sections for electron-impact excitation of Ar’*
(3s—3p) using the JILA merged-beams electron-
energy-loss apparatus.® The unique merged-beams
configuration makes it possible to separate inelastically
scattered electrons travelling forward or backward in
the laboratory frame and, hence, to infer gross fea-
tures of the differential scattering in the center-of-
mass (CM) frame. By measuring the apparent cross
sections as a function of the ion velocity (essentially,
the velocity of the CM), it was found that over 90% of
the inelastically scattered electrons for this system

were ejected in the backward direction in the CM
frame.

The measured absolute total excitation cross
section for the Ar’* (3s—3p) resonant transition is
plotted in Fig. 6.2. The error bars represent the total
relative uncertainty at 90%-confidence level; the
typical total absolute uncertainty is about 20%, indi-
cated in Fig. 6.2 by the double error bars at the 18.62
eV point. The solid line in the figure is the result of
a seven-state R-matrix close-coupling calculation®
afterbeing convoluted witha0.2 eV FWHM Gaussian
representing the electron beam energy spread. The
agreement between theory and experiment is quite
good. However, given the experimental uncertain-
ties, the structures in the theoretical curve calculated
in the investigated energy range are not of sufficient
magnitude to be resolved.

The apparent cross sections ¢, = were measured
as a function of the ion velocity at a fixed electron
excitation velocity. Above the excitation threshold,
the velocity of inelastically scattered electrons is the
vector sum of the scattered electron velocity v, “in the
CM frame and CM velocity V_ . When V__+v_“cos
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Fig. 6.2. The measured total excitation cross
sections for Ar7* (3s—3p). The solid curve repre-
sents a close-coupling calculation (Ref. 6) convo-
luted with the electron energy spread. Error bars are
at 90%-confidence level.
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0 < 0, where 0 is the electron scattering angle in the
CM frame, the scattered electron velocity in the lab
frame will be in the backward direction; under this
condition, inelastically scattered electrons will not
reach the detector. Hence, for a given set of ion and
electron velocities, electrons scattered through an
angle larger thanacertaincritical angle 6_ (defined by
V. + v, cos 8, = 0) will travel backward in the lab
frame, resulting in a reduction in o, o For a fixed
electron energy in the lab frame, as the ion (or CM)
velocity is reduced, v,” increases, reducing 6_ and
o, Jince the actual fractional reduction in the
signal also depends on the differential cross section
(DCS), one can infer gross features of the structure of
the DCS by measuring o, _ as a function of the ion
velocity. Figure 6.3 shows the measured Cpp plotted
versus the energy of the ions for an incident electron
energy of 27.15 ¢V in the lab frame. The velocity of
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Fig. 6.3. Measured apparent cross sections as a
function of laboratory ion energy and for a fixed
laboratory electronenergy of27.15eV. Error bars are
shown at 90%-confidence level. Solid curves were
obtained from modeling using relative differential
cross sections from: (a) close-coupling calculations
(Ref. 7), (b) isotropic, (c) partial-wave calculations
(Ref. 8) with forward-peaked DCS. The total cross
section for all three cases is as shown by the solid
curve in Fig. 6.2. Inset, DCS from close-coupling
(full curve, Ref. 7) and distorted-wave (dashed curve,
Ref. 9) calculations.

the CM frame ranged from (5.29 - 5.90) x 10° m/s
over this ion energy range, and the comresponding
range of v,” was (2.65 - 6.1) x 105 m/s.

The solid curves in Fig. 6.3 represent modeling
of the apparent cross section based on three different
DCS. The modeling is the result of trajectory calcu-
lations for inelastically scattered electrons weighted
by each of the three DCS in order to determine the
fraction of inelastically scattered electrons that will
reach the detector. This fraction is then multiplied by
the appropriate total cross section (solid curve, Fig.
6.2) to obtain the apparent cross section. Only curve
(a) of Fig. 6.3, which uses the close-coupling DCS
(solid curve, inset of Fig. 6.3), agrees with the mea-
sured decrease of apparent cross section. Curve (b),
using an isotropic DCS, and curve (c), using a for-
ward-peaked partial-wave DCS,? do not reproduce
the decrease of o, with decreasing ion energy.
Since neither an isotropic scattering distribution, nor
anything more forward peaked comes close to de-
scribing the data, one is led to conclude that scattering
isdominantly in the backward direction. Based onthe
comparison in Fig. 6.3, one could speculate that the
DCS may be even more strongly backward peaked
than the close-coupling theory predicts. Backscatter-
ing has also been recently inferred for the near-
threshold excitation of O* ions.
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CROSSED-BEAMS ELECTRON-IMPACT
IONIZATION CROSS SECTION
MEASUREMENTS OF Si% IONS

M. E. Bannister, D. C. Gregory, C. C. Havener,
R. A. Phaneuf,! P. A. Zeijlmans van Emmichoven?
E.W.Bell? X. Q. Guo,? N. Djurié,}

J. S. Thompson,!3 and M. Sataka®

Electron collision processes involving silicon
ions are important in the study of both astrophysical
and laboratory plasmas. Silicon ions will be present
as plasma impurities in fusion reactors using silicon-
containing alloys. In addition, the lowest Si charge
states (Si* and Si?*) occur in plasmas used in the
fabrication of microelectronic components.

The only electron-impact-ionization cross sec-
tion measurements previously reported® were for Na-
like Si3*. The present work involves the measure-
ment of cross sections for Si*, Si2*, Si**, Si%*, Sif*,
and Si’*. These absolute cross section measurements
utilized the ORNL ECR ion source and the ORNL
electron-ion crossed-beams apparatus. The results
and discussion of the data can be readily divided into
two parts, with the measurements for Si* and Si2*
forming one group, and those for Si** through Si’* the
other. General features of the cross sections for each
group will be noted, and one example from each
group will discussed in some detail.

The cross section data for electron-impact ion-
ization of Si?* (1s22s5?2p®3s?) are plotted in Fig. 6.4
along with a distorted-wave (DW) calculation® (solid
curve) for ionization of ground state (3s%!S) Si%* ions.
The DW results were calculated in the average con-
figuration approximation and include contributions
from direct ionization of the 3s electrons (dashed
curve) as well as 2p—31 and 2p—4l excitations
leading to autoionization. The non-zero cross sec-
tions measured below the threshold for direct ioniza-
tion (33.49 eV) of 3s electrons from the ground state
are evidence that a significant number of Si?* ions in
the incident beam were in metastable states (3s3p
3p9). The assumption of a metastable fraction of 35-
40% yields the best agreement between the data and
DW calculations near the thresholds for the meta-
stable and ground state ions. The DW calculations
predict the excitation-autoionization (EA) contribu-
tion reasonably well, but seem to overestimate the
contribution of direct ionization by about 10%. The
ratio of the peak of the EA contribution to the peak of
the direct ionization contribution is about 0.17. This
is in line with other Mg-like ions’ (0.08 for Al* and
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Fig. 64. Cross sections for electron-impact
ionization of SiZ*. The points are the present mea-
surements with relative uncertainties at the one stan-
dard deviation level. The solid curve is the distorted-
wave (DW) calculation of Ref. 6 including excita-
tion-autoionization (EA) of 2p electrons and direct
ionization of 3s electrons. The dashed curve is the
DW result for direct ionization above the EA thresh-

old.

0.4 for $**), since we expect the ratio to increase with
increasing charge state.

The measured cross sections for ionization of Si*
(1s?2s22p®3s?3p) also show a significant contribution
of excitation-autoionization, and evidence of meta-
stable (3s3p? “P) ions in the incident beam. The
threshold for EA, however, essentially coincides with
that for direct ionization of the 3p electron, and the
EA contribution dominates the cross section near
threshold. The metastable fraction in the Si* beam
was estimated to be a maximum of 3%.

Figure 6.5 shows the measured ionization cross
sections for Si®* (1s22s22p*) together with a DW
calculation® for direct ionization of 2p and 2s elec-
trons of Si®*. The cross section is typical of Si ions of
the second group (Si** through Si’*), which have an
electronic configuration of 1s22s22p” with n=6,5,4,3
with increasing charge. The ionization is dominated
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Fig. 6.5. Cross section for electron-impact ion-
ization of Si®*. The points are the present measure-
ments with relative uncertainties at the one standard
deviation level. The solid curve is the distorted-wave
(DW) calculation of Ref. 6 for direct ionization of 2p
and 2s electrons.

by direct processes, with little contribution from
excitation-autoionization. The DW calculations un-
derestimate the direct cross section by about 20% for
thision. The finite measured cross sections below the
ground state threshold (246.5 eV) indicate a possible
presence of metastable ions in the incident beam,
which may account for the measured cross sections
being 20% larger than the DW predictions.

The ionization cross sections for the other ionsin
the second group (Si**, Si’*, and Si’*) are very similar
to that for Sié*; they are all dominated by direct
ionization processes. Such behavior along an
isonuclear sequence has been reported previously in
publications on xenon and chromium,® wherein it was
noted that excitation-autoionization dominates when
there are only one or two electrons in the outer
subshell, and direct ionization dominates when the
outer subshell is full or almost full.

In summary, absolute cross sections for electron-
impact ionization of Si?* ions (g=1,2,4-7) have been
measured for the first time. The indirect processes of
excitation-autoionization were found to be signifi-

cant only for Si* and Si?*, while the ionization of Si**
through Si’™* appeared to be dominated by direct
processes.
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ANALYSIS OF LOW-ENERGY ELECTRON
EMISSION ARISING DURING SLOW
MULTICHARGED ION-SURFACE
INTERACTIONS

P. A. Zeijlmans van Emmichoven,! C. C Havener,
I. G. Hughes,! D. M. Zehner? and F. W. Meyer

The above-surface neutralization of a slow
multicharged ion of charge q proceeds via resonant
neutralization, whereby g electrons from the conduc-
tion band are captured into Rydberg levels of the
incident ion, leading to the creation of a multiexcited
“hollow” atom. The subsequent deexcitation of such
a “hollow” atom occurs via a cascade of intra-atomic
Auger transitions, each step resulting in the emission
of an electron. In addition to electrons arising from
this Auger cascade, a significant contribution to elec-
tron production is expected due to above-surface
neutralization when those electrons that have been
captured into projectile Rydberg levels, but have not
yethad time to deexcite, are “peeled” from the projec-
tile as it penetrates the surface. Such peel-off elec-
trons are expected to have energies in the range 5-15
eV. During the last year we have undertaken a search
for these low energy electrons, which have so far
eluded direct experimental observation in our labora-
tory. Measurements have been performed? for
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30-100 keV N2*- N%* ions incident at 20° with the
surface on Cu(001) and Au(011) single crystals, fora
series of observation angles. The interpretation of the
spectra is complicated in that both potential and
kinetic emission mechanisms contribute. The low-
energy electron spectra appear to be comprised of at
least two distinct components (Fig. 6.6). The first
component constitutes a minor part of the overall
electron emission, and appears around 15-20 eV in
extreme forward angles. This “dynamic” component
appears to be consistent with binary encounters be-
tween incident ions and metal electrons at the surface/
vacuum interface. The second component atenergies
around 5-10 eV is the major contribution to the total
electron yield. The intensity of this “sub-surface”
component exhibits a cosine distribution, slightly
skewed in the direction of the incidention beam. This
component we attribute mainly to bulk emission of
target electrons with an enhanced contribution in
forward angles, i.e., in the direction of motion of the
incident ion. Electrons captured into Rydberg levels
of the projectile which are “peeled” off as the incident
ion impacts the surface would be expected to exhibit

just such a bias for emission into forward angles. We
have, however, been unable to unambiguously at-
tribute this additional component to such “peel-off”
electrons, since both Auger emission close to the
surface/vacuum interface and kinetic emission within
the first few layers may also result in enhanced
emission in forward angles.

For the 20° incidence case therefore, we were
unable to find a distinct spectral feature attributable to
low-energy peel-off electrons. Itis possible however
that the peel-off electrons are energetically indistin-
guishable from the kinetic emission peak and that the
enhancement of kinetic emission in forward angles
may be due to this component.

1. University of Tennessee/Joint Institute for
Heavy Ion Research; present address: Universidad
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2. Solid State Division, ORNL
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Fig. 6.6. Polar plot of the energy-integrated electron emission for 100-keV N6+ Cu(001) collisions.
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INCIDENT-ION CHARGE-STATE DEPEN-
DENCE OF ELECTRON EMISSION DURING
SLOW MULTICHARGED ION-SURFACE
INTERACTIONS

I. G. Hughes,! C. C. Havener, S. H. Overbury?
M. T. Robinson? D. M. Zehner}?
P. A. Zeijlmans van Emmichoven,!#
and F. W. Meyer

The total electron yield v, defined as the average
number of electrons emitted per incoming ion, arising
in the interaction of multicharged ions with a metal
surface may be composed of contributions from sev-
eral distinct production mechanisms. Traditionally,
it has been useful to define electron emission as

kinetic electron emission (KEE) or potential electron
emission (PEE), depending on whether the ejected
electrons are liberated by the conversion of kinetic or
potential energy of the incident projectile. While
KEE can occur only after the incident ion has im-
pacted the target surface, PEE can already begin
when the ion is at relatively large distances above the
surface.® During the past year we have carried out
measurements of the total electron yield for N2*, N°*
and N®* ions in the velocity range 0.25 - 0.55 a.u.
incident on a Au(011) single crystal. Characteristic
variations in yhave been observed as a function of the
incident azimuthal angle. These variations allow us
to unambiguously separate the contributions of PEE
and KEE to the total electron yield. Figure 6.7 shows
our measurements of the total electron yield as a
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Fig. 6.7. Observed azimuthal variation in the total electron yield y for 30 keV N2+, N>+, and N6+ ion
incident at 20° along the [100] direction on a clean Au(011) single crystal.
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function of the crystal azimuthal angle for 30 keV
N2+, N3+ and N¢* ions at 20° incidence. The ampli-
tude of the azimuthal variations can be seen to be
independent of the incident-ion charge state. The
contribution to the total electron yield due to the
initial ion charge state can be obtained by subtracting
the spectra for N%* and N5+, and N>* and N2* incident
ions, respectively, These charge state dependent
contributions are also shown and can be seen to be
essentially azimuthally invariant. Similar measure-
ments of the azimuthal variations in the total electron
yield were performed for 80 keV N* and N&*, The
amplitude of the variations was found to increase at
the higher incident projectile energy. This is consis-
tent with KEE being responsible for this component.
Furthermore, the charge-state-dependent contribu-
tion at 80 keV was found to have the same magnitude
as for 30 keV incident ions. This charge-state-
dependent component we attribute to PEE. Using
.computer simulations of the projectile energy loss
within the target we have been able to reproduce the
observed variations. The results of our simulations
are consistent with the conclusion that KEE arises
predominantly in close collisions between incident
ions and target atoms. In addition, the azimuthal
invariance of PEE suggests that the electrons which
constitute this component originate either above the
target surface or within a short distance below the
vacuumysurface interface. Since PEE is projectile-
related emission, the emitted-electron intensity would
be expected to decrease as the ion penetrates further
into the target material where inelastic electron scat-
tering becomes important. The fact that PEE is
observed to be constant in the present energy regime
suggests that PEE is complete within one electron
inelastic mean-free-path of the surface. Assuming
straight line trajectories, this indicates neutralization
times of the order of 10! secs, which is consistent
with previous measurements we have performed.$

1. Joint Institute for Heavy Ion Research,
Holifield Heavy Ion Research Facility, Oak Ridge,
TN 37831-6372, USA
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3. ORNL Solid State Division.

4. Current address: Departamento de Fisica de
Materiales, Universidad del Pais Vasco, San Sebastidn,
Spain.

5. U. A. Arifov, L. M. Kishinevskii, E. S.
Mukhamadiev, and E. S. Parilis, Sov. Phys. Tech.
Phys. 18, 118 (1973).

6. F. W.Meyer, S. H. Overbury, C. C. Havener,
P. A. Zeijlmans van Emmichoven, and D. M. Zehner,
Phys. Rev. Lett. 67,723 (1991); F. W. Meyer, S. H.
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NEUTRALIZATION OF SLOW
MULTICHARGED IONS
ABOVE A CESIATED AU SURFACE

F.W. Meyer, L. Folkerts,' I. G. Hughes,!
S. H. Overbury? D. M. Zehner’
and P. A. Zeijlmans van Emmichoven'#

The critical distance above the surface at which
conduction band electrons can start to neutralize
incident multicharged projectiles by classical
overbarrier transitions is inversely proportional’® to
the metal work function. By varying the amount of Cs
coverage on a Au single crystal target between 0 and
1 monolayers, we have been able to verify an up to
3.3 eV decrease of the surface work function relative
to that for clean Au of 5.1 eV. This change should
result in more than doubling the above-surface inter-
action time. At larger above-surface distances, how-
ever, the electron capture most likely occurs into
higher principal quantum numbers of the projectile.
The subsequent de-excitation cascade by which inner
shells of the projectiles are populated may thus re-
quire more time. We have investigated the overall
effect that lowering the work function has on the
above-surface component of projectile K-Augerelec-
tron emission for grazing incidence N®* ions interact-
ing with a cesiated Au single crystal. In the range of
incidence angles 0.3-1.4°, we have found that an
enhancement of this component is indeed evident,
and that there is significant dependence on incidence
angle, as is illustrated in Fig. 6.8. The 5° incidence
spectra shown in each panel is assumed to represent
the peak shape obtained from sub-surface emission
alone.
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Fig. 6.8. Background subtracted N KLL Auger
peaks for 60 keV incident on Au(011) at the
indicated angles. Curves A: clean Au surface; curves
B: cesiated Au surface. All peaks are normalized to
the same total K-Auger electron yield of 1 ¢~ perion.

ECR SOURCE FACILITY UPGRADE
PROJECT

F.W.Meyer and J. W. Hale

Asapart of the ORNL ECR source multicharged
ion research facility upgrade project, a decision was
made in early FY 1992 to purchase a CAPRICE ECR
ion source from Centre Etudes Nucleaires-Grenoble,
France. This ECR source will operate at the same
frequency as the present ORNL ECR source, but will
have significantly higher performance due to in-
creased gradients in the radial and axial confining
magnetic fields realized in this source design. Typi-
cal source performances determined during accep-
tance testing performed by ORNL staff at CEN-G
were as follows (all for 20 kV source potential): for
intermediate charge states - 500 pA of Ar®*, 700 pA
of N5*, and 5 pA of Ta?2*; and for high charge states
- 5 A of fully stripped N, 150 nA of Ar'%*,and 0.5 pA
of Ta28*, The new ECR source will be fully installed
and become operational early in FY 1993,






7. THE UNISOR PROGRAM

The University Isotope Separator - Oak Ridge is
a cooperative venture of universities, Oak Ridge
Associated Universities, Oak Ridge National Labo-
ratory, the U.S. Department of Energy, and the State
of Tennessee. The primary purpose of the UNISOR
consortium is to investigate the structures and decay
mechanisms of rare, short-lived atomic nuclei which
are prepared by means of a magnetic isotope separa-
tor coupled to the accelerators in the Holifield Heavy
Ion Research Facility. The accounts which follow
describe work at the UNISOR facility or work asso-
ciated with UNISOR research performed principally
by investigators outside the Physics Division. Re-
search and development activities at UNISOR by
Physics Division staff members are included in the
Nuclear Physics Section.

INSTALLATION OF NMR COILS AT
UNISOR/NOF

P. F. Mantica, Jr! N. J. Stone? M. L. Simpson’
J.K.Deng?Y.S. Xi
H.K. Carter' L. A. Rayburn! D. Shi*

We have continued to implement new experi-
mental apparatus and techniques to further research
capabilities at the UNISOR Nuclear Orientation Fa-
cility (UNISOR/NOF). One such implementation is
the installation of nuclear magnetic resonance (NMR)
coils into the cryostat of the He dilution refrigerator,
in order to increase the precision with which nuclear
magnetic moment measurements can be made.

A single loop coil has been placed at the sample
position using a support former, which is attached to
the bottom of the 50 mK radiation shield and places
the coils 1 cm from the center of the sample foil
position. The coil was placed to allow the resulting
resonating field, B, to be perpendicular to the applied
orienting ficld, B,, . Operational tests of the coils
were performed on an implanted $%CoFe sample
provided by Oxford University. Measurements were

taken by introducing modulated rf frequency to the
sample foil at power levels (P) that involved a mini-
mum level of non-resonant heating. Modulation of
the rf frequency signal is required in order to affect an
appreciable amount of sample nuclei, which are con-
sidered grouped in individual “spin packets,” each
packet requiring a different B, for destruction of the
nuclear alignment.

The results of our tests are shown in Fig. 7.1. The
destruction of anisotropy is given as the difference in
the counting rates with frequency modulation (FM)
on and off. ForaB_ of 0.3 T, the peak in the NMR
spectrum was observed at 164.1 MHz for the ®*CoFe
sample. This is in agreement with the previously
measured results for this Co isotope impurity in a iron
host, where the resonance frequency is defined by the
following relation:

v=gB /h,

where g is the nuclear g factor, B 4 is the effective
magnetic field at the nucleus and h is Plank’s con-
stant. To confirm the actual observance of the reso-
nance peak, we also measured the °CoFe resonance
destruction at a reduced value of B, . Since the
effective field is the sum of the B_, and the hyperfine
nuclear field Bhf, areduction in B ext will result in the
movement of the resonance peak to a higher fre-
quency, as the value of B, ; for Co in an iron lattice is
-29.01 T. The resonance spectrum forB_ =0.1 Tis
also shown in Fig. 7.1, and the peak of the resonance
was observed to increased to a frequency of 165.3
MHz.

Further development work on this technique is
needed to allow for the detection of destruction for
samples where the observed anisotropy is much less
intense. This may include reduction of the coil-to-
sample distance and/or reduction of the actual coil
size to deliver maximum rf power to the sample.

1. UNISOR, Oak Ridge Institute for Science and
Education, Oak Ridge, TN
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Fig. 7.1. NMR resonance spectrum for ®°CoFe taken at UNISOR/NOF.

2. Clarendon Laboratory, Oxford University, Ox-
ford UK

3. Instrumentation & Controls Division, Oak Ridge
National Laboratory, Oak Ridge, TN

4. Vanderbilt University, Nashville, TN
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MODIFICATION OF A S--xyPICOSECOND
LIFETIME SYSTEM FOR LIFETIME
MEASUREMENTS AT UNISOR

P.K.Joshi' P. F. Mantica, Jr2 E. F. Zganjar!
S.J. Robinson® W. B. Walters*

We have adapted the -y picosecond-lifetime
system® designed for neutron-rich isotopes at the
TRISTAN isotope-separator facility for use on pro-
ton-rich isotopes at the UNISOR facility, where B*
and electron capture populate states in the daughter
nuclei.

The system uses a fast-slow coincidence circuit
to define a triple coincidence between an initial 8 ray
and a subsequent cascade of two Y rays. The fast

timing part consists of a thin (0.3 cm) NE-111A
plastic scintillator AE 8detector mounted on aPhilips
XP-2020 photomultiplier tube (PMT) and a conical
BaF, crystal mounted on a Philips XP-2020Q PMT.
The BaF, crystal has a thickness of 1.3 cm and upper
and lower diameters of 1.9 and 2.5 cm, respectively.
The energy resolution of the BaF, detector was mea-
sured to be 9.5% for the 662-keV transition in !3Cs.
For each detector, a Philips S-5632 voltage divider
has been used, modified so that the dynode output
signal is taken from the 9% dynode of the divider as
prescribed in Ref. 5. The dynode signals are pro-
cessed using Ortec 583 constant fraction discrimina-
tors, whose output is used as the start/stop signal for
a time-to-pulse-height converter (TAC).

For the slow timing circuit, a Ge detector of large
volume (35% efficient relative to Nal) and good
energy resolution (FWHM < 2.0keV at 1.33 MeV) is
used to define the cascade sequence of interest. The
timing performance of the system has been tested
using a calibration source of Na. The energy
dependence of the FWHM and centroid position of
the fast timing TAC peak are shown in Fig. 7.2.

The system can be readily placed on the 30°
beam line of the UNISOR separator. Mass-separated
samples are implanted in a moving tape, which trans-
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centroid position determined for the 8*-yy lifetime
system using #Na.

ports the activity of interest to the center of the
lifetime system. The sequential stepping of the tape
is controlled by a LED and sensor to avoid tape
slippage and variation of the sample position. The B*-
¥7lifetime system has been used successfully in the
measurement of the lifetime of the first 2* states in
118Xe and 12Xe.

We are grateful for the technical assistance pro-
vided by Jim Blankenship and Mark Whitley, Physics
Division, and Ron Gill, Brookhaven National Labo-
ratory.

1. Louisiana State University, Baton Rouge

2. UNISOR, Oak Ridge Institute for Science and
Education, Oak Ridge, TN

3. Tennessee Technological University, Cookeville

4. University of Maryland, College Park

5. H. Mach et al., Nucl. Instrum. Methods Phys.
Res. A280, 49 (1989)

DEVELOPMENT OF A NEW PICOSECOND
LIFETIME MEASUREMENT SYSTEM
USING THE S+ - X-RAY COINCIDENCE

P.K.Joshi' E. F. Zganjar' P. F. Mantica, Jr?
8. J. Robinson’

A new system was developed at UNISOR to
measure nuclear lifetimes in the picosecond range.
This system is based on the design at TRISTAN* and
is a modification of the system in the previous contri-
bution.’

At UNISOR, the nuclei produced are mainly
proton rich and hence decay by B* emission and
electron capture. If the excited level is fed viaa §*
decay path, the timing information is obtained by a
coincidence between the B* and a jray transition
depopulating the level. However, if the level in ques-
tion is 0* and if it depopulates only by internal
conversion, as is the case for 136:133Hg then the only
radiation which can be utilized as a fast trigger is the
X ray which follows conversion of the 03 — 07
transition. Since all K X rays which originate from
the internal conversion process are of the same en-
ergy, it is not possible to isolate the X rays whose
origin is that particular transition. Hence, a Si(Li)
detector was used to select a particular electron tran-
sition. To accomplish this, a triple coincidence was
setup between the 8*, the K conversion electrons and
X rays following the K conversion. The timing
information is obtained from the fast coincidence
between the B* and the X rays, while the high resolu-
tion electron detector was used to select the transition
of interest.

A Plastic scintillator, NE-411A, 1.3 cm in diam-
eterand 0.3 cm thick coupled to a XP2020 photomul-
tiplier tube was used to detect the B* particles. ABaF,
crystal, semi-conical in shape with2.5cmand 1.9cm
diameters at base and top respectively, and 1.9 cm
thick, was mounted on a XP2020Q photomultiplier
tube to detect the X rays.

A timing resolution of 1.19 ns was achieved for
the B* - X ray coincidence. The centroid shift method
was employed toobtain the lifetime information from
the TAC peaks.

We would like to thank Mark Whitley and Jim
Blankenship, Physics Division, for their technical
advice and material support.
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Education, Oak Ridge, TN
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3. Tennessee Technological University, Cookeville

4, H. Mach, R. L. Gill and M. Moszynski, Nucl.
Instrum. Methods Phys. Res. A280, 49 (1989)

5. P.K.Joshi, P. F. Mantica, Jr., E. F. Zganjar, S.J.
Robinson and W. B. Walters, current progress report

LIFETIME MEASUREMENTS IN !13120Xe

P. F. Mantica, Jr.! P.K. Joshi? S. J. Robinson’
E.F.Zganjar? R. L. Gill! W. B. Walters’
D. Rupnik® H.K. Carter! J. Kormicki'®
C.R. Bingham’

We have measured the lifetimes for levels in
118,120xe populated through the B*/EC decay of
N8120Cs, respectively, using the new picosecond
lifetime system at the UNISOR isotope separator.
The major motivation for these new measurements
was the employment of a different experimental
technique to determine the lifetimes for the first 2*
level in these nuclides, and to hopefully resolve the
discrepancy in the RDDS lifetime measurements? for
the 2} level in '20Xe.

Samples of !1812Cs were produced as recoils
from the heavy-ion reaction between a 92Mo target
and a 175-MeV 325 beam. Data was collected using
the new UNISOR picosecond lifetime system. The
system comprised a 0.3-cm thick NE-111A plastic
scintillator AE B detector mounted on a Philips XP-
2020 photomultiplier tube (PMT) and a 1.3-cm thick
conical BaF, crystal mounted on a Philips XP-2020Q
PMT for ydetection. These detectors were placed
face-to-face in vertical positions relative to the beam
line. Two Ge detectors were also incorporated into
the system, and were placed face-to-face in horizon-
tal positions.

Shown in Fig. 7.3 are the time-to-amplitude
conversion (TAC) spectra for coincidences between
Brays and the 322-keV 2% to 0% transition in '®Xe,
and for coincidences between Sraysand the 338-keV
to transition in !!¥Xe. The resulting lifetimes were
determined using the centroid shift method, where
the reference “prompt” TACs were constructed by
gating on the region of the BaF, yray spectrum just
above the full-energy peak of interest. The use of a
background gate as the reference TAC ensures that
Compton events from higher energy yrays will not
influence the lifetime measurement. Since thereisno
dependence of the centroid position on ¥ray energy
in the BaF, detector for the energy region from 250 to
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Fig. 7.3. Delayed and prompt TAC spectra for
the measurement of the centroid shift for the 27 to 0]
transitions in a) !'¥Xe, and b) 1¥Xe.

700 keV, as determined from prompt curve calibra-
tion measurements using 2*Na, the difference in the
centroid position of the full-peak and background
gates will yield directly the lifetimes of the 2] levels
for 118.120Xe

Although the result presented here for the life-
time of the 2 level in !¥Xe agrees with the adopted
lifetime value,? the lifetime value for the same level
in 12Xe is nearly a factor of 2 lower than the adopted
value. The result for !2Xe, however, is within the
error limit of the most recent RDDS measurement by
the Cologne group,”? who have reported a lifetime
value of 75+ 7 ps for the firstexcited 2* state in 120Xe.
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DEVELOPMENT OF A NEW PICOSECOND
LIFETIME MEASUREMENT SYSTEM
USING X-RAY - X-RAY COINCIDENCE

P.K.Joshi' E. F. Zganjar' P. F. Mantica, Jr?
S. J. Robinsor®

Modification was made to the 8* - X-ray coinci-
dence system developed at UNISOR?” in order to
accommodate the fact that many heavy proton-rich
nuclei decay predominantly by the electron capture
process rather than 8+ decay. Since the electron
capture decay process is followed by emission of X
rays, replacement of the B* plastic detector by a BaF,
detector identical to the one used in the * - X-ray
coincidence system will allow for detection of these
X rays. In this way a fast X-ray - X-ray coincidence
is achieved, where one X ray follows the electron
capture process and the second the internal conver-
sion process. Since these X rays are of the same
energy, the particular transition of interest is selected
by using a Si(Li) detector gate on the appropriate
conversion electron line. Hence a triple X-ray - X-ray
- e coincidence is achieved where the timing infor-
mation is extracted from the X-ray - X-ray fast
coincidence.

One consequence, which evolves from use of the
X-ray - X-ray fast coincidence, is that the start signal
triggering the time-to-pulse-height convertor (TAC)
can be an X ray from either the conversion process or
the capture process. Should the X ray from the
capture process trigger the TAC, a level lifetime
longer than 5 ps would be indicated by a shift in the
centroid of the TAC spectrum to a channel number
above the prompt centroid position. However, should
the X ray from the conversion process trigger the
TAC, the centroid of the TAC spectrum would shift
toachannel number below that of the prompt centroid
position. Since the two BaF, detectors are identical
in every respect, the two competing X-ray processes
have an equal probability of triggering the start signal
for the TAC. The resulting TAC spectrum, therefore,

will be the sum of the two TAC spectra, which are
shifted in opposite directions relative to the prompt
centroid position. The resulting TAC spectrum there-
fore will be wider than the prompt TAC spectrum.
The level lifetime, 7, is then found simply by compar-
ing the root-mean-square value o of the two distribu-
tions. If o, and o, are the ¢ values of the prompt TAC
spectrum and the TAC spectrum which results from
lifetime of greater than 5 ps, then the lifetime 7 is
given by the following equation.

2_2 2
0‘ —Op +T°.
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LIFETIMES OF THE 0; CONFIGURATION
IN ¥sHg AND **Hg

P.K.Joshi' S. J. Robinson? P. F. Mantica, Jr.}
E. F. Zganjar' D. Rupnik! R. L. Gill*
W. B. Walters® H. K. Carter’ C. R. Binghan®
J. Kormicki*” A. V. Ramayya’ W. C. Ma’
J. H. Hamilton”

Coexisting bands of quite different deformation
in 18418618849 have been known for some time from
in-beam reaction®® and radioactive decay'®!! stud-
ies. The latter work also observed electric monopole
(EO) transitions in these neutron-deficient Hg iso-
topes and precipitated the evolution of thisregion into
aclassic example of widely-occurring, nearly degen-
erate, nuclear shape coexistence.

A direct measure of the mixing of coexisting
shapesin even-even nuclei is the EQ strength between
the intruder state and the ground state.!? Changes in
the nuclear radius lead to non-vanishing values for
the monopole strength function, p(EQ), and to mea-
sure p(EOQ) experimentally, all that is needed is a
measurement of the partial half-life of the 07 level.
These Hg isotopes present a unique challenge to the
measurement of 03 lifetimes in the picosecond range
since the complexity of the decay demands a triple
coincidence.



148 Physics Division Progress Report

A lifetime measurement system developed at
UNISOR' was used to measure the lifetimes of the 0
configurations in '3Hg and !3¥Hg. For %Hg, the (8*-
X)-e triple coincidence, where X represents the X ray
following internal conversion of the associated ¢,
was used to determine the lifetime of the 03 state. This
unique system has been thoroughly described.!* The
lifetime for the 0} level in % Hg was measured using
the triple coincidence (X-X)-¢, where the first X
represents the K X rays following the electron capture
and the second is the same as above. The associated
23-level lifetimes are determined in a similar manner.
The mixing matrix element V,, calculated using the
formalism of Kantele!® are 73+, keV for the 03 level
in '%8Hg and > 111 keV for the 0} level in %“Hg.
These results are presented in Table 7.1.
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GAMMA-RAY SPECTROSCOPY ON 72Br

W. C. Ma! T. Brown! A. V. Ramayya'
J. H. Hamilton! L. Chaturvedi’
J. Kormicki'? Q. M-Lu! N. Severijns®
P. Schuurmans® L. Vanneste?
P. F. Mantica,Jr3 H. K. Carter’

The first studies of the decay of 7?Br to "2Se %
which reveal in 72Se the first example of the coexist-
ence of shapes with quite different deformations
(IB~0.1 and | 8,}~0.3), have been very important for
the general understanding of nuclear structure. How-
ever, microscopic theoretical calculations®’ predict a
much greater richness of levels than seen inrecent in-
beam gamma-ray spectroscopy on 2Se.? Indeed,
whereas the experimentally observed positive parity
levels are dominated by a single band with large
deformation, the theoretical calculations predict mul-
tiple band structures which are not seen experimen-
tally. For %Ge on the other hand, the similar complex
band structure which is predicted by these micro-
scopic calculations, is nicely reproduced by the mea-
surements.® One thus wonders what is the difference
between these two nuclei which were predicted to be
quite similar theoretically. A possible explanation
might be the fact that 72Se is much closer to the island
of ground-state superdeformation centered around N
= Z = 38 (Ref. 9) and that the dominance of these
reinforcing proton and neutron shell gaps at 38 is not
included in the calculations yet. Thus, it remains
interesting to study in more detail the level structure
of 2Se.

Table 7.1. Lifetimes and Monopole Strength Parameters

Nuclews E@©)  T,,(03) EO Tam@) PED  V, EQ2) T2
keV ps branch  ps x 10° keV keV ps

188g 824 288+63 >58% 288'%" 553 7313 881 199+44

186Hg 523 <52 72% <72 >32 2111 620 66+37
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A second problem pertaining to this nucleus is
related to the question of mixed symmetry states.!%!!
These states involve out of phase motions of the
protons and neutrons which contribute to the collec-
tive excitations and represent some of the exciting
current developments of the understanding of collec-
tive motions in nuclei. One of the important charac-
teristics of such states are large enhanced M1 transi-
tion strengths, for example in 2}, — 27 transitions
(k>1). In the decay of 7?Br there are several 2* states
which are candidates for mixed symmetry states.
Moreover, this nucleus is particularly interesting be-
cause of the mixing of the two coexisting shapes that
is known to occur at the 2] level.’ However, in order
to warrant a nuclear orientation experiment, which
would give information on the E2/M1 mixing ratios
of the decay of the 2}, levels, too few definite spin
assignments are available as yet.

In order to clarify both of the above discussed
problems, we have carried out a more complete %y
coincidence run to better establish the 72Br decay
scheme. The activity was produced with a 48-MeV,
60-particle-nA 150 beam bombarding a Ni target,
which was placed in front of a FEBIAD type ion
source on the UNISOR mass separator. Data are
currently being analyzed.

1. Vanderbilt University, Nashville, TN

2. University of Leuven, Belgium

3. UNISOR, Oak Ridge Institute for Science and
Education, Oak Ridge, TN

4, W. E. Collins et al., Phys. Rev. C 19, 1457
(1974)

S. J. H. Hamilton et al., Phys. Rev. Lett. 32,239
(1974)

6. A.Petrovici, K. W. Schmid, F. Griimmer and
Amand Faessler, Nucl. Phys. A504, 277 (1989)

7. K.W.Schmid,ZhengRen-Rong,F. Griimmer
and Amand Faessler, Nucl. Phys. A499, 63 (1989)

8. L. Chaturvedi et al., Phys. Rev. C 43, 2541
(1991)

9. J. H. Hamilton, in ‘Treatise on Heavy Ion
Science’ ,ed. A. Bromley (Plenum,New York, Vol. 8,
p. 3, 1989)
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NUCLEAR ORIENTATION OF *%Tc

M. R. Papantonakis' P. F. Mantica, Jr?
J. Kormicki?? K. Butler-Mooré® A. V. Ramayya®
J.H. Hamiltor® J. K. Deng® W. C. Md®
A. Lahamer! W. D. Hamilton*

We have studied the decay of *%Tc using the
UNISOR Nuclear Orientation Facility. A sample
was prepared by diffusing *Tc activity (t,, =4.3 d)
into a 0.1-mm thick pure Fe foil at 830 °C under H,
atmosphere. The sample was top-loaded into the *He/
“He dilution refrigerator, and data were collected at
both warm (T > 1 K) and cold (T ~ 7 mK) tempera-
tures at 30 minute cycles over a four-day period.
Gamma-ray anisotropy measurements were made
using Ge detectors placed at angles of 0, 45, 90, 135
and 180 degrees, relative to the applied external
magnetic field. The directional distributions at each
angle were normalized to the 0-degree distribution as
a correction for the changing sample strength, and
also to the 205-keV isotropic distribution from the
decay of %°Tc (I = 1/2) to correct for dead-time and
amplifier pile-up effects.

The corrected distributions for the transitions in
%Mo were then used to determine the A, and A,
gamma-ray angular-distribution coefficients, where
the deorientation coefficients, U, and U,, were found
through the top-down analysis technique. The mix-
ing ratio, &, for each transition was then calculated
using the analytical relation between A,, A, and 4.
These mixing ratios are listed in Table 7.2.

A comparison of our new mixing-ratio determi-
nations with those obtained from previous yy angu-
lar-correlation measurements’ reveals good agree-
ment for many of the transitions listed in Table 7.2.
The one having the largest discrepancy is our new
measurement for the 314-keV transition from the
second 6* level. Previously, &314) was identified to
be +0.27(5), whereas the results here find the mixing
ratio with the opposite sign. Our new results point to
the fact that both the 314- and 317-keV transitions,
outof 63 the levelat2755keV, have considerable M1
components. Since the 67 and 57 states are in an
energy realm where they should be fully symmetric
with regards to proton and neutron degrees of free-
dom, the large M1 strength for the transitions into
these levels from the 6] state suggests that the 2755-
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Table 7.2. Gamma-ray distribution coefficients and mixing ratios for transition in Mo

E, L L 1, U U, A, A, & Q®%E2  &m
314 6,6, 243 09692 08974 -0386(6) -0.018(14) -0.11(1) 11  +0.27%(5)
317 6,5 140 09692 08974 +0.392(4) +0.025(19) -0.060(5) 036 <0.13
885 6,4, 0.10 09692 08974 -029(4)  -022(8)  -0.103)  1.0*
1127 6,4, 152 09692 08974 -0361(6) -0222(14) -0.037(5) 0.13* -0.03(10)
812 6,4, 820 09617 08909 -0362(6) -0217(14) -0036(8) 0.13* -0.01(3)
569 5,4, 092 09279 07704 +0.598(5) +0.066(26) -0.183(3)  3.25
-2.84(3) 890
722 4,2, 012 08721 06156 -042(3) 0279  -0033)  0.1*
481 3,2, 008 07885 04188 +0.03(8) +04532) +0.164) 26
-12(4,412) 99
1200 3,2, 037 07885 04188 -0.77(1)  +0.384)  +081(2) 397  +0.39(15)
+2.12(8) 818
719 2,2, 020 04498 00395 -075@4)  +1513)  +033(7) 10  +0.42(27)
+11() 55
1498 2,0, 009 04498 00395 -0592)  -1.07(15) 0.0
778 2,0, 997 06501 0.1725 -054(1)  -L10(7)  0.0*

* Mixing is M3/E2

* Deorientation coefficients determined assuming the 1498-keV transition is pure E2.

keV level has characteristics of a mixed-symmetry
state.

1. Berea College, Berea, KY

2. UNISOR, Oak Ridge Institute for Science and
Education, Oak Ridge, TN

3. Vanderbilt University, Nashville, TN

4. University of Sussex, Brighton, UK

S. Nucl. Data Sheets 35, 281 (1982)

LEVEL STRUCTURE OF
ODD-ODD 1141

B. E. Zimmerman'2 W, B, Walters’
P. F. Mantica, Jr2 H. K. Carter’ J. Kormicki’$
J. Rikovska® N. J. Stone® B. D, Kern®

In order to extend previous work on odd-odd
nuclei near the Z=50 closed shell, we have investi-
gated the structure of the odd-odd Z=53 nuclide 1141
(Ref. 7). The most important new result is the
identification of highly converted transitions at 28.2
and 134.5 keV, which are placed in the level scheme
shown in Fig. 7.4. The 135-keV transition hasa K/L/

M ratio consistent with M3 multipolarity and is
thought to be the isomeric transition de-exciting the
high-spin isomer at 266 keV. The half-life of the
conversion electrons associated with this trasnsition
is 6.2 s, which is the same value derived for the 103-
keV transition which has been seen to be of El
multipolarity. The multipolarity of the 28-keV tran-
sition has been determined to be AJ = 2, but we have
notbeen able to determine whether the transition is of
electric or magnetic nature.

From the data, we have been able to deduce that
the ground state is most like a 1* member of a
mds,vd, , multiplet while the first excited state is
probably the 2° member of a 7g,,vh,, , multiplet.
Depending on whether the 28-keV transition is E2 or
M2, there are several combinations of single-particle
orbitals that result in states with spins and parities of
4*and 7* or 4" and 7-. Further interpretation through
the Interacting Boson-Fermion-Fermion Model

(IBFFM) is in progress.

1. University of Maryland, College Park

2. Present address: University of Tennessee,
Knoxville

3. UNISOR, Oak Ridge Institute for Science and
Education, Oak Ridge, TN
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7. B. E. Zimmerman, W. B. Walters, P. F.
Mantica,Jr.,H.K. Carter,N.J. Stone, J. Rikovskaand
B.D.Kern, Proceedings of the Conference on Nuclei
Far from Stability, Bernkastel-Kues (1992)

NUCLEAR ORIENTATION OF 11¢§p

B. E. Zimmerman'2 W. B. Walters' P. F. Mantica,
Jr3 H.K. Carter’ J. Kormicki®” M. G. Booth®
J. Rikovska® N. J. Stone*

C.R. Binghan® B. D. Kern®

The odd-odd nucleus 15Sb was studied via On-
Line Nuclear Orientation (OLNO) to investigate the
spin-lattice relaxation properties of the '*SbFe sys-
tem. The resulting plot of anisotropy versus inverse
temperature (Fig. 7.5.) reveals little deviation be-
tween the experimental data and the calculated theo-
retical anisotropy curve, for which all of the orienta-
tion parameters are well-established from NMR mea-
surements.® This is interpreted as an indication that

ORNL DWG-92-15727
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Fig.7.5. Experimental anisotropies for 116Sb decay (1293 keV line) with theoreti-
cal curve (without accounting for relaxation).
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the system has reached full thermal equilibrium; that
is, the nuclei are completely relaxed. This is in agree-
ment with the results expected for a calculated spin-
lattice relaxation time of ~200 s at 11.6 mK for a
nucleus with a 950 s half-life. These results confirm
that the Korringa Law is obeyed in this system and
that the scaling rule g>C, = (constant for all isotopes
of the same element in the same host) can also be
applied.

1. University of Maryland, College Park

2. Present address: University of Tennessee,
Knoxville

3. UNISOR, Oak Ridge Institute for Science and
Education, Oak Ridge, TN

4. Oxford University, United Kingdom

5. University of Tennessee, Knoxville

6. University of Kentucky, Lexington

7. Vanderbilt University, Nashville, TN

8.V. R. Green, C. J. Ashworth, J. Rikovska,
T. L.Shaw,N.]J. Stone, P. M. Walker and L. S. Grant,
Phys. Lett. B177, 159 (1986)

NON-SATURATION OF B(E2) STRENGTH
IN MID-SHELL Xe ISOTOPES

P. F. Mantica, Jr.! W. B. Walters® P. K. Joshi’®
E. F.Zganjar’ §. J. Robinson® R. L. GilP
D. Rupnik’® H. K. Carter! J. Kormicki'
C.R. Bingham’

The experimental electromagnetic transition rate
between the ground state and the first excited 2* state
in the even-even Xe isotopes below N = 82 appears to
saturate? as mid-shell neutron number is approached.
This saturation effect has been considered a result of
the filling of neutron orbitals? which contribute very
little to the total quadrupole moment. Ithasalso been
reproduced in the IBM-2 through the introduction of
Pauli factors!?into the operators of the IBM-2 Hamil-
tonian. More recent measurements using the Recoil
Distance Doppler Shift (RDDS) technique employ-
ing the Differential Decay Curve Analysis!! have
determined the mean lifetime of the 27 levels in
120,122,124 e g be shorter than that reported,® suggest-
ing there is no saturation of B(E2) values at mid-shell.

Recently, we have measured the lifetimes for
levelsin 18120Xe populated through the §*/EC decay
of 118120Cs, respectively, using the new picosecond
lifetime system at the UNISOR isotope separator.

The lifetimes for the first 2* level in these nuclides
were determined to be 6346 and 6414 ps for 1¥Xe and
120X¢, respectively. The resulting values for B(E2;
0f— 2}) are shown in Fig. 7.6 for the new measure-
ments and also for previous measurements that are
given in Ref. 8. The BE2)T presented here for the
lifetime of the 2} level in ¥Xe agrees with the
adopted value;® however, the B(E2)T value for the
same level in 12Xe is nearly a factor of 2 lower than
the adopted value. Our new results for '*Xe, how-
ever, are within the experimental uncertainty of the
most recent RDDS measurement by the Cologne
group,!! which is also shown in Fig. 7.6.

Our new measurements, along with the most
recent measurements from the Cologne group, sug-
gest that there is no saturation of B(E2; 07— 27) for
the mid-shell Xe isotopes. To the contrary, these new
B(E2)T data imply that there is a steady increase until
mid-shell neutron number is reached, after which the
B(E2)T values begin to decrease. This is clearly
illustrated in Fig. 7.6. This is in agreement with the
isotope shift data'? available for the Xe isotopes
below the N=82 closed shell, where the observed shift
is linearly dependent on neutron number at least
through N=68. Since the occupation of the relatively
“flat” Nilsson orbitals by neutron numbers 64 <N <
70 does not allow for a large increase in the B(E2)
values for the Xe isotopes around mid-shell neutron
number,? it may prove important to consider the
contribution from the proton [404]9/2 Nilsson or-
bital. This is a strongly up-sloping Nilsson orbital,
which is indeed close to the Fermi surface for the mid-
shell nuclides in this mass region, (where $>0.25) as
reflected in the ground-state intruder character of the
odd-Z nuclides 11°Cs.

Discussions of this topic with A. Dewald, S.
Raman, W. Nazarewicz and 1. Haommamoto are grate-
fully acknowledged.
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11. A. Dewald et al., Proceedings of XXV
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DECAY OF 2Ba

Y. Hatsukawa' P. F. Mantica, Jr?
B. E. Zimmerman® W. B. Walters’ H. K. Carter?

High-spin states of 12Cs are well investigated*
by in-beam spectroscopic studies. However, the
study of the low-spin states in 12Cs from the decay of
12384, using isotope separation techniques, is ham-
pered by difficulties involved in ionizing Ba. Re-
cently, a thermal ion source, based on the GS1design,
has been adapted for use on the UNISOR separator.
This new source has proven successful in the ioniza-
tion of many rare-carth nuclei previously unattain-
able at the UNISOR separator, including the ioniza-
tion of the Ba isotopes.

The investigation of the radioactive decay of
13Ba(t,,=2.4 m)tolow-spinstates in '2Cs hasbeen
completed using the UNISOR isotope separator. The
123B3a activity was produced in the heavy-ion reaction
by 35C1 bombardment of a 92Mo target. The recoil
products were ionized using the newly adapted ther-
mal ion source, mass separated, and subsequently the
desired A=123 activity was implanted into a moving
tape system. The tape system was programmed to
transport the radioactivity every 7 minutes to a count-
ing station, which comprised a Si(Li) electron detec-
tor and two Ge detectors.

Gamma-ray and conversion-electron singles,
time-dependent j-ray singles and yycoincidence data
were collected at this counting station. Preliminary
analysis of the multiscaled singles data has allowed
for the assignment of 46 yrays to the decay of !2Cs;
these are listed in Table 7.3. The ¥y coincidence
results should serve to compliment the recent study of
the decay of '3Cs by Osa et al.’

1. Japan Atomic Energy Research Institute,
Tokai, Japan
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Table 7.3. Gamma rays assigned to

the decay of 12Cs.
Energy (keV) Intensity (%) T, (m)
204
31.1 10900 (500) 20
35.7 1700 (150) 20
64.6 177 (7) 2.7
93.5 440 (30) 22
95.1 1000 (30) 22
116.6 480 (16) 23
120.4 220 (10) 22
124.1 630 (20) 21
137.6 240 (10) 2.1
201.3 675 (21) 23
333.8 72 (12)
3474 144 (12)
370.7 500 (20) 20
373.1 273 (13)
399.8 125 (11)
405.1 90 (10)
410.8 179 (12) 1.8
4373 104 (10)
484.5 244 (12)
493.8 442 (17) 19
497.2 227 (13)
546.9 155 (10)
590.3 141 (10)
607.7 95 (10)
635.1 148 (10)
670.3 83(8)
716.4 267 (15) 22
718.6 367 (17) 22
780.3 75 (10)
782.1 54 (10)
806.9 45 (9)
810.8 119 (10)
864.9 77 (10)
874.0 40 (9)
894.4 48 (10)
991.0 51(10)
1068.3 17 (10)
1074.4 23 (10)
1207.3 59 (11)
1540.1 43 (11)
1542.5 60 (11)
1657.4 123 (12)
1669.0 240 (15)
1675.8 51(11)
1698.6 74 (10)
1762.3 180 (13)
1821.5 60 (10)

2. UNISOR, Oak Ridge Institute for Science and
Education, Oak Ridge, TN
3. University of Maryland, College Park
4. J. R. Hughes et al., Phys. Rev. C 45, 2177
(1992)
5. A. Osa et al., report KURRI-TR-348, 1991

STUDIES OF THE ONSET OF
DEFORMATION IN THE VERY-NEUTRON
DEFICIENT ISOTOPES OF Pr, Nd, Pm AND

Sm

J. Breitenbach! R. A. Braga? J. L. Wood'
P. B. Semmes’® J. Kormicki*?

Detailed ¥y, X, €7, and eX coincidence data and
¥, X-, and e-singles spectrum multiscaling data have
been analyzed for the decays:

137Ey (11 s) - '3 Sm (45 5) —» 1¥Pm (2.4 m) >
137Nd

135Sm (10 s) — '*Pm (49 5) - ¥Nd

133Sm (3 's) = Pm (12 5) - 3Nd (70 s) -
133Pr

Low-lying levels for 133135Pr and !35137Pm are
shown in Fig. 7.7. A level scheme for !33Nd has been
constructed containing 73 transitions: Previous de-
cay information for 133Pm — '**Nd did not report any
yrays. A low-spin S-decaying isomer in **Nd is
established. Calculations using the Lund (triaxial
Nilsson) model have been carried out. Results for
137Pm are shown in Fig. 7.8. The rapid onset of
deformation predicted® to occur between *’Pm and
135pm (cf. Fig. 7.7.) is not observed.

1. School of Physics, Georgia Institute of Tech-
nology, Atlanta

2. School of Chemistry, Georgia Institute of
Technology, Atlanta

3. Tennessee Technological University,
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4. Vanderbilt University, Nashville, TN
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6. G. A. Leander and P. Moller, Phys. Lett.
B110, 17 (1982)
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PARTICLE + TRIAXTIAL-ROTOR MODEL
CALCULATIONS FOR ODD-MASS Pr
ISOTOPES ABOVEN =82

P. F. Mantica, Jr.! W. B. Walters®

We have recently studied the level structure? of
147pr, where we have identified several new levels
below 1.2 MeV and have also made firm assignments
of negative parity to several low-energy levels, paral-
leling similar low-energy negative-parity states® iden-
tified in 45Pr. The presence of these low-lying
negative-parity states suggests that configurations
having significantly different deformation, related to
the highly-deformed region above N=90 and/or to
reflection asymmetric region identified around 14°Ba,
may manifest themselves at low energy in these
nuclides. To further our study of 14’Pr and the other
odd-A Pr isotopes above N = 82, we have attempted
toreproduce the structures of these nuclides using the
particle + triaxial-rotor model.

The low-energy positive-parity levels calculated
using the particle + triaxial-rotor code for 145-147Pr are
shown in Fig. 7.9, where they are compared with the
known experimental levels. The calculations in-
volved the diagonalization of the deformed shell-
model Hamiltonian to compute single particle ener-
gies and wavefunctions of a non-axially symmetric
deformed Woods-Saxon potential. In these calcula-
tions, the deformation parameters (8,, B,, 7) used for
the Woods-Saxon potential were extracted from To-
tal Routhian Surface (TRS) calculations for the even-
even neighbors of these odd-A Pr isotopes. The
single-particle matrix elements were calculated by
selecting all the Nilsson orbitals residing within + 4
MeV of the Fermi surface. The residual pairing
interaction was treated within the BCS approxima-
tion, where a standard value of the pairing strength
parameter, G, was adopted for each isotope. The core
2] energy was estimated by taking the average of the
2 energies from the neighboring even-even core
nuclei and the recoil terms in the particle + triaxial-
rotor model Hamiltonian were treated as one-body
operators.

A close comparison of the theorical level ener-
gies to the actual experimental spacings suggests that
the PTRM does quite well in predicting the level
density at low-energy, especially in 147Pr, where the
triplet of states found to be within 100 keV of the
ground state is well reproduced. However, the PTRM
calculations presented here do not do as well in
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Fig. 7.9. Experimental levels in 14>!147Pr with the positive and negative parity levels calculated

from the particle + triaxial-rotor model.

reproducing the low-lying levels of 14Pr. The fact
that there is better agreement for the case of 14”Pr may
suggest that the even-even core nucleus for *5Pr,
144Ce, may not be properly represented as a good
rotor.

The resulting wavefunctions for the states calcu-
lated at low energy in 4’Pr are highly mixed, with the
majority of the contribution from the [411]3/2 and
[413]5/2 orbitals. One interesting aspect of the calcu-
lations reported here is that there was very little
change in the calculated wavefunctions for the low-
energy levels in the range where 0.15 < 8, < 0.18.
Tha these levels do form the pseudo-spin doublet
[312] 3/2, 5/2 will only be mentioned since a detailed
investigation into the pseudo SU(3) symmetry limit
has not been carried out at this time.

The negative-parity level structures for 14>147pr
were also calculated and are shown in Fig. 7.9. One
comment that can be made in regards to the negative
parity levelsin these Pr nuclides is the density of low-
energy low-spin negative parity levels. The experi-
mental levels shown in Fig. 7.9 are obtained from
radioactive decay studies: specifically, the study of 8

decaying parent nuclides having low spin (where, to
define areference frame, low spin is 1<9/2). For 145Pr
and !Pr, where the negative parity states have been
identified from measurements of internal conversion
coefficients, there is an apparent excess in low-spin
negative-parity states at low energy, above that pre-
dicted from the particle + triaxial-rotor model. How-
ever, the code used in these calculations does not
include provisions for the mixing of positive and
negative parity states, as the octupole (8,) degree of
freedom is excluded from the calculations. There-
fore, if these low-energy, low-spin negative-parity
states arise from complex configuration mixing in-
volving B, deformation, these levels would lie out-
side the particle + triaxial-rotor model space.

We would like to thank P. B. Semmes for his
guidance in the use and interpretion of the output
from the particle + triaxial-rotor code.
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Education, Oak Ridge, TN
2. University of Maryland, College Park
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SHAPE COEXISTENCE AND ELECTRIC
MONOPOLE TRANSITIONS IN 84pt

Y. Xu! K.S. Krane! M. A. Gummin! M. Jarric?
J.L.Wood E. F. Zganjar® H. K.Carter’

Excited states of %Pt were studied through the
radioactive decay of mass-separated % Au produced
through the (12C,xn) reaction on a targetof 8! Ta. The
beam from the UNISOR separator was used to do
gamma and conversion-electron spectroscopy and
also was implanted into the UNISOR Nuclear Orien-
tation Facility, enabling the study of the angular
distribution of gamma rays from the decay of '#Au
oriented at low temperature. A report describing this
work was given at the OLNO-2 Conference.

Spectroscopy measurements have placed more
than 150 gamma transitions among more than 50
excited states of 1%Pt. We observe 2 patterns of
feeding of the high-lying states that correspond re-
spectively to daughter states of high spin and low
spin. Based on our measurements, we have con-
cluded that the !3Au decay proceeds through 2 iso-
mers, probably of spins 3 and 6. In an effort to
determine the half-lives of these decays, multiscaling
data have been taken from the decay of #4Au both
produced directly and (in a separate experiment)
following the decay of '*Hg. It appears that the 2
half-lives are both close to 50 s, and data analysis is
presently in progress to try to resolve this question.

Analysis of the decays from the low-lying states
has revealed strong EQ transitions between states of
the K =0* bands and also between states of the K =2*
bands. We regard this as evidence for shape coexist-
ence in both pairs of bands. These conclusions follow
from combining the internal conversion results, which
show evidence for E0+M1+E2 character for the tran-
sitions between the bands, with results from the
nuclear orientation angular distributions from which
the E2/M1 multipole mixing ratios can be extracted.
Combining these tworesults permits the EQ contribu-
tions to the transitions to be obtained. These EO
admixtures serve as directevidence for the coexisting

bands. Coexistence between the K = 2* bands repre-
sents a new feature of nuclear structure.®
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SPINS AND MAGNETIC DIPOLE MO-
MENTS OF NEW ISOMERS IN %4Au BY
TIME INTEGRAL AND TIME RESOLVED
NUCLEAR ORIENTATION

N.J. Stone' I. R. Stone' M. G. Booth!
W. B. Walters® B. Zimmerman?*? C.R. Bingham’
K. S.Krané’ J. Deng® B. D. Kern”
P.F.Mantica, Jr® H.K.Carter® Y. Hatsukawa®

The existence of isomerism in !3Au has been
established in on-line studies at the NICOLE facility,
ISOLDE, CERN, and confirmed in a previous
UNISOR experiment. The detection of a highly
converted M3 transition of energy 68 keV indicates
that, provided no other transition is involved in the
isomeric decay, the two levels involved have the
same parity, and a spin difference of three. Low
temperature nuclear orientation studies have been
made at NICOLE in an attempt to elucidate the spins
and moments of the long-lived states, but these were
hampered by the fact that at ISOLDE there has been
no direct Au beam and the activity was produced
following implantation of **Hg [t, , = 30.6 s]. The
decay of '#4Au is complex, as revealed by a previous
detailed study'® at UNISOR. Many levels in the
daughter !34Pt are fed indirectly through both isomer
and ground-state decay, thus making it difficult to
extract information concerning the individual hyper-
fine interactions of the parents.

In the current study we have used the direct
UNISOR !#Au beam produced by the reaction of 12C
on !81Ta at 150 MeV. Itis known that the production
ratio of the two long-lived states in this reaction
differs from the ratio obtained from the Hg decay.
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The experiment divided into three sections. In
the first, 1% Au activity implanted into a prepared iron
foil was oriented at temperatures down to 14.5 mK.
Accurate anisotropy measurements were made on all
transitions in the combined decay of the low- and
high-spin isomers of 1% Au. Taking advantage of the
detailed decay scheme study done at UNISOR, these
measurements will yield level spin and gamma tran-
sition properties in the daughter %Pt as well as
helping to establish the hyperfine interactions of the
long-lived orienting states.

The second stage of the experiment saw the first
use at UNISOR of the pulsed beam implantation
method,™ Time Resolved On-Line Nuclear Orienta-
tion (TR-OLNO), to observe the growth of orienta-
tion of the % Au activity as the nuclei relax, cooling
to the Fe foil lattice temperature through the Korringa
conduction electron relaxation mechanism. The re-
laxation time is a sensitive measure of the nuclear g-
factor and, taken together with conventional orienta-
tion, can yield both the spin and moment of the
oriented state. The activity was pulsed using a con-
trolled beam stopper in the focal plane of the separa-
tor to give implantation for a period of 40 s followed
by relaxation and decay for 216 s, the operation being
repeated cyclically. Spectra taken during each of 32
successive 6-s time frames were added in successive
cycles to allow observation of the growth of the
anisotropy with good statistical quality. Data were
taken with the dilution refrigerator at 16.7 mK and
also at 1 Kelvin, the latter to study the decay of
unoriented activity.

Finally, measurements were made on tae spec-
troscopy beam line to improve knowledge of the half-
lives of the long-lived states in '*Au and to rule out
the presence of additional isomers, which would be
revealed only through the detection of highly con-
verted low-energy transitions.

The data are still being analyzed in detail. Pro-
visional TR-OLNO results, giving clear evidence for
relaxation in 134Au, are shown in Fig. 7.10.
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SEARCH FOR COEXISTING K"=2* BANDS
IN 186py

J. McEver! J. Breitenbach' J. L. Wood'!
J. Schwarzenberg! R. A. Braga?

As acontinuation of the discovery of coexisting
K™ = 2* bands in '%Pt, the decay of '%Au(11 m) to
186pt was studied by 7y, 7X, eyand eX coincidence
and 7, X-, and e-singles multiscaling spectroscopy.
The !36Au was produced by the 3! Ta(*2C,7n) reac-
tion. The signature? for coexisting K™= 2* bands will
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be EO transitions feeding the established* low-lying
K™ = 2* band.
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COMPLETE SPECTROSCOPY IN THE
187meT] DECAY:
THE STRUCTURE OF ¥7Au

D. Rupnik! E. F. Zganjar' J. L. Wood?

The analysis of the extensive '¥7T1 — 87eHg —
187A4 and !87mHg — '37Au decays is complete and
manuscripts are being prepared. The data was ob-
tained at UNISOR using the "6Hf('°F,8n)'¥'T1(8/
EC)!87Hg and ' 76Hf('0,5n)!8Hg reactions. The beta
decay of Tl populates predominantly the 3/2°
ground state of '¥’Hg (2.4 m) and, consequently, the
low-spin states of 187 Au are populated by the decay of
187Hg. The direct production of !$’Hg will populate
preferentially the 13/2* isomer in '8’Hg (1.7 m) and,
consequently, more high-spin states in '87Au are
populated. The decay of ¥"™Hg was analyzed first.
About 430 transitions and 145 levels have been
extracted from the data and assigned to the levels in
187Au. The analysis of !37™&T1 decay brought these
numbers up to about 490 and 180, respectively,
mostly by introducing transitions and levelsrelated to
low spin. The higher complexity of the second
analysis is due to the additional contamination from
two sources: the '87T1 — 1#7Hg decay and the internal
transition of the 9/2- 1¥”™Tl isomer.

A group of states have been l