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Oak Ridge Electron Linear Accelerator Program

INTRODUCTION
J. A Harvey

The Oak Ridge Electron Linear Accelerator (ORELA) has continued to excel as a
facility for accurate, high-resolution neutron-cross-section measurements. During the past
year, nieutron-crosssection experiments of many types were continued, and techniques
and equipment for making the measurements were improved. In addition, a new type of
experiment to measure the (r,¢) and (1,p) cross sections of *” Ni was performed. Many of
the isotopes and elements studied are selected because of the need for nuclear data on
these nuclides in the nuclear power program. A summary of the types of measurements,
the nuclides studied, and the energy ranges covered are summarized in Table 4.11 (sece
Chap. 4). A selected portion of the activities of Physics Division experimenters is
discussed briefly below.

One of the more pressing needs with regard to the possibility of recycling actinide
wastes is for fission cross-section data on actinide samples that may be highly alpha-active
and available only in very small quantities. This year, fission measurements were started
on a 10-ug sample of **°Cm giving 107 a/sec. A hemispherical-piate fission chamber
demonstrated a discrimination against alpha detection of a factor of 210" % while still
permitting >95% fission counting efticiency.

Capiure cross-section measurements were extended from the earlier low-cnergy cutoft
of ~3 keV down to 100 eV to permit a measurement of the capture cross section of
*Ni. The nuclides *°? Tt and *?° Tl were studied to determine the duration of stellar
nucleosynthesis. The result was a probable value for the mean fime between neutron
captures of only 23 years, with a lower limit of 12 years. In addition to measurements of
nuclides applicable to reactor needs, such as **Ni and ®°Ni, other nuclides near closed
shells were studied, such as 28, ®%Sr, and '""Mo, which are associated with
nonstatistical mechanisms such as channel and valence capture.

Capture garmna-ray spectra measurements continued to bea powerful technique for
nuclear spectroscopy. The investigation of the isotopes of tin and lead was rewarding in
determining Jevel schemes for the odd isotopes of tin and in providing information on £2
radiative strength in *?®Pb. A study of the capture gamma rays from neutrons on ' *”Mo
showed that valence capture does not play a dominant role for this nuclide.

A modification fo permit the use of unmoderated neutrons from the ORELA
tantalum target for total cross-section measurements has greatly improved the quality of
the data in the MeV energy region. In addition to the study of nuclides such as ***Pb to
determine the fragmentation of the shell-model states, total crosssection measurements
were made on several nuclides such as **Na, 2771, 2*7Pu, and the isotopes of nickel to
obtain data to satisfy nuclear reactor needs. An analysis of the total cross section of
207pb showed a large d-wave contribution in addition tu the s-wave contribution for 17



to

states. This technique appears to provide a unique means to gain information on the
d-wave strength function.

A new experiment to measure the {#,a) and (/.p) cross sections of ** Ni from 0.01 ¢V
to ~20 keV. using a diffused-junction silicon detector. has produced several unique
results. [n addition ro providing valuable applied information. such as the ¥Ni(/.a)
thermal cross section and the alpha width of the 203-eV resonance which are important
for helium production in nickel alloys in power reactors. alpha and proton widths of
many resonances were determined in the keV energy region. Measurements of © Li(11,a)7
have shown that the alphas and tritons are anisotropic even in the eV energy region. and
this must be considered when this cross scction is used as a standard for measuring
neutron {luxes.

Finally. in the pursuit of accurate cross-section measurements, it has been necessary
to develop elcctronics. equipment, and techniques. One valuable development is that of a
new neutron-flux monitor consisting of a thin °® LiF layer between two 0.1-mm sheets of
NE-110 scintillator, producing a fast. good-resolution. « + 7, 4w detector {or the reaction
products. The light is detected by two photomultipliers located out of the neutron beam.

(n,a), (m,p), (n,y), AND TOTAL NEUTRON-CROSS-
SECTION MEASUREMENTS ON 359Nj

J.A. Harvey  N. W. Hill?
J. Halperin' S. Raman
R. .. Macklin

In addition to (#,y) and total neutron-cross-section
measurements on °° Ni. we have made (s.a) and (11,p)
measurements at ORELA from ~0.01 eV to ~20 keV.
The thermal and resonance (11,«) cross sections of this
isotope. which is produced from *®Ni(x,y), are impor-
tant because of helium embrittlement and swelling of
the structura) material of power reactors.

The (1,a) and (71,p) imeasurements were made sirul-
taneously with a diffused-junction silicon detector
located 9.03 m from the water-moderated neutron
target at ORELA and resulted in a neutron energy
resolution of 0.5% (FWHM). A sample of 3?Ni (95%.
91 pg/em®) was electroplated upon a 1-mil platinum
foil. A deposit of °Li (95%, 104 ug/cmz) was evapo-
rated on top of this *“Ni deposit. The triton and alpha
groups (2728 and 2056 keV. respectively, for thermal
neutrons) from the °Li(r,a) reaction were easily re-
solved from the 4759-keV alpha group released by the
SYNi(n.@) reaction. The ° Ni(s1,p) measurements were
made with a deposit of *“Ni only. because the 1827-
keV protons were difficult to separate from the alphas
of °Li.

The (1,7) cross-section measurement was made with a
3.136-g nickel sample of 2.54-cm diam, enriched to
2.96% in Y Ni. The measurements were made from 100
to 12,000 ¢V, with an energy resolution of 0.15%. using
the total-energy detector located at a 40-m flight path.
Because the sample contained a small amount of °Co.

the bias level on this gamma-ray detector was set at ~2
MeV, involving an uncertainty of 10 * 5%. Another
measurement is planned with a “clcan” sample to
reduce the uncertainty due to this extrapolation.

Total ncutron-cross-section measurements were also
made with this 3.136-g sample, with an inverse thick-
ness of 5295 b/atom of ¥ Ni. using an 80-m flight path.
The total cross section of the 203.4-eV resonance
obtained with this sample was 1.32 times that obtained
from earlier mieasurements using the ~9-mg, 95%-
enriched sample reported last year.® This ~9-mg sample
has been emptied. reweighed on a microbalance. and
cxamined for oxygen by measuring the '®N activity
produced by the '°O(np) reaction with [4-MeV
neutrons. These measurements confirmed the neutron
analysis that the original sample contained only 7.0 mg
of nickel instead of 9.2 mg. This increases the thermal-
capture and -absorption cross sections reported last year
to 70 £ 5 and 87 * 6 b respectively.

The measurcments on *?Nj in the thermal energy
range yield a value of 12 = | b for the (s.«) cross
section and 2.0 + 0.5 b for the (2,p) cross section. This
(1, 0) result is to be compared with earlier values of 13.7
1.2, 180 £1.6.and 22.3 + 1.6 b reported by Eiland
and Kirouac, by Wemer and Santry.® and by
McDonald and Sjostrand® respectively. The (11, p) result
is lower than the value of 4 = 1 b reported by
McDonald and Sjostrand.” The results of our four
experinients have been combined to produce the
following parameters for the 203.4-eV resonance: /£y =
2034 + 0.2 eV, N =133 +02eV,g=%,/=1,T, =
8.50 £ 015 ¢V, I'y, =40 £ 06 eV, 'y = 0.50 + 0.03
eV, and I, = 8.063 £ 0.006 eV. Assuming that the
thermal cross scctions arise mainly from the large



203.4-eV resonance, the (ip) thermal cross section
would be expected to-be one-eighth the (n«) cross
section, or 1.5 b.

Fifteen higher energy resonances have been observed
in the four types of experiments. The alpha and proton
widths of the resonances vary widely because of
selection rules and because they are essentially single-
channel processes to the ground state. For example, for
the 27 resonance at 3203 eV, 7, is 550.011‘[,, but for
the 17 resonance at 2034 eV and the 9103-eV
resonance, Iy, is :3;7{‘,7.

1. Chemistry Division,

2. fnstrumentation and Controls Division.

3. S. Raman ot al., Phvs. Div. Awue Prog. Rep. Dec. 31,
1974, ORNL-5025 (197S), p. 110.

4. H. M. Eiland and G. I. Kirouac, NVucl Sci Lng. 53, 1
(1974).

5. R. D. Werner and D. C, Santry, Nucl Sci. Eug. 56, 98
(1975).

6. §. McDonald snd N. G. Sjostrand, submitted to Atom-

kernencrgie.

TOTAL NEUTRON-CROSS SECTION AND
RESONANCE PARAMETERS OF **¥Bk

N. W. Hill?
5. Raman

J. A. Harvey
R. W. Benjamin'

Several years ago, a cooperative program was initiated
between the Oak Ridge National Laboratory and the
Savannah River Laboratory to measure the total neuv-
tron cross section of the heavy actinides as samples
became available. Initially the interest in the cross
sections of the transplutonium isctopes was to enable
more accurate calculations of 272 Cf production. Re-
cently, however, the study of the problem of managing
radioactive wastes, particularly the jong-ived actinides,
and the possibility of recycling these long-lived acti-
nides has emphasized the need for additional and better
data on many bheavy isotopes. Total neutron-cross-
section measurcments on small samples (too small
and/or radioactive to permit a direct capture cross-
section measurement) can readily ‘be interpreted to
yield the absorption cross section in the thermal
energy range and often up to ~100eV.

This year, a 6-mg sample of **?Bk became available
through the cooperation of John Bigelow of the
Transuranium Facility (TRU). Two sauples were pre-
pared from this material, a “thick” sample containing
5.3 mg (V = 0.00061 atom/b) and a “thin” one
containing ~0.8 mg. The sample holders had inside
diameters of 1.6 mm, and the neutron beam was

collimated to a dimneter of 1.3 mm. The samples were
cooled with liquid nitrogen to reduce the Doppler
broadening, which is greater than the neutron energy
resolution up to ~ 100 ¢V. Measurements were made on
the samples using an 11.G-cm-diam, 1.3-cm-thick O Li-
glass scintillator located at a 17.87-m flight path. The
measurements covered the energy range from 6.005 to
~10,000 eV, with an energy resolution of 0.3%.

A total of 47 resonances below ~130 eV was
observed. A large resonance observed at 0.197 eV is
responsible for most of the thermal-absorption cross
section, which departs markedly from a 1/v energy
dependence. The average level spacing based on the
resonances up to 20 eV is (.1 eV. The large resonance
i **°Cf at 0.70 eV was also observed, even though
there was only ~2% 2%? Ct in the sample (i.e., ~10 ug)
at the time of measurement. After about half of the
330-day 2*°Bk has decayed into 2%°Cf, additional
measurements will be made to obtain parameters for
the resonances in 2*7Cf as well as ifs thermal-
absorption cross section. These measurements will be
combined with the fission cross-section measurements
of Dabbs et al.> to obtain a comyplete set of parameters
of the low-energy resonances of **” Cf.

1. Savannah River Laboratory, Aiken, S.C.

2. Instrumentation and Controls Division.

3. J. W. Dabbs et al., Phys. Div. dnwe. Prog. Rep. Dec. 31,
1973, ORNL4937 (1974), p. 181.

FISSION CROSS-SECTION MEASUREMENTS ON
SMALL ULTRAPURE CURIUM SAMPLES

J.W.T. Dabbs N. W. Hill?
C. E. Bemis, J+.'  S. Raman

Measurements on a 10-ug sample of **3Cm (99.94%
purity) were started in February. Some 700 hr of
ORELA vperation at high power was required. Ten new
resonances below 20 eV were observed. The operation
of the new hemispherical-plate ionization chamber was
satisfactory in suppressing alpha particle pileup; how-
ever, the fission pulse spectrurn was degraded (because
of extraneous material in the deposit) such that the
data will require normalization to the well-known
thermal fission cross section. Low-repetition-rate runs
at ORELA were made for this purpose in March, and
the runs were completed in July.

A second chamber containing plates with ***Cm (10
ug, 107 afsec), 27U, *?°Pu (decay daughter of
2%3¢m), and a sample of spontaneously fissioning
2520F (for testing the chamber and time digitizer) was



prepared and tested extensively at the Transuranium
Research Laboratory (TRL). The hemispherical-plaie
fission chamber has exceeded expectations in sup-
pressing alpha pileup counts relative to fission counts. A
factor of >10'" reduction was obtained while per-
mitting >95% fission counting efficiency.

A new neutron-flux monitor has also been developed.
Lithium-6 fluoride was vacuum evaporated to a thick-
ness of 96 pglem® onto a 0.1-mm sheet of NE-110
plastic scintillator. Another sheet of NE-110 served to
convert this “open-faced sandwich” into a ‘“‘normal
sandwich.” This assembly was suspended in a vacuum
chamber and inside two truncated cones {back to back)
made of 0.0127-cm aluminum sheet. Light produced by
the o,/ pair in the two NE-110 sheets was reflected by
the inner cone surfaces into two 12.7-cm photomulti-
pliers on either side of the neutron beam. The beam
passes directly through the cones. the NE-110 sheets.
and the °LiF deposit. Although it was found necessary
to reduce the area of the scintillator to lower the
background. a satisfactory situation was finally ob-
tained.

Measurements on ***Cm began in December and will
continue at least through March 1976. These measure-
ments are part of a comprehensive program designed to
provide accurate fission cross-section data for the higher
actinides. Many important decisions regarding use,
management. and storage of radioactive wastes depend
on the knowledge to be acquired through this and other
related measurement programs.

1. Chemistry Division.
2, Instrumentation and Controls Division.

MONTE CARLO CALCULATIONS OF
MULTIPLE PULSE PILEUP

LW.T. Dabbs

In fission crosssection measurements, it is often
desired to make measurements in the presence of an
intense alpha particle background. It is obvious that
with sufficiently fast electronic equipment the alpha
pulse pileup can be reduced to unimportance. but
quantitative knowledge of the problem is needed to
choose the allowable amounts of material with par-
ticular ionization chambers, gas scintillator systems, or
segmented ionization chambers.

A new method for Monte Carlo calculations. which is
applicable to pulse pileup to any desired multiplicity of
pileup, has been developed and used with a mini-
computer for pileups with as many as 20 pulses.

Previously, closed-form calculations have been pre-
sented only for four pulses. except in the trivial case of
square pulses. The present calculations are casily adapt-
able to unusual geometries such as in the hemispherical-
plate fission chamber work described elsewhere in this
report.

The method consists of setting up a table of 32 valucs
(nominally one value per nanosecond) for the pulse
shape in question. A double interval in time., 64 units
long, is established. Then, for each multiplicity & (from
I to some upper limit, say, 20) of pulses in the interval,
2k such pulses are distributed. to begin randomly in
inne over the double interval, and their amplitudes are
added in each unit of the second half of the double
interval, thus generating 32 values of pulse height for
that & After 250 repetitions of this process for each &
value, one has an 8000-member height distribution for
that k. The pulse-height distributions are then weighted
by the Poisson distribution factor. pg. for the particular
counting rate involved and are sumuned to give the final
pulse-height distribution. Comparison with observed
values in a practical case has established the validity of
the calculation. Such calculations have becn used in
designing threce experiments so far.

ANGULAR ANISOT®OPY IN THE *Li(n, )T
REACTION IN THE eV ENERGY REGION

N. W. Hill?
S. Raman

J. A. Harvey
J. Halperin'

The yield of tritons and alphas in forward and
backward directions (£~ w) from the interaction of
neutrons with ®Li has been measured from a thin
sample of *LiF (101 ug/cm®), from 0.5 to 25,000 eV.
The measurements were made with a diffused-junction
silicon  detector located 9.03 m from the water-
moderated tantalum target at ORELA. The alpha and
triton groups at 2.06 and 2.73 MeV are well resolved,
enabling one to obtain an accurate ratio of their inten-
sity as a function of neutron energy. The intensity of
the ulpha peak was greater than the intensity of the
triton peak in the forward direction but less in the back-
ward direction. This difference is measurable down to
10 eV. An anisotropy has alricady been reported for 25-
keV neutrons by Schroder et al.> who made mecasure-
ments using ain iron-filtered neutron beam. In the 10-eV
to 10-keV energy region, our results give an energy
dependence for the alpha-to-triton ratio at 180° (or
triton-to-alpha ratio at 0°) of the form 1 + ¢£0%%,
where ¢ is ~0.005 and £ is the neutron energy in eV.
At 100 ¢V, this ratio equals 1.06. It is necessary to



copsider this angular anisotropy when the  Li(n,«)
cross section is used as a standard in the fow-energy
region. This angular anisotropy probably arises from the
interference between the large p-wave resonance at 245
keV and many s-wave tesonances, which account for
the large 1/v (i) thermal cross seciion.

1. Chemisiry Division.

2. Instrumentation and Controls Division.

3. 1. G. Schroder et al., Conference on Neutron Cross
Sections and Technology, WBS Special Publication 425, U.S.
Government Printing Office, Washington, D.C., 1975, p. 240.

DURATION OF STELLAR NUCLEOSYNTHESIS

R.L. Macklin  J. Halperin’  R. R. Winters®

The elements heavier than iron which are found in the
solar system were formed 5 to 10 billion years ago,
deep inside stars that subsequently exploded. Most of
the heavy material was built up slowly by the capture
of one neutron at a time during the slow evolution of
red giant stars. The radicactive decay half-lives of
cerfain fsotopes in the chain of mostly stable isotopes
Alow us to set limits to the fast-neutron-flux levels
involved and hence the mean time between neutron
captures, using the isotopic abundances found on Earth.

A favorable branch in the s process occurs at thalliuvm,
and our neutron-capture data for 2> Ttand *°° Tl lead
to a probable neutron flux (for a temperature near 350
million “K) of 1.0 X 10’° neutronsfem? , with an upper
Himit of 2.0 X 10'¢ neutrous/cr?®. The mean neutron-
capture time was found 1o be only 23 years, with a
lower limit of 12 years. The upper limit (~150 years) is
less reliably established, and a value of 250 years
estimated (by others®} from ' ' Sm capture and decay
is preferred.

1. Chemistry Division.

2. Denison University, Granville, QOhiv.

3. B. 1. Blake and D. N. Schranm, Astrophys. J. 197, 1615
(1975).

NEUTRON-CAPTURE MECHANISM IN LIGHT
AND CLOSED-SHELL NUCLIDES

R. L. Muacklin
J. Halperin'
R. R. Winters?
B. J. Allen?

J. W. Boldeman®
M. J. Kenney?
A. R. Musgrove®
Hla Pe®

The search for evidence of nonstatistical mechanisms
in nuclear reactions has been extended to our ncutron-
capture data on a number of promising nuclides,

including 2°8i, *?8, *°Ca, **Sr, 20y, 133 Ba, and
several of their neighboring, enrichied, stable isotopes.
The low compound-nucleus cross sections at closed
nucleon shells leave the nonstatistical components such
as channel and valence capture more prominent in the
data.

The **Sr(n,y) reaction, for example, with the 50-
neutron closed-shell target, has shown strong evidence
of the valence-capture mechanisrn. This is shown both
through correlation of reduced neutron and radiative
widths (coefficients of 0.96 for pyj, resonances and
0.77 for py, resonances) and optical-model-based
caleulations of the valence-model widths, agreeing
within 25 1o 30% with the experimental results. In
capture by ?°Ca and 1388, a further nonstatistical
mechanism beyond the valence component seems to be
required by the data, and the investigation is contin-
uing, using Ge(Li)-detector data on the partial radiative
widths at particular levels.

1. Chemisiry

2. Denison University, Granville, Ghio.

3. Ausiralian Atomic Foergy Comrnission, Lucas Heights,
Australia.

NEUTRON-CAPTURE GAMMA-RAY STUDIES

S. Raman G. G. Slaughter
R.F. Carlten' 5. C. Wells, Jr.?
D. A McClure®

The tin isotopes are well suited to a study of nuclear
structure within the framework of the nuclear shell
model because the magic number of protons (£ = 50}
minimizes the need for considering #-p pairing inter-
actions in thevretical calculations and because the large
number of stable isotopes makes it possible to study
systematic trends in hoth experimental and shell-model
features. The existing experimental data on the odd-A
tin isotopes are not as extensive as might be expected
on the basis of their theoretical importance. Thermal-
neutron-capture studies have pot been widely used
because of the extremely small capture cross sections
for the heavier even-A tin isotopes. Most experimental
studies (especially nucleon-transfer studies) are beset
with the problem of interference from isotopic impuri-
ties. This usually necessitates an extensive study of all
tin isotopes before conclusive results can be obtained .
Resonance neutron capture offers a powerful technique
for studying tin isotopes because interference from
unwanted isotopes can be greatly suppressed through
the combination of enriched targets and selection: of
resonances known to be in the nucleus under study. We



have. therefore, undertaken a systematic investigation
of the level structure of six odd tin isotopes between 4
= 115 and 4= 125. Measurements have been completed
on all the isotopes except ' ' *Sn and ' ' 7Sn, which will
be carried out in the near future. In the case of '*'Sn.
treated here as typical, capture gamma rays (18 primary
and 32 secondary) from 16 neutron resonances up to 7
keV, obtained with a Ge(Li) detector, have been used
to deternvine 20 excited levels in '22Sn. Several new
levels have been found. Spin and parity assignments
have been made to many of the levels. When the present
series of studies have been completed, the resulting level
schemes for the tin isotopes are expected to signif-
icantly increase our understanding ot their energy
systematics.

We have also begun (7.7} measurements in the lead
region to obtain information on absolute gamma-ray
transition widths and on reaction mechanisms. Measure-
ments have been completed on enriched *°°Pb and
*P7Pb targets. Unlike the case of the tin isotopes. the
gamma-ray spectra in lead isotopes are strikingly simple.
being composed of less than five primary gamma-ray
transitions. The idea, then, would be to combine the
relative gamma-ray iniensities obtaincd with a Ge(Li)
detector (or even an Nal detector) with the total
gamma-ray widths obtained with a total-encrgy de-
tector® to deduce the partial widths. In this manner, we
have been able to determine the £72 radiation widths for
the ground-state transitions in 2°*Pb from 2% neutron
resonances at 3.1, 10.2. and 16.2 keV. The observed
strengths represent only =0.3% of the energy-weighted
suni-rule (EWSR) strength. By extending the (n,v)
measurements to higher neutron energics, we hope to
locate other picces of the £2 strength as well as the £1
and M1 strengths. Initial results® obtained with a large
Nal detector. up to a neutron energy of 200 keV, are
encouraging.

. Middle ‘Tennessee State University, Murfreesboro.

. Tennessee Technological University, Cookeville.

. Georgia Institute of Technology, Atlunta.

R. L. Macklin and J. H. Gibbons, Phiys. Rer. 159, 1007
(1967).

5. In collaboration with G. [.. Morgan and G. 1. Chapinan of
the Neutron Physics Division.
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NEUTRON INTERACTIONS WITH ' °°Mo

J. A. Harvey
R. L. Macklin
J. Halperin®

W. Weigmann'
S. Raman
G. G. Slaughter

Neutron capture in the isotopes *?Mo and **Mo is
known to be dominated by the “‘valence-capture”

mechanism. Among the observations related to valence
capture are strong correlations between reduced neu-
tron widths of p-wave resonances and partial radiation
widths to final states with large (d.p) spectroscopic
factors, such as the ground state. The nucleus '*“Mo
was considered another candidate for valence capture.
particularly because a strong concentration of p-wave
strength occurs between 1-and 2.5-keV neutron energy.
Therefore, neutron-capture gamma-ray spectra were
measured in separated resonances of ' ?®Mo. As neu-
tron widths given in the literature for the resonances in
question are strongly discrepant, a transmission meas-
urement was also performed to redetermine neutron
widths. Simultaneously. total-capture data. obtained
earlier at the ORELA ncutron-capture cross-section
measurement facility. have been analyzed.

[he capture gamma-ray spectra werce measured with a
40-cm” Ge(Li) detector. using a 10.2-m flight path for
neutron time-of-flight spectroscopy. Capture gamma-
ray spectra have been obtained for individual reso-
nances up to about 5-keV neutron energy. The trans-
mission measurement has been performed at an 80-m
flight path, and resonance analysis is being done up to
about 25 keV.

Although analysis of the data is still in progress. two
main results can be given: (1) The neutron widths of
the strong p-wave resonances between 1- and 2.5-keV
neutron energy are considerably (up to a factor of 3)
smaller than those given in BNL-325.% This reduces the
probability that valence capture duminates and may. in
part. explain the second observation. (2} Valence
capture does not play a dominant role in these
resonances: for instance. a transition to the ground state
of "Y'"Mo {spectroscopic factor, 0.42) is not observed
in three of the four strongest p-wave resonances.

1. Visiting  scientist  from  Burcau Central de  Mesures
d’Nucléaires. Geel, Belgium.

2. Chemistry Division.

3. S, . Mughabghab and D. L. Isaac, Newtron Cross Sections.
Vol 1, Resonance Parametcrs, 3d ed.. BNL-325. Brookhaven
Nautional Laboratory, Upton, NJY., 1973,

MEASUREMENTS ON TOTAL NEUTRON CROSS
SECTIONS FOR UNDERSTANDING
NEUTRON CAPTURE

R. R. Winters?
R. L. Macklin

C. H. Johnson
I. Halperin'

In the valency model for neutron capture. enhanced
dipole transitions occur from states with relatively large
neutron widths to final states with large neutron



spectroscopic factors. To study this phenomenon, we
need to know not only I', for each resopance but also
the neutron widths and J7 values. The observed total
cross sections give the neutron width and J values for
well-resolved resonances. The parity can also be de-
duced if the nonresonant phase shift is large enough to
give an interference pattern.

We have measured the total neutron cross section of
2?8, using the 200-mn flight path with 5-nsec pulses at
ORELA, to supplement our earlier neutron-capture
data obtained at the 40-m station. From these data
were determined I', and /7 for 15 of the ~60
resonances observed in capture. There is no obvious
correlation of I, and T, but the radiative widths
predicted from the valency model from the observed I,
and J™ are large fractions of the observed I',. Further-
more, resonances predicted to have relatively large
valency capture are observed to have relatively intense
high-energy gamima rays in the emitted spectra.

1. Chemistry Division.
2. Denison University, Granville, Ohijo.

RESONANT STATES OF °°Pb FROM TOTAL
NEUTRON-CROSS-SECTION MEASUREMENTS

J L. Fowler  C. H. Johnson
N. W. Hill*

Using a suitable combination of three natural samples
of lead in a transmission experiment, we have measured
the total neutron cross section of effectively 99.6%
298ph. The ORELA time-of-flight facility provided 4- to
S-nsec pulses of neutrons for the 200-m flight path.
About 100 resonances between 0.7 and 1.5 MeV were
observed, about twice as many as were seen in a
previous experiment? carried out with 7 Li(p,n) neu-
trons. In this energy interval, resolution varied from
~0.6 keV at 0.7 MeV to ~1.4 keV at 1.5 MeV. The
improved energy resolution and statistics from this
experiment, together with differential cross sections
from the previous experiment,” will enable us to
identify the J values, parities, and reduced widths of the
resonant states of > Ph more definitely than was pos-
sible earlier. In the case of the other doubly closed-shell
nuclei, such data give information on the fragimentation
of shell-model states.®>*

1. Instrumentation and Controls Division.
. L L. Fowler, Phys. Rev. 147, 870 (1966).
. J. L. Fowler, C. H. Johnson, and R. M. Feezel, Phvs. Rev.

, 545 (1973).

1
2
3
C
4. C. H. Johnson, Phys. Rev. C 7,561 (1973).

d-WAVE ADMIXTURES IN 5-WAVE,
J =1 RESONANCES IN ?%7Pb + n

D. J. Horen C. H. Iohnson
J. A Harvey  N.W. Hill"

Previous analyses of resonances in neutron trans-
mission experiments (£, < 500 keV) have usually
igniored all but the lowest l-wave contribution to the
resonance cross section. However, preliminary analysis
of the neutron transmission of 2°7Pb indicates the
presence of d-wave admixtures in some of the reso-
nances which are of s-wave, / = 1 character. In
particular, a two-channel single-level R-matrix analysis
of the 256.25-keV resonance (I = 3.2 keV) reproduced
the experimental data with a d-wave width of 1 =
0.711,5. A fit to the data assnming only s-wave
contribution would require an abnormally high radia-
tive absorption width (i.e., I, 2 1 keV). The admixture
found here is comparable to that deduced by Holt?
from a reanalysis of available angular distribution data
from the inverse reaction and from a study of the
208 ph(y,ng) reaction. From our results, it appears that
there is appreciable d-wave admixture in the 181.45-
keV resonance (I 150 ¢V) and probably a small
component in the 101.78-keV resonance (I' = 70 eV) as
well.

The high resolution (AE/E = 0.07%) attainable at the
200-m flight path at ORELA was instrumental in
providing the quality of data required to investigate
such admixtures.

The study of d-wave admixtures in s-wave resonances
would appear to provide a unique means to gain
information on the d-wave strength function. In gen-
eral, it is difficult to determine the parity of a
resonance (except for s waves) and, hence, whether it
was formed by an even or an odd / wave. This problem
can be resolved when there is admixture (of the d) with
an 5 wave. The determination of d-wave widths in such
admixed resonances could be used to derive a lower
limit on the d-wave neutron strength function.

~

1. Instrumentation and Controls Division.
2. R. Holt, private communication, January 1976.

GIANT RESONANCES IN 2°%pb AND
NEUTRON RESONANCES

D.J. Horen  J. A. Harvey
N. W. Hill!

The investigation of giant resonances in 2°®Pb con-
tinues to be an active area of research which involves



various types of nuclear reactions (e.g.. inelastic hadron
and electron scattering, photonuclear reaction). Because
the giant resonances lic in a region of high density, the
“resonances” observed in such experiments usually
overlap more than one excited level. Lack of detailed
knowledge of the microstructure of the observed
“resonance” can sometimes lead to erroneous interpre-
tations of, or conclusions from. the data obtained in
such experiments.

High-resolution neutron-transinission experiments can
provide unique information to aid in the interpretation
of the resonances observed in these reactions in an
energy interval up to about 1 MeV (and in some cases
higher) above the neutron separation energy. The value
of such total cross-section data has been pointed out by
Harvey et al.?>? Recently, Morsch. Decowski, and
Benenson® reporied detection of part of a giant
monopole resonance in 2“®Pp at 9.11 MeV (which
corresponds to £, 1.74 MeV in the *°7Pb + n
system). This work was performed with 45-MeV pro-
tons (AE/F ~ 35 keV) and 70-MeV *He (AE/E ~ 45
keV). The contribution to the energy-weighted sum rule
for this fragment was calculated to be ~7%.

The neutron transmission of *°?Pb provides a valu-
able means for locating 07 states in the continuuin
region of 2°%Pb. Even though one cannot determine
whether such states contribute to the giant monopole
resonance, their observation can serve as a guide for
investigation (and an independent confirmation of J™)
by experiments of other types which are capable of
sampling the monopole transition element to the
ground state. Thus far the analysis of the *°7Pb data
has revealed four 07 resonances in the neutron energy
region of 80 to 265 keV. These. as well as parameters
for some other resonances, are presented in Table 1.1.
Analysis of the data both below and above the energy
region reported here is in progress.

1. Instrumentation and Controls Division.

2. I. A. Harvey et al., Phys. Div. Annu. Prog. Rep. Dec. 31,
1973, ORNL-4937 (1974), p. 194.

3. J. A. Haivey and N. W. Hill, Phys. Div. Annu. Prog. Rep.
Dec. 31, 1974, ORNL-5025 (1975). p. 126.

4. H. P. Morsch, P. Decowski, and W. Benenson, Report
NSUCL-197, University of Michigan, Ann Arbor, December
1975.

E, (keV)
82.07
82.97
87.73
90.16
98.37

101.78
103.54
112.08
115.12

128. (doublet)
130.20

132.16
135.23
136.46

139.65

145.38
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149.12
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155.68

158.86
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179. (doublet)
[81. (doublet)
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Oak Ridge Isochronous Cyclotron Program

INTRODUCTION
E.E. Gross

The following surnmaries show that the tesearch program at the Oak Ridge
Isochronous Cyclotron (ORIC) is broad in scope and extensive in participation. [t is
important to realize that this report represents the efforts of all ORIC participants,
thereby cutting across many divisional and institutional lines. Despite the wide variety of
results reported here, the program is a cohesive, integrated effort that has been shaped or
influeniced by ORIC schedule meetings, Programn Cormmittee reviews, and frequent
informal research seminars. These interactions have provided an atmosphere conducive to
new ideas. Conditions have also been favorable for continual regroupings of collaborators
as new experiments ate proposed.

In this process of continual evolution, we note the many reports from a fully matured
UNISOR project. Significant results from this effort include evidence for eoexistence of
spherical and deformed bands in '*%Hg, new mass determinations by positron endpoint
energies or alpha-decay energies, and a g-tactor measurement for the first 27 state in
126Xe. using the separator as an ion implantation device. A combination of in-beam
gamma-ray studies and isotope separator measurements has led to a thorough under-
standing of the roles of the #2144, neutron and #g,, proton orbitals throughout the
mercury isotopes. One also notes that the research program has a strong cormmitment to a
systernatic investigation of “‘macroscopic” phenomena in general and to “strongly
damped” reaction processes in particular. Interesting details are beginning to appear, such
as structure in the “deeply inelastic™ yields of Z 2 8 products from 130-MeV '2(
bombardment of ®2Cu. It will also be noted that the attack on heavy-ion fission, fusion,
and “deeply inelastic” phenomena is supplemented by experiments at other accelerators.

The “microscopic” beavy-ion reaction continues to show promise as a spectroscopic
tool. Two results are outstanding in this regard. One is a clear demonstration that the
(° LifHe) charge-exchange reactiion is a reliable probe for Gamow-Teller strength in
nuclei. The other is an equally clear demonstration that heavy-ion inelastic scattering can
be used as a sensitive probe of nuclear shapes. The latter results from a coupled-channels
analysis of 2%, 4%, and 37 states excited by 70-MeV '?C inelastic scattering from
142,184,146,143,150N0 - Other significant contributions from the areas of transfer
reactions, giant resonance exeitation, Doppler-shift litetime determinations, and auclear
1

e
chemistry can be gleaned from the following reports.

UNIVERSITY ISOTOPE SEPARATOR
AT OAK RIDGE (UNISOR) PROJECT

The UNISOR project is a cooperative venture and is
organized as a unit of Oak Ridge Associated Universities
{ORAU). Participants include the
Alabama in Birmingham, Georgia Institute of Tech-
nology, Emory University, Furman University, the
University of Kentucky, Louisiana State University, the
University of Massachusetts, QOak Ridge Associated
Universities, Oak Ridge National Laboratory, the
University of South Carolina, the University of
Tennessee,  Tennessee  Technological — University,
Vanderbilt University, and Virginia Polytechnic Insti-
tute and State University. UNISOR was formed for the

University  of

primary purpose of studying nuclei lying far from the
region of beta stability by means of an isotope
separator installed on-ine to ORIC. The following
reports describe UNISOR research and developrment
efforts using the ORIC facility.

SPHERICAL AND DEFORMED BANDS IN '#¢Hg

1.D. Cole! B. van Nooijen’
J. H. Hamilton' . Kawakami'
A V. Ramayya' L. L. Riedinger?

K.8 R. Sastry®

In our UNISOR siudies of the decay of '®**TI, we
reported last year the first evidence for the existence of



two bands: one band on a spherical and one band on a
deformed shape in '*®Hg. where low- and high-spin
states were seen in both bands (Fig. 1.1). Such
coexistence of spherical and deformed states can occur
if there is a second minimum in the potential at large
deformation. From in-beam gamma-ray studies.*™® the
high-spin deformed states are observed to drop in
energy in '*¢"**Hg. Thus. one cxpects to see a
deformed band with its 0" band head at lower energics
in '#®Hg. The existence and position of these 0 band
heads are essential to visualizing the theoretical picture
of the cocexistence of spherical and deformed shapes.

We have identified the new isotope '*°T1 and have
studied its decay to '*°Hg to test and to extend our
understanding of nuclei in this region. Analysis of the
primary features of /., and /., multiscale and y-y and e-y
coincidence studies of the '#¢Tl decay now confirms
our '#*#Hg interpretation. A 373.9-keV transition has a
4.571-%sec half-life and is assigned as an isomeric decay
in '®°TI (Fig. 1.2).

Our /, and e-y data show that an £0 transition of 522
+ 1 keV feeds the ground state to establish a 07 level at
this energy in '®*®Hg and that a 215.8-keV transition is
EOQ + £2(+M1) and feeds the first 27 state to establish a
27 level at 621.0 keV. These two states are interpreted
as the band head and first excited state in the strongly
deformed band seen at higher spins in the yrast
cascade.*™ Transitions seemingly associated with
higher spin states in the band built on a near-spherical
ground state are also seen. The levels in the spherical
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Fig. 1.1. Systematics of spherical and deformed bands in
188'186Hg, as determined in UNISOR work, and predictions
for l84Hg.
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and deformed bands in '#¢Hg are shown in Fig. 1.1.
o l=

These data confirm the same coexistence and crossing
of bands built on near-spherical and deformed shapes in
"#0Hy 4s scen in ' *"Hg. except that the deformed
band has dropped in cnergy. as expected from recent
theoretical” and experimental®*® studies. These studies
used the high-spin yrast states in '®*Hg. One may
predict that the first excited state in '*?Hg is the 0"
band head of the deformed band. as shown in Fig. 1.1.

Vanderbilt University, Nashville. Tenn.
University of Tennessee. Knoxville.

. University of Massachusetts. Amherst.

D. Proctel et al., Phys. Rev. Lerr 31,896 (1973).

1.
2.
3
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5. X. Rud et al., Phys. Rev. Letr. 31,1421 (1973).

6. D. Proctel, R. M. Diamond, and F. S. Stephens, Phyy. Leit.
488, 102 (1974).

7. S. Frauendorf and V. V, Pashkevich, Phvs. Letr 55B, 365
(1975); and Joint Institute for Nuclear Rescarch, 1974, Dubna,
U.S.8.R., Report E2-8087, to be publisbed.

STRUCTURE OF THE ODD-MASS GOLD ISOTOPES

J. L. Wood!

E. F. Zganjar® R. W. Fink’

R. L. Mlckodaj® A, G. Schmidt?
F. T. Avignone [I*

D. A. McClure!

The carly stages of these studies were described in last
year’s annual report.® Since then, we have reported the
systematic features of the %y, bands and the positive-
patity states for '#°7'?% Au.® These studies have now
been extended to '®*7Au, and the low-spin levels in
193 Au have been investigated through the beta decay
of the low-spin ' °?Hg ground state produced indirectly
via the beta decay of '”?TL The systematics of the
positive-parity states of low j are shown in Fig. {.3; the
shell-model states and isomerism are shown in Fig. 1.4,
The %/, systematics are shown in the following
section of this report, together with details of the Ay,
bands and the inferpretation of these high- orbital
bands as the coupling of the odd proton to a triaxial
rotos.

It is not easy to explain the intrusion of the £q;, and
I1372 proton orbitals across the Z = 82 closed shell to
appear near the Fermi energy in the odd-mass gold
isutopes (and also the odd-mass thallium isotopes -
article in this section).

The deformation required in the Nilsson model is
about twice that reflected by the rotational structure of
the bands built on these orbitals. A strong pairing
correlation  (blocking) effect has been invoked by
Newton et al.” to explain the low energy of hypp
(one-particle -two-hole) states relative to sy, d3/2
{one-hole) states in the odd-mass thallium isotopes. It is
difficult to understand how such a large pairing effect
can arise when going from the 8,5, @32, dsj2 112
(three-hole) states to the hyps, iy, (fourhole-
one-particle) states in the odd-mass gold isotopes. This
problem, which is fundamental to the whole picture of
the transition from the spherical shell model to the
deformed Nilsson model, is being explored further,
particularly with regard to the role of the pairing force.

see

1. Georgia Institute of Technology, Atlanta.
2. Louisiaua State University, Baton Rouge.
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3. UNISOR, OQak Ridge Associated Universitics, Oak Ridge,
Tenn.

4. University of South Carolina, Columbia.

5. Phys. Div. Annu. Prog. Rep. Dec. 31, 1974, ORNL-5025
(1975), p- 72.

6. E. F. Zganjar et al., Phys Leet. 58B, 159 (1975).

7. 3. O. Newton et al., Nucl Phys. A236, 225 (1974).

TRIAXIAL ROTOR DESCRIPTION OF THE
ODD-MASS GOLD ISOTOPES

J. L. Wood® R. W. Fink'
E.F. Zganjar®  J. Mever-ter-Vehn®

Recent work by Meyer-ter-Vehn* has demonstrated
the remarkable ability of a triaxial rotor model with
Coriolis and pairing forces to describe the coupling of
single high+ nucleons to the nuclear core in regions
traditionally referred to as transitional (ie., between
spherical and strongly deformed prolate shape). The
Ryt band in '7% Au has played a distinctive role in
this development.® The extension of the model to the
systematic behavior of the %y /5 bands and the hg;,
bands through "™ '?3 Au (Figs. 1.5 and 1.6) strongly
suggests an effective core concept, namely, that the
fiyyo and hgyp bands in the gold isotopes are largely
determined by the even-even cores corresponding to an
fiy1y2 hole and an hg;, particle, the presence of the
odd nucleon having very little effect on the collective
parameters of the even-cven core treated and a triaxial
rotor. Figure 1.7 illustrates this for the unique nucleus
"7 Au, where the Ay, and hg, states have the
effective cores '?°Hg and '®%Pt, respectively. The
triaxial rotor parameters defined by the energy level
spectra of '?%Hg and '®®Pt are consistent with § =
0.14, vy = 37 and 8 = 0.18, v = 237 respectively. (Note
that the level spectrum of an even-even nucleus cannot
distinguish between prolate and oblate shapes.)

When the i, (;, and gy, bands are scaled in energy
by the tactors shown in Fig. 1.7, they show a striking
similarity. This is in agreement with a particle -hole
symmetry predicted to be valid for single shell triaxial
rotors and in this case is given by

6”«3/2 [E (v, gy particle)]

=h3 5 (£, (60° By, hole)]

The bands in the odd-mass gold isotopes have also been
discussed in terms of the cluster-phonon coupling
model® and in a microscopic model based on the
pseudo-Su(3) coupling scheme:” however, neither of
these models can describe a simple particle-prolate,
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hole-oblate symmetry. A mixedy triaxial rotor ap-
proach is also being considered for the positive-parity
statesin ' 7*7175 Au.

Georgia Institute of Technology. Atlanta.
Louisiana State University, Baton Rouge.
. Lawrence Berkeley Laboratory, Berkeley. Calif.
4. J. Meyer-ter-Vehn, Nucl Phys. A249.1111975) and Nucl.
Phys. A249, 141 (1975).
S. J. Meyer-ter-Vehn. Phvs. Rev. Letr 32, 1383 (1974).
6. V. Paar et al.. preprint. 1975.
7. K.l Hecht, Phys. Lerr. 58B, 253 (1975).
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STRUCTURE OF THE ODD-MASS
18719 THg LEVELS

G. M. Gowdy' J. L. Wood?
A. G. Schmidt?® R. W. Fink*
E. F. Zganjar’ R. L. Mlckodaj*

The levels in '®77197

"E7Y 7T have been investigated both on- and off-ine.
Gamma-ray and conversion-electron multiscaled singles
spectra and y-y and conversion-electron-gamma coinci-
dence data have been obtained to study these nuclei.
From these data. rather complicated. preliminary level
schemes for the mercury isotopes have been con-
structed. (See Fig. 1.8 for an example.)

Figure 1.9 shows the feeding of the mercury levels
from their thallium parents. The heavier thallium
isotopes (4 = 195) 3% decay only from their lowspin

Hg populated in the decays of

$i72 ground states: YT and 'Y T are observed in
UNISOR experiments to §° decay from the high-spin
g5 isomer, whereas YS7T] and TP TL are shown by
our data to 8* decay from both high- and low-spin
states. The "% ™ T| jsomers are especially important
because of their ease of production and the information
they vield concerning both high- and low-spin structure
in the mercury isotopes.

The low-spin Hg structure (Fig. 1.10) is being studied
and compared with the theorctical predictions available,
using quasi-particle-plus-phenon® and mixedy triaxial
rotor’ models. The highy band built on the /3,
mercury isomer is also under study. incorporating the
yrast levels reported by other authors” and the non-
yrast levels for which a search is being conducted at
UNISOR. Detailed comparisons of the experimental
results with those from the isotonic platinum isotopes
and the singles triaxial rotor model® are also being
undertaken.

1. Ouk Ridge Graduate Fellow from the School of Chemistry,
Georgia Institute ot Technology, Atlanta. under appointment
from Ouk Ridge Associated Universities.

2. UNISOR. Ouak Ridge Associated Universities. Oak Ridge.
Tenn.

3. Louisiana State University, Baton Rouge.

4. School aof Chemistry, Georgia Institute of Technology.
Atlanta.
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TRIAXIAL BANDS IN '93-1957]
FROM LEAD DECAY

L. L. Riedinger'  A.C.Kahler'
L. L. Collins' C. R. Bingham'

G. D. O'Kelley?

In the past year. much has been learned about bands
of levels built on proton states in the odd-4 gold nuclei
(e.g.. see the UNISOR contribution to this report).
There the particle states are quite representative of a
platinum core, whereas the hole states reflect the
urercury core. To further test these ideas. we have been
performing experiments on levels in thallium nuclei.
where mercury and lead are the effective cores of the
expected states. Levels in "2 ' " T] have been investi-
gated through the radiative decay of '*?' 75 Pb, mass-
separated at the UNISOR facility. Almost all the
observed states are populated in the decays of 16.4-min
"SPb and 5.5-min '°Pb. the 7,3, isomer in each
case.

The systematics of the single-particle states through-
out the light TI nuclei are shown in Fig. 1.11. The
hyyy2 state is a lower-lying well-known state in gold
nuclei but had not been scen before in the Tl nuclei. In
contrast to the rather constant energies of this and the
low-spin states are the rapidly falling f19,5 and 7y 35

ORNL-DWG. 75-13743
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Fig. 1.11. Trends of single-particle states in light thallium
nuclei.
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levels. These are intruders into the Z = 81 nuclei from
above the Z = 82 gap. lowered partially by a gain in
pairing energy and partially by deformation of the core.
To test in detail the shape of the nucleus in these highy
shell-model] states. we fecl that it is important to study
structures of levels built on these states. This has been
done quite successfully in the case of the 114, bands in
P93 1957 A preliminary level scheme for ""° Tl is
shown in Fig. 1.12. Note first the presence of rather
high-energy transitions fecding our proposed /1y y;»
state. These spacings scem to reflect the approximately
I-MeV  first 2° cnergy of the lead core for this
proton-hole state. By contrast. the approximately
400-keV spacings in the /iy,, band are quite regular
throughout the thallium isotopes je.g.. sce the (H.1..vi)
contribution to this report]. The sequential ordering of
these yrast states indicates an oblate core. as discussed
by Newton et al.® Howcver. to answer the question of
core symmetry or asymmeltry, onc must consider the
non-yrast members of this structure. In ' " Tl we have
seven such levels which branch to various yrast mem-
bers. These levels are divided into two cascades. one
beginning with spin lower than %, and consisting of five
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Fig. 1.12. Preliminary scheme of levels populated in L9%5py
decay.



levels, the ofher beginning with spin ' %,. The asym-
metric rotor model of Meyer-ter-Vehn® predicts such a
behavior. Assuming 8 = 0.15 and y = 37" (taken from
mercury core levels), he has predicted a band in ' 77Tl
beginning with a %, state immediately below the yrast
Y97 level and another side band beginning with a
second '% state below the yrast '% . Recently
acquired data are being analyzed: thus far we are not
certain of the multipolarity of the 691-keV transition.
However, it is possible that the caleulations for "7 71
can {it the observed levels in ' TL More caleulations
will be performed, but invoking core triaxiality appears
essential to explain this fysy structure. A similar
picture results from our '°*Pb decay studics. States
quite similar to the second ' % and ' % are seeq, as are
three levels analogous to the lower-spin side band. The
core thus appears to be rather constant for the light
thallivm nuclei.

1. University of Tennessee, Konoxville.

2. Chemistry Division.

3 1. 0. Newion, IF. 8. Stephens, and R. M. Diswnond, Nucl.
Phys. A236, 225 (1974).

4. J. Meyer-ter-Vehn, Nucl Phys. A249, 111 (1975).

DECAY OF ' TTAND '° 211 NEGATIVE PARITY
BANDS IN MERCURY

C. R. Bingham' F. E. Turper’
L. L. Riedinger'

A study of the decay of '?°Tl and "7 T{ has been
made. using mass-separated sources. The data consist of
the multiscaled spectra of gamma rays, internal con-
version electrons, and A7 and of y-y-r and yx-t
coincidence data. The results are extensive, and for the
case of ' Tl we have prepared a paper for publication.
Some of the main results relating to the decay scheme
will be discussed here; the 7 endpoint energies are
discussed elsewhere in this report.

The even thallium isolopes are believed to have two
isomers with spins of 7% and 2 7. The present data are
also more consistent with these values than with any
other possibility, although a few slight discrepancies in
the ' Tl decay are unexplained. The halfdives, which
were determined from gamma-ray multiscaled spectra,
are 3.7 + 0.3 min (7% and 2.6 + 0.3 min (2 7)) for ' °°T1
and 10.8 £ 0.3 min (7") and 8.6 £ 0.3 min (27) for
192 1.

The ground-state bands of '"“Hg and '?*Hg were
observed up to the 8% state, and a number of non-yrast
positive-parity levels were observed. These positive-
parity levels fit fairly well within the framework of the
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vibrational model, particularly if interactions between
phonons such as proposed by Tachello and Arima®** are
included. The negative-parity states can also be ex-
plained in such a model — they are based on octupole
phonons interacting with quadrupole phonons. How-
ever, for the present nuclei, a different interpretation of
these states, given below, seems preferable.

In '"?"Hg and 'Y?Hg, we observe negative-parity
states (Fig. 1.13.) These negative-parity states are
believed to result from the coupling of two neutrons,
one in the iy, orbital and the otherin apsy, orfs),
orbital, to different rotational states of a slightly
deformed core.* In the odd mercury isotopes (e.g.
"1 Hg). the iy3;, band appears to exhibit a Coriolis
alignment of the iy 3,, neutron along the rotation axis
since the *%", V4%, 24", .. members have essentially
the same spacings as the 07, 27, 47, .. levels of the
even-A core.® The other states of this band, that is,
st 19,7 appear at higher energies and again have
spacings similar to the spacings of the AR AR

levels. The 57, 77, 97, levels of the even
mercury nuclei, which have also been populated by
{exn) reactions.® probably result from the coupling of
a pyy, neutron with the core-decoupled AN
20 members of the ' band. Similarly, one
would expect 67, 87, 107, . .. states yesulting [rom the
less favored '%4%, 195, %7 rmembers. These
qualitative arguments are verified by the calculations of
Neergard, Vogel, and Padomski.® the results of which
are shown in Fig. 1.13.

The lowest 57,77, and 9 “states in ' ?°Hg and ' " Hg
are well established, both by the present experiment
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Fig. 1.13. Comparison of negative-parity levels observed in
1(’JOHg and 192Hg with calculations froc ref. 6.




and by in-beam work.® Thesc levels fit very well with
the predictions of Neergard et al.® The level in '”“Hg
at 2252 keV must be 57, 67, or 77, based on the £72
character of the transition to the first 57 level and on
the presence of a transition to the 67 level. This state
lies above the 77 level of the 57 band and thus is a
candidate for the 6~ member by analogy to the fact
that the ' %" member of the i3> band lies above the
Y state. Similarly, the 87 should be at a slightly
higher encrgy than the 97 band member: levels observed
at 2392.1 and 2424.9 keV are candidates for this state.
In '??Hg, the probable 67 state agrees well with the
theoretical prediction. but possible 8 states appear to
be somewhat lower than the prediction. though still
within 100 to 200 keV. In '??Hg, the odd-spin
negative-parity states have been observed up to the 157
member by the (a.xny) experiment:” these states also
agree well with the theory of Neergard, Vogel, and
Padomski.® The state immediately below the 9~ state in
'*Hg was assigned / = 8 in the in-beam work.” A
similar state below the 97 in ' ”“Hg, also assigned 7 = 8
in ref. 7, is within 0.2 keV of the second 5~ state
observed in the present work. It is ditficult to under-
stand the differcnt assignments in our work and that of
Lieder et al.:” possibly, there are two close-lying states
near 2318.7 MeV. The second 57 state could result
from the coupling of an /5,2 neutron with the A
state. Neergard, Vogel, and Padomski® published only
the lowest state of a given spin and parity: hence,
comparison with the theory is not possible.

1. University of Tennessee, Knoxville.

2. ¥, lachello and A. Arima. Phys. Lerr. 53B, 309 (1974).

3. A, Arima and 1. lachello, Phyvs. Lert. 57B, 39 (1975).

4. P. 3. Daly et al., p. 193 in Proceedings of the International
Conference on Nuclear Physics, Munich. Germainy, 1973, 1. de
Boer and H. J. Mang, Eds., North-llolland, Amsterdam, 1973,

S. H. Beuscher ct al., Phys. Rev. Lere. 32, 843 (1974).

6. K. Necrgard, P. Vogel, and M. Padomski, Nucl. Phvs.
A238, 199 (1975).

7. R.M. Lieder et al., Nucl Phys. A248, 317 (1975).

POSITRON MEASUREMENTS AND
MASS DIFFERENCES

J.L.Weil'  B.D.Kern'

The positron decay of several proton-rich nuclides in
the 4 = 116 and 4 = 190 rcgions has been studied with
the use of plastic scintillators and lithium-drifted
gertmanium detectors. Time-sequential spectra were
obtained in the positron singles and in the positron-
gamma coincidence modes.

The work on 2.91sec ''° [ was completed. It decays

to the ground state and to two excited states at 0.697
and 1.219 MeV of '"'®Te. The ground-state decay
produces positrons with £,,x = 6.69 MeV. A f«y
coincidence establishes the presence of the other two
levels. The (; calculated by several of the mass
formulas is in good agreement with the experimental
03=7.71 MeV.

The decay of "°Tl to '?°Hg yields two identifiable
positron endpoint energies of 5.70 + 0.04 MeV and
4.18 £ 0.30 MeV. Through selective production of cach
of the two isomers of ' 7?1, their lifetimes have been
measured: The 5.70-MeV positron group is assigned to
the decay of the 2.6-min 2~ isomer and the 4.18-MeV
group to the 3.7-min 77 isomer. The precision does not
permit the determination of which isomer is the ground
state, but thejr separation appears to be approximately
100 keV. (A report on this is to be published soon.)

In the mass 4 = 192 radioactivity. there has been
measured a positron endpoint energy of 4.26 = 0.30
MeV. belonging to cither '?* Tl or ' 2 Hg.

A chemically separated '"*Pb source was studied,
yielding a positron endpoint energy of 3.61 = 0.20
MeV. Thallium-194 was found to decay with a maxi-
mum position energy of 4.4 £ 0.3 MeV.

[. University of Kentucky, Lexington.

ON-LINE MASS-SEPARATOR STUDIES OF
THALLIUM AND MERCURY ALPHA
EMITTERS WITH 4 < 186

K.S. Toth J. Lin?
M. A.ljaz'  E. L. Robinson®

Alpha decay for thallium isotopes (£ = 81) has never
been clearly cstablished even though a large number of
alpha-cinitting mercury (£ = 80) and lead (Z = 82)
nuclides are known. The existence of thallium alpha
emitters has been indicated ip helium gas-jet experi-
ments performed here at ORIC* and in Orsay, France,
with the accelerator ALICE.® The ORIC gas-jet results,
obtained in '® O bombardments of ' ®' Ta, showed that
if thallium alpha emitters did exist. their decay energies
were similar to those of mercury isotopes with adjacent
mass numbers. The use of the UNISOR mass-separator
facility was thus clearly necessary if definitive answers
were to be obtained.

The isotope '®®Tl was chosen to start the study
becausc, from alpha-decay systematics, one would
predict it to be the heaviest (and therefore the easiest to
study from the standpoint of a production cross
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section) thallium nuclide to have a reasonably large
alpha-decay branch. Also, its electron capture (EC)/*
decay had already been investigated by the UNISOR
consortium.® A target of 99%-enriched '®*’W was
bombarded with 168-MeV '* N ions to produce '*° Tl
in the (" N,101) rzaction. On-line multiscale data were
obtained for 4 186 isotopes, simultaneously using
alpha-particle, gamma-ray, and x-ray detectors. Figure
1.14 shows the measured alphba-particle spectrum. In
addition to "®®Hg, a closedying doublet is observed:
(1) "¥SHg (£, = 5.653 MeV) and {2) a new alpha peak
with £, = 5.641 £ 0.010 MeV. We assign this new group
to '3°T1 because the peak decayed with about a 30-sec
haifdife, that is, close to the value of 28 £ 2 sec
reported for '*T1 EC/B" decay.® Tt should be pointed
out that the alpha branch of '* Hg is more than 300
times larger than that of '®®Hg” A small amount,
<0.3%, of cross contamination thus accounts for its

presence in the 4 = 186 spectrum.

The 405.3-keV 2* = 0" transition in 1 Hg is known
to encompass essentially all of the EC/B" decay strength
of '®T1L® From its intensity in our gamma-tay

Preliminary measurements were also made for 4 =
185 and 184 nuclides. Some weak and previously
unobserved alpha groups were seen. The x-ray spectral
measurements indicate the (*%N.xn) yields to be small.
More data are therefore needed before assignments can
be made for these new alpha groups.

Significant information, however, was obtained as a
result of the 4 = 185 and 184 measurements, namely,
the first confirmation of the alpha-decay energies
reported by the ISOLDE group for ' #277#%Hg.” This is
shown in Fig. 1.15, where we have plotted experimental
£, wvalues for Bi, Pb, Hg, An, and Pt nuclides as a
function of neutron number. Note the abrupt discon-
tinuities that occur for the mercury isotopes 182--186,
which are absent for the other nuclides. These
anomalies may be related to the sudden changes in the
nuclear charge radins observed for ' ®* Hg and '?° Hg.®
in contrast to the smoothly varying values seen in the
heavier mercury isotopes with 4 = 187 to 204. In our
search for thallium alpha emitters with 4 < 186, we
also intend to investigate the alpha-decay properties of
the mercury isotopes with the same mass numbers. One

spectrum, the alpha-decay branching ratio of ' *¢Flwas  case in point is '**" Hg, which is reported to have a
then determined to be (6 £ 2) X 107*, lower £, than 185%Hg (ref. 7) (Fig. 1.15).
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DECAY OF '"*Pb

E. L. Robinson' B. H. Ketelle?
B. O. Hannah'

Both multiscaled gamma singles and gamma-gamma
coincidence spectra were obtained in studying the
decay of '?*Pb. Sixty-nine gamma transitions are
identified by halfdife as belonging to the decay of
'94Pb. All the strong lines and a number of the less
intense lines are fitted into a proposed decay scheme.

Internal conversion coefficients were measured for
the 204-, 225- 368-, and 582-keV lines. The [first three
are largely M1 transitions, whereas the 582-keV line has
a large /2 admixture. Both the low intensity of the
annihilation peak and the failure to observe a positron
spectrum with the proper halfdife support the con-

clusion that '"*Pb decays predominantly by clectron
capture.

There is evidence from both systematics and from
considerations of available shell-model levels that there
exists a 1" level in ' ”? Tl which should permit a strong
Gamow-Teller transition in the decay of '”*Pb. A
probable candidate for this is the 1519.48-keV level,
which is highly populated and which decays to the 2
ground state with an intensity of 102% relative to the
204-keV first excited state to ground state transition.

I. University of Alabama in Birmingham.

2. Chemistry Division.,

FEASIBILITY STUDIES OF UNISOR EXPERIMENTS
IN THE 4 ~ 6080 REGION

A. C. Rester’ J. Galambos'
H. Kawakami® A. DeLima?®

R. M. Ronningen  J. L. Wood?*

H. K. Carter? E. I. Zganjar®
M. D. Rarker' 1. H. Hamilton®

Presently. there is considerable research activity
centered in the nuclear region A == 60 -80. There is an
interesting controversy®"’ over the nature of the

anomalously low-lying 0" excited states in the even-



even nuclei, with & or Z approximately equal to 40.
Also, in-beam gamma-ray spectroscopy experiments at
ORNL. and in Copenhagen® have revealed unusual band
structure in some of the nuclei in this region. In-beam
studies and (p,1) reaction experiments are being con-
ducted in this region at ORNL. Studies at UNISOR will
provide 4 valuable complement to these measurements.
Together with the extensive nuclear-model calculations
being done at Vanderbilt and Emory Universities, the
experiments form a unified program of intensive re-
search.

To explore the feasibility of medium-mass UNISOR
experiments, we used a helium gas-jet transport system
to collect the activity from the reactions of '*C and
"0 beams on S®Ni and ®*Zn targets. Gamina-ray
spectrum multiscaling measurements were taken at 60-
to 95-MeV bombardinent energies. The energies, in-
tensitics, and halflives of the gamma rays were
used to construct relative crosssection curves. The
84 Zn('?C,xx) results are shown in Fig. 1.16.

From this work, we conclude that neutron-deficient
isotopes from copper to rubidium can be produced in
sufficient quantity for experiments with the heavy-ion
beams currently available at UNISOR. Those isotopes
produced in large quantities which may be particularly
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Fig. 1.16. Relative abundance of the most prominently
observed isotopes in the radioactive decay spectra following the
6Z‘Zn(lzC,)oc) reaction as a function of bombardment energy.

worthwhile for UNISOR experiments are ®* Ga, ®2 As,
1Se. 728, 73Br, 77Rb, and "®Rb, with halflives
ranging from 2.5 to 6 min.

1. Emory University, Atlanta, Ga.

2. Vanderbilt University, Nashville, Tenn.

3. UNISOR, Oak Ridge Associated Universities, Qak Ridge,
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4. Georgia Institute of Technology, Atlanta.
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7. I. H. Hamilton et al., Phys. Rev. Lert, 32, 239 (1974).

8. M. L. Halbert et al., Bull. Am. Phys. Soc. 20, 1172 (1975).

GYROMAGNETIC RATIO OF THE FIRST
EXCITED 2* STATE {N ! ?Xe

K.S.R. Sastry'
R. S. Iee?
R. L. Mlekoda;j?

A. V. Ramayya®
J. H. Hamilton?
N. R. Johnson*

The gyromagnetic ratios of the first excited 27 states
of a large number of even-even nuclei have been
measured in recent years, using a variety of experi-
mental techniques. The g factors for the lighter neo-
dymium and samariurn isotopes show a sharp drop as
the closed V= 82 shell is approached from the region of
higher neutron number; this behavior is contrary to
theoretical ~ expectation. The even-even isotopes
124-136xe and '3* 3% Ba span the neutron region 70
SN« 82, Tt would be of interest Lo see if the g factors
for these nuclei with neutrons on the lower side of the
closed IV = 82 shell show similar behavior. Thus we have
initiated measurements in this mass region, using the
time-integrated perturbed angular correlation method.
The present work is concerned with the 389-keV first
excited 2" level in '?° Xe.

Radioactive ~ '2€1  was  produced by  the
126 Te(p,n) 281 reaction at the Oak Ridge 86-in.
cyclotron. The high enrichment (=98%) of the target
and the optimized bombarding energy greatly reduced
contamination from other isotopes. The '?°1 was
converted to Agl, along with minimal amounts of stable
iodine, a form well suited for implantation using the
UNISOR facility in the off-fine mode. The *2°1 ions
were accelerated to 65 keV and implanted into 2-um-
thick iron foils held at room temperature. A separation
efficiency of about 5% was achieved, and three such
implantations were performed. The foils were rolled
into a thin cylinder and placed between the pole faces
of*a small electromagnet with a field of 1.5 kG. The
precession of the angular correlation pattern was then
measured, using a Ge(Li)-Nal coincidence systern.



The angle of precession was found to be —54 + 10
milliradians. the sign being inferred from the sense of
the rotation. Using the value of 864 kOe for the
internal field experienced by xenon atoms in the iron
lattice, we obtained a valne of +0.22 + 0.05 for the g
factor of the 389-keV 2% level in '*®Xe. This is in
reasonable agreement with the experimental value
reported by Gordon et al..® using the Coulomb excita-
tion recoil implantation method. Qur result is also in
good agrecment with the theoretical value of 0.26
calculated by Kisslinger and Sorensen,® using the
pairing-plus-quadrupole  model and  quasi-particle
random-phase approximation, including only particles
in the outer shells. However, the hydrodynamical value
of the g factor for '?%Xe is 0.43, whereas calculations
by Greiner” give 0.36.

University of Massachusetts, Amherst.
Vanderbilt University, Nashville, Tenn.
. UNISOR, 0ak Ridge Associated Universities. Oak Ridge,
Tenn,
“hemistry Division.
D. M. Gordon et al., Phvs. Rev. C 12, 628 (1975).
[.. S. Kisslinger and R. A. Sorcnsen, Rev. Mod. Phys. 35,
853 (1963).
7. W. Greiner, Nucl. Phyvs. 80, 117 (1966).
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UNISOR DEVELOPMENT

. L. Mlekodaj'

R E. H. Spejewski'
H. K. Carter!

A. G. Schmidt'
E. L. Robinson'*? B. O. Hannah' 2
F.T. Avignone I11'** L. L. Collins*
G. M. Gowdy"®

lou-Source Development

The Nielsen-type® oscillating-electron ion source has
been tested for the on-ine separation of rare-earth
product nuclei. Figure 1.17 shows the arrangement
used, which consists of an 80-ug/cm® carbon window to
isolate the target from the corrosive CCl; ion-source
vapors. The window, however, allows most reaction
recoils to pass into the ion source, where they are
stopped on the graphite-felt catcher. The previous low
cfficiency obtained for this system (~0.01%) was
thought to perhaps be due to the slow diffusion out of
the graphite catcher (7" = 1200°C). A new graphite-felt
catcher ohmically heated to 1700°C has not, however,
given a significant improvement in efficiency. Replace-
menti of the graphite catcher with one of tungsten was
tested to eliminate the possibility of formation of
refractory compounds between the carbon and the
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rare-carth producis. The tungsten catcher was opcrated
at about 2000°C. yet this arrangement also gave a
similarly low efficiency. These experiments indicate
that the limiting factor is not connected with the
catcher but. rather, may be connected with a low
chlorination probability or with the fact that the overall
source temperature is too low. Future investigations of
on-line separation of rare earths with plasma ion sources
will be done with much higher-temperature ion sources,
applying existing target, window, and catcher tech-
niques.

The carbon window and external target techniques
developed for CCl; use with rare-earth products can
have other applications. It has been found. for example,
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Fig. 1.17. UNISOR on-line ion source with carbon window.



that the use of CCl; as the ion-source support gas
improved the efficiency foc the onine separation of
ead aud bismuth isotopes. The carbon window can also
be applied in cases when a lower melting-point target
must be isolated from the high temperature of the ion
source.

A new ion-source variation has been tested where the
target or catbon window is placed directly on the
sraphite felt. Thus the lower temperature region be-
tween the target or window and the graphite caicher
{see Fig. 1.17) is eliminated. This lower temperature
region could tend to retain low-vapor-pressure products.
The limited experience to date indicates that this
arrangement functions at least as well as the earlier jon
sources for producis of Hg, T1, b, and Bi.

Several new forms of targets have been successfully
applied. One new type was isotopically enriched tung-
a substrate of tantalum. These
targets were quite satisfactory even though the two
metals would normally separate during operatinon and
the target would be destroyed upon removal. The
evaporation and sputtering of the ion-source filament
material that caused problems in early jon-source
designs has been used to fabricate tagets directly in the
jon source. Rhenium targets were made by using a
thenium wire for the jon-source filament and placing a
substrate of thin tantalum in the anode wall. Rhenium
deposits of 1 to 2 mg ecm ™ hr ™" are collected during
ionsource operation. The graphite-felt catcher has also
been used as a substrate onto which target material has
heen directly evaporated.

A new surface-onization jorn-source system, designed
mainly with on-line rare-earth separation in mind, has
been constructed and will soon undergo testing. This
type of source holds great promise because off-line
efficiencies for this type of source for rare earths can
exceed 80%. The main problem area anticipated is the
ion-source window, which must be thin enough to
transmit a large fraction of the reaction recoils yet be
strong enough to withstand temperatures of 2000°C or
more, in addition to bombardment by an intense
heavy-ion bearm. Tantalum and carbon windows will be
used initially.

sten cvaporated on

Tape-Transport Development

The capabilities of the tape-transport system have
been substantially increased during the last year. Two
new arrangenients involving a three-detector array for
simultaneous counting of ovne sample have been de-
veloped for on-ine use. In one case, an x-ray detector
and a thin-transmission-mount alpha detector are posi-
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tioned in close geometry, one on either side of the
collection tape. A Ge(Li) detector is then positioned
behind the alpha detector for detection of the trans-
mitted garmma rays. The sccond system is based on the
collection tape traveling out to a small roller where the
tape tumns 180° and then returns. The tape is positioned
so that the collected sample siops at the center of the
roller. This system is typically used with a cooled Si(Li)
electron detector looking directly at the source and two
Ge(Li) gamma-ray detectors at +90° relative to the
electron detector. Two types of three-parameter coinci-
dence data (garoma-garnma-time and gamroa-electron-
fime) are then recorded simultaneously, as well as
gamma and electroa multispectrum scaling.

A new higher-resolution on-line electron detector has
beer installed on the tape-transport system and is now
providing much improved on-line electron data. The
on-line electron detectoy situation has also been im-
proved by the addition of a turbomolecular pump to
the tape-transport vacuum system. This pump will
provide cleaner, more effective pumping at the electron
detector position. The tnrbomolecular pumping system
will also serve as the pumping systern for an on-line
Gerholm electron spectrometer system. The assembly
of the Gerholin system has been completed and will be
added to the tape-transport system.

Side-Mass Facilities

The UNISOR fast tape-pulling systern” has been
expanded to fwo units so that sources from two
different side masses can be rapidly extracted from the
collection chamber. In addition, an alpha detector has
been added to one of these units, allowing alpha-
particle experiments to be carried out directly in the
collection chamber.

The offline electron detector systemn was modified to
allow use of a Ge(Li) gammaray detector for close-
geometry electron-gamma experiments. The vacuum of
the off-line electron detector has also been upgraded.

Data Acquisition

The TP-5000 data acquisition system has been im-
proved with Tennecomp’s new faster software system —
TPOS. The Tennecomp system has also been interfaced
for direct data transfer to the on-line SEL computer.
The data analysis capabilities ot the TP-5000 have been
greatly expanded during the past year by user-
developed programs that include automated peak-fitting
progratns and skewed-Gaussian peak-fitting programs.

A analyzer system, the Tracor Northern
TN-1700, has been acquired and placed in service. The
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multispectrum scaling capability of this programmable
analyzer has made it a most valuable addition to the
UNISOR facility.

1. UNISOR, Ouak Ridge Associated Universities, Qak Ridge,
Tenn.

University of Alabama in Birmingham,
University of South Carolina, Columbia.
University of Tennessee, Knoxville.
. Georgia Institute of Technology, Atlanta.
0. Almén and K. O. Nielsen, Nucl Instrum. Mcethods 1,
302 (1957).
7. H. K. Carter and R, L. Mlekodaj, Nucl. Instruin. Methods
128,611 (1975).

HEAVY-ION MACROPHYSICS

STRONGLY DAMPED COLLISIONS INVOLVING
MEDIUM-MASS TARGETS

A large amount of experimental data on strongly
damped collisions exists for 5- to 10-MeV/nucleon
beams of nitrogen through xenon on targets ranging
from silver to uranium. The reaction mechanism termed
“strongly damped.” ‘‘deeply inelastic.” or “quasi-
fission™ appears to be present to a varying extent in all
systems studied. Fewer data are available for medium-
mass targets (4 ~ 60). To understand the nature of this
reaction mechanism, it is important to have systematic
data showing how its characteristics vary with pro-
jectile, target, and bombarding energy. To this end.
several reactions involving medium-mass targets are
currently being studied at ORIC: preliminary analyses
are described below.

*“Ne + Ni
Halbert [ Plasil
Hensley R. L. Ferguson®

F. E. Obenshain
F. Pleasonton

These experiments included bombardment of nickel
by 164- and 173-MeV *°Ne. The reaction products
were detected with an ionization-chamber—silicon
position-sensitive detector (PSD) telescope (described
elsewhere in this report’). The telescope covered a
range of 9° at one setting and offered excellent
separation of Z values from 2 to at least 30. Figure 1.30
(sce ref. 3) is an example of the computer printout for a
typical set of data.

Principal features of the spectra are illustrated in Fig.
1.18, which shows spectra of even-Z products from
173-MeV 2°Ne on nickel at 15° and 22° (lab). These
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were obtained by masking arrays such as in Fig. 1.30
and projecting onto the energy axis. For products with
Z well removed from that of the beam, a single broad
peak is obscrved. When assuiming a two-body final state
and a mass corresponding to the most stable isotope of
clement Z, the Q value for the peak is about —75 MeV,
becoming somewhat more negative with increasing
angle of observation and slightly less negative with
increasing Z. The width is between 20 and 40 MeV.

For products with Z near that of the beam, a sharper
peak is seen at an energy corresponding to the same
velocity as the beam. These particles may be due to
decay of an excited projectile-like fragment; in support
of this is the fact that the particles are much more
intense for Z below 10.

The Z distributions for the deep-inelastic peak show
an odd-even effect, the even-Z products being more
intense. This is illustrated in Fig. 1.19. There is
generally a decrease of cross section with increasing Z.
The 164-MeV *°Ne data, taken with a lower gas
pressure in the AF counter to observe products with
higher Z, suggest that the yield increases again above Z
= 21, the maximum being at about Z =25. (This latter
result pertains to ~307 only and has not yet been
verified for angle-integrated yields.)

Figure 1.19 also shows a strong decrease in yield for a
given 7 as a function of angle: this is seen more clearly
in Fig. 1.20. The angular distributions for Z = 14 are
approximately 1/sin 0, .. For Z <14, the forward
peaking is stronger.

Estimates of the total cross section for each £ were
made by extrapolating in several ways over the un-
measured angles. These in turn were summed over Z to
give an estimate of the total cross section for the
strongly damped processes. The uncertainty in these
estimates comes partly from the extrapolation (~10%).
but mainly from the lack of adequate knowledge of the
low-Z yields. For 2°Ne + Ni at 173 MeV, the
deep-inelastic cross section summed for 6 < Z < 18 is
500 £ 40 mb.

10 + Ni

R. G. Stokstad  D. C. Hensley

The 'O + Ni reaction was studied at a bombarding
energy of 113 MeV by using two solid-state counter
telescopes having silicon AF counters with thicknesses
of 13 and 25 u respectively. (These studies were begun
before the position-sensitive counter telescope became
available.) Figure 1.21 shows a spectrum of oxygen ions
scattered at 32°. which illustrates rather well the elastic
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Fig. 1.18. Spectra of even-Z reaction products observed at (@) 357 and (h) 22° in the bombardment of nickel by 173-MeV 20Ne.
The energy scale is based on the measured pulse height in the stopping detector; it does not include any correction for energy loss of
the particles in the window and gas of the jonization chamber or in the target.
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Fig. 1.19. The Z distribution of reaction products from

173-MeV 29Ne on nickel for various laboratory angles. The two
lower curves are sums of nine angles in 17 steps.

scattering, inclastic scattering to low-lying excited
states, and the broad bump representing the strongly
damped collisions. Also shown are spectra for carbon
and nitrogen reaction products. Note that, although the
deep-inelastic yields for nitrogen and oxygen are com-
parable, the carbon yicld is about a factor of 2 higher.
The major fraction of the carbon vield is ' *C. As the
angle of observation is decreased to angles smaller than
the grazing angle. the shape of the strongly damped
peak for nitrogen and carbon changes. This is illustrated
in Fig. 1.22 for the case of carbon. Here it is seen that,
at forward angles. the position of maximum intensity
moves up in energy until it attains an energy per
nucleon equal to that of the scattered beam. In the case
of nitrogen ions, one also observes transfer reactions to
individual low-lying states with appreciable intensity at
forward angles. In general. for Z < 8, it has not been
pussible to reliably separate the yields at forward angles
into two components, one presumably arising from
quasi-elastic scattering and the other from a strongly
damped process. Thus the differential cross sections for

28

ORNL-DWG 76-3474

100

50

20

(da/d Q) m (Mb/sr)

0.5

0.2

(oK -
60
¢ m. (deg)

Fig. 1.20. Angular distributions for products of selected 7
values from 173-MeV 29Ne on nickel. The points beyond about
S0° are from sums of spectra covering an interval of 9% (lab).
The 1/sin ¢ curve is normalized to the Z = 15 distribution.

inelastic products with Z = 5 to 9 all rise more rapidly
than 1/sin 8 ..

12C+ 63Cu

A.Dayras M. L. Halbert
B. Fulmer  D.C. Hensley
R. G. Stokstad

R.
C.

The reaction ' *C + ®?Cu was studied at an energy of
130 MeV by using a 0.15-mg/cm? -thick target and the
position-sensitive counter telescope. The energy distri-
butions of reaction products with 3 < Z < 16 were
determined at angles between 8y, = 10° and 59°. For
Z > 6, the energy distributions are peaked around Q =
—80 MeV, with a width that varies between 20 and 40



ORNL-DWG 76-3304

1c* L—T— A R A e T

5 { o+ Ni
’ £, =113 MeVv
‘160

B, = 32° o
2 lab i
o
o <
- ]
% 1 w i
10% |- 3 -
- ul
- 2 <
z o 7
a
5 - o & —
L i <
= >
= A, o
4 A A,
2 L
107

OXYGEN

o~ -

~
2 "'// CARBON + 10\

40 50 &0 70 80 30 100 10
ENERGY (MeV)
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observed at 01,;, = 32° and produced by 113-MeV 160 jons on
nickel.

MeV. This is a remarkably negative @ value when
considering the fact that the energy available in the
center ot mass is only 109 MeV. For products with Z <
6, the spectra at forward angles contain sizable contri-
butions from quasi-elastic events that cannot be sepa-
rated  fromn  the strongly damped component. The
angle-integrated yields show an odd-even effect, with
even values of Z showing the higher yields.

A remarkable feature of this reaction is the appear-
ance of two comiponents in the energy spectra for yields
with Z 2 8. Neither of these components is quasi-
elastic. This is illusteated for £ =10 in Fig. 1.23, which
shows specira ai three angles — 157, 317, and 55°. At
the largest angle, only one peak, having a ¢ value of
~-70 MeV, is present. The relative kinetic energy
implied by this is about 5% preater than that expected

ORNL-DWG 76-330%
113 Mev %0 + Ni—> CARBON + X
2 L ) I B

[
} lon = 37.9° i
- i ﬁ’*‘*“**ﬂ U ;
! N
. W 1 +H _

3! Lr

2

2 2 l 7

REN- I8 IR N KNSR W AU N I WY N B

9 3 | | T ] 1 [

';3_ - b100 = 80

z 2 LN -
2 o %
o ¢ﬁ’ $

S ae? = & =

- A ¢ =

5 I +++ + 7

1

12/, X ELASTIC =>
-

i

n 5*
T
P
—
=
—_——

CLASTIC

2 l e
o LTI L i 1

ENERGY (lab)

i0

Fig. 1.22. Spectra of carbon reaction products at two
laboratory angles. The single arrow denotes the laboratory
encrgy, £, of the elastically scattered projectiles. The double
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for a Coulomb separation energy at a distance of
1.2(A}" + AY3) fm. This peak, therefore, can be
taken to represent the strongly damped process as seen
also in '®O + Ni and °Ne + Ni.

At more forward angles an additional peak appears at
an even lower energy. The angular distribution for this
component is much more forward-peaked. The Q value
corresponding to this second component is so negative
(~-95 MeV) that, if one assumes a two-body final
state, the fragments must have been very elongated at
the point of scission.

Figure 1.24 shows angular distributions (do/df in
millibarns per radian in the center-of-mass system) for
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Cu reaction. Note the clear presence of two

components at ~31° and the asymmetric nature of the peak at ~15°, which also suggests two components. The decomposition of the
yield into two components as shown in 5 and ¢ is done only as a guide to the eye. The rapid rise in the yield at energies below ~15
MecV represents evaporation residues which have the same energy loss as the neon ions at low energies.
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Fig. 1.24. Center-of-mass angular distributions, in millibarns
per radian, for the total yield of neon and magnesiuin products
from bombardment of $3Cu with 130-McV '2C ions. The
presence of two components in the yicld is also apparent in the
shape of the angular distribution for neon jons. The component
having the lower energy is more forward-peaked.

the entire yields of neon and magnesium. In the case of
neon, and somewhat less so for magnesium, the
presence of two components is clearly indicated. At
large angles the higher energy component is seen to
have an angular distribution given by da/dS2 ~ 1/sin §.
This indicates a lifetime of the complex system that is
sufficiently long to produce a full rotation. If the
forward-peaked component therefore corresponds to a
shorter “‘sticking time,” it is not clear why the scission
process should produce in this case a smaller separation
energy. It is also possible that the presence of two
components may be connected with the phenomenon
of scattering to negative angles or to some unspecified
mechanism that produces a three-body final state. It
will be interesting to explore this further.

Comparison of Results

All systems studied at ORIC thus far have certain
spectral features in common: a broad deep-inelastic
peak well below the elastic region and, at forward
angles and for Z near that of the beam, a sharper peak
at the same velocity as the projectile. The intensity of
the products with Z less than that of the projectile is
much greater than for high Z. An odd-even alternation
in the intensity of the yield with Z is observed, with
even values of Z having larger yields. This suggests that
the light fragments emerge from the collision in an



excited state and subsequently decay to more tightly
bound even-even nuclei.

The @ values of the deep-nelastic peak may be
related to the Coulomb energy of two charged spherical
fragments by

lezez

Eoan.+ Q= 5
)¢} rG(A}/3+A%/3)

(1)

In general, it was found that the value of r, deduced
from Eq. (1) varies with the scattering angle and the £
of the fragment. Table 1.2 lists measured Q values and
deduced values of ry for fragments having the same Z as
the beam and at large angles where quasi-elastic
contributions should be small. This comparison of the
three reactions emphasizes the difference between the
carbon-induced reactions and the other two, the former
experiencing a higher energy loss (and hence a larger
deduced Coulomb separation distance).

The angular distributions are generally peaked for-
ward more sharply than 1/sin § except for the high-Z
products of the 2°Ne reactions, which are well de-
scribed by 1/sin 0. The angle-integrated cross sections
summed over the measured products may be compared
with the total reaction cross section, as estimated trom
the quarter-point recipe. For 173-MeV 2°Ne on nickel,
0D 1. Oreae 7 25%; this ratio is 16% for '2C + ¢ Cu.
For '¢0O+ Niat 113 MeV, the ratio is about 22%, but it
is only 3 to 4% at 96 MeV.* This remarkably rapid
change with energy will be investigated in future
experiments.

A significant feature of the carbon-induced reactions
is the presence of two components in the energy spectra
for Z > Zpeam. This phenomenon appears to be absent
in the oxygen- and neon-induced reactions, at least in
the preliminary analyses we have performed to date.

Table 1.2. Approximate energies of deep-inelastic
peaks at large angles

Beam Laboratory

Reacti | -0 ro (+0.1)4
£acnon encrgy lelg [+ U .
MeV)  (egrecs)  MeV) (fm)
20+ 830y 130 51 81 1.45
"0+ Ni 967 40 31 1.16
%0+ Ni 113 25, 32.5, 45 45 1.16
20Ne + Ni 164 26,42 71 1.19
20Ne + Ni 173 33 75 1.13

“Radius parameters derived from Eq. (1) and the measured Q
value.
brrom ref. 4.
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Further investigaiion will be required to understand this
phenomenon.

2. Chemistry Division.

3. See this report, R. G. Stokstad, D. C. Hensley, and A.
Suell, “Position-Sensitive Counter Telescope.”

4, R. Albrecht et al., Phys. Rev. Letr. 34, 1400 (1975).

HEAVY-ION-INDUCED FUSION, FISSION,
AND QUASI FISSION

The aim of this prograrn is to provide an under-
standing of the macroscopic characteristics of inter-
actions between complex nuclei that may be related to
such fundamental properties of nuclei as viscosity,
moments of inertia, and compressibility. For a given
system, we measure the individual cross sections for the
reaction products (evaporation residues, fission frag-
ments, quasi-fission products, etc.) in an effort to
account for the total reaction cross section. In addition,
we measure mass, energy, and charge distributions of
fission and quasi-fission fragments and evaporation
residues. We obtain charge distributions and evapo-
ration-residue cross sections with AE-f telescopes, in
which AF£ is measured by a gas-filled ionization
chamber or proportional counter and £ is measured by
a solid-state detector. Mass distributions are obtained
by time-of-flight measurements at Berkeley and Orsay.

Competition Between Fission and Particle Emission
in the ! *° Th Compound Nucleus

F. Plasil R. L. Hahn'
R. L. Ferguson' F. E. Obenshain
F. Pleasonton

In this study at ORIC we investigated the reactions
2ONe + '13Cs > 153Th* and '2C + T IPr > P THE
Fission excitation functions for these two systems were
presented earlier,” and it was pointed cut that excita-
tion functions for evaporation-residue products were
required for an unambiguous analysis of the data.®?
The analysis consists of calculations of fission and
particle emission competition with angular-momenium-
dependent fission barriers.*>® Results obtained for
'33Tb should provide a test for this angular-
momentum-dependent fission theory

We attempted to measure the evaporativn-residue
excitation functions for the two reactions but were able
to obtain satisfactory results only for the highest energy
points in each case (165 MeV for *°Ne and 120 MeV
for '2C). At lower bombarding energies a map of £ vs



Al shows that the low-energy tail of the slit-scattered
projectiles merges wita the low-AF portion of the
evaporation-residue region; it is impossible to resolve
the two types of events. This appears to be a funda-
mental limitation of our AE-E method. and we may be
forced to use theoretical predictions for the energy
dependence of fusion to generate the evaporation-
residue excitation function.

2000 Plasit, p. 107 in Proceedings of the [International
Conference on Reactions Between Complex Nuclel, Nashville,
June 1974, vol. 2, R. L. Robinson et al., Eds., North-Holland.
Amsterdam, 1974.

3. F. Plasil et al.. Phvs. Div. Anni Prog. Rep. Dec. 31, 1974,
ORNL-5025 (1975), p. 32.

4. I Plasil and M. Blann, Phvs. Rev. C 11, 508 (1975).

5. S. Cohen, F. Plasil, and W. J. Swiatecki, Ann. Phvs. (N Y.
82, 557 (1974).

Neon-Induced Fission of Nickel

R. L. Hahn!
F. Hubert?
A.H. Snell®

F. Pleasonton
R. L. Ferguson'
F. E. Obenshain
b Plasil

Fission is predicted to compete favorably with other
modes of deexcitation for compound nuclei in all mass
regions when the angular momentum of the system is
sufficiently high.* Thus. characteristics of the fission
process can now be determined over a greatly increased
range of mass, excitation energy. and angular momen-
tum. Comparisons of fission properties with theoretical
predictions over such broad ranges provide stringent
tests of theory.

We have attempted to determine fission-fragment
mass and kinetic-energy distributions and angular cor-
relations for fission of the relatively very light com-
pound nucleus formed in the reaction Ni + *°Ne.
Surface-barrier detectors were used to measuie the
kinetic energies of two coincident fragments resulting
from bombardments of a natural nickel target with
160 MeV 2°Ne®* jons from ORIC.

A preliminary analysis of these data, based on a
simple two-body breakup of the target-plus-projectile
system, appears to support the theoretical predic-
tions®*® thai this very light system fissions asymmetri-
cally. However. this conclusion must be considered
tentative, because the muass distributions obtained are
very sensitive to the precise values of the measured
energies and because. during the data analysis, we
became aware of possibly serious uncertainties in the
encrgy calibrations. It is likely that definitive measure-
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ments and answers to theoretical questions will have to
wait until we cun repeat the experiment with the
time-of-flight method.

. Chemistry Division.

1

2. Centre d'Etudes Nucléaires, Bordeaux., France.

3. Consultant.

4. 1. Plasit and M. Blann. Phvs. Rev. C 11, 508 (1975).

5. U. L. Businaio and S. Gallone, Nuovo Cimcnto 5, 315
(1957).

6. R. Y. Cusson and K.T.R. Davics, private communication
and contribution to this annual report.

Argon and Krypton Reactions with
Copper and Silver at Energics of
4 to 8 MeV/amu

B. H. Erkilla®
R. H. Stokes®
H. H. Gutbrod?
M. Blann*

R. L. Ferguson'
F. Plasil
H. C. Britt?

Counter telescope measurements have been made of
reactions *Y Ar+ 'Y Ag at energies ranging from 169 to
337 MeV at the LBL Super-Heavy-lon Linear Acceler-
ator {Super-HU.AC). Cross sections tfor evaporation-
residue products have been extracted and compared
with predictions of a particle-evaporation model that
includes angular-momentum-dependent fission compe-
tition.® As was reported earlier.® above about 200
MeV. the excitation function for evaporation-residue
products appears to be determined by fission competi-
tion. In the above experiment we have also measured
elastic scattering and fission-like products and found
that it was possible to decompose each fission-fragment
charge distribution” into a quasi-fission component and
a fission component. These decompositions of inte-
grated charge distributions are shown in Fig. 1.25. Also
shown are distributions for the Kr + Cu system. In this
case decomposition is impossible because the masses of
the target and projectile are similar to those obtained in
a symmetric mass division of the compound systein.

We have also measured the evaporation-residue cross
sections for Kr + Cu at 494. 604, and 708 MeV. The
results involve large experimental errors due to the
difficulty of measuring the very forward -peaked angular
distribution of these products. In recent measurements
we have taken data at 1',° with respect to the beam in
an effort to improve ihe accuracy of our results. The
cross sections that we huave obtained so far are
consistent with the evaporation—{fission competition
model.”

Most recently we have measured the mass and charge
distributions  of evaporation-residue products simul-
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Z = 18) and a {ission componeni.

de-

tanieously from *°Kr bornbardments of *5Cu. At 3°
(lah) the average mass number was found to be ~128,
corresponding to 23 evaporated nucleons. The width of
the distribution was 7.5 amu. The average charge was
~60, and the width of the charge distribution was ~5
units. These numbers, however, are only tentative due
to calibration uncertainties. In the future. by further
analysis of the data, we plan to look for structure in
these distributions and compare it with evaporation
caleulations.

1. Chemistry Division.

2. Los Alamos Scientific Laboratory, Los Alamos, N.M.

3. Gesellschaft fiir Schwerionenforschung, Dasmstadt, Ger-
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Quasi Fission in Argon and Copper
Bombardments of Gold

C. Ngd!

J. Péter’

F. Plasil

The purpose of studying the Cu + Au system at 443

MeV was to compare the results with those obtained at

B. Tamain'
F. Hanappe®
M. Berlanger?

365 MeV and thus to obtain information on the energy
dependence of quasi fission.” Tt was found that quasi
fission continued 1o account for a large fraction of the
total reaction cross section and that the events were
well separated from other events (such as quasi-elastic
events) except near the grazing angle. The angular
distribution do/df was found o have a broad peak
forward of the grazing aungle and to bave a finite value
at 0°. This may imply the existence of nuclear orbiting
at this higher energy. The mass distributions, as a
function of angle, showed a similar behavior 1o those at
the lower energy, but they were somewhat broader. The
contribution of fission was larger at 443 MeV than at
365 MceV.

Previous experiments with argon on targets such as
gold were all carried out at energles relatively high
above the interaction barrier. The purpose of our study
of Ar + An at 220 MsV was to see whether, at an
energy close to the interaction barrier, quasi fisgion can
be observed as a well-separated process. This was indeed
found to be the case. Quasi-fission events formed a
characteristic peak at all angles (except at the grazing
angle, where they merged with pariially damped
events). The peak was well separated from the fission
peak. The apgular distribution of quasi fission was
tound to peak forward of the grazing angle, as was the
case in studies with heavier jons such as copper and
krypton. Thus, the quasi-fission process also occurs in
systems other than those involving very heavy ions such
as copper and krypton. It is likely that the exient of the
quasi-fission cootribution does not depend on the
specific system involved, but rather on the relative
magnitude of the Coulomb (and centrifugal) potentials
and of the forces driving toward fusion. such as the
nuclear potential and the incident momentumn.

1. Institut de Physique Nucléaire, Orsay, France.
2. Université Libre de Bruxelies, Belgium.
3. Experiments conducted at Orsay, France.

FUSION OF "*N + '2C AT HIGH ENERGIES

R. (. Stokstad J. A Biggerstaff
J. Gomez del Campo' AL H. Snell?
P. H. Stelson

The cross section for the fusion of heavy ions at high
energies is of interest because it depends on the
properties of the entrance channel and can give infor-
mation on the highly excited compound nucleus.
Experimental data for very light systemns have not been
available, however, possibly because the evaporation
residues produced at higher bombarding energies have



masses conparable to or even less than the projectile. In
this case, separation of the products of incfastic direct
reactions and of fusion is no longer routine. Fusjon
measurements at high energies and tor light systems.
however, are of particular interest because systemns
having fewer nucleons might exhibit phenomena quali-
tatively different from those observed for heavy sys-
tems. Possible differences are (1) a dependence of oy on
microscopic propertics of the entrance channel or (2) a
limitation of oy imposed by angular momentum restric-
tions in the compound nucleus rather than by the
entrance channel.

Beams of '*N at seven energies over the range of 43.8
to 178.1 MeV were used to bombard a carbon folil
having an areal density of 272 ug/cm®. Reaction
products with Z = 3 to 12 were identified with a Ar-F
counter telescope in which the AFE detector was an
ionization chamber 9.5 ¢m long and filled with methane
at a typical pressure of 20 torr.”> Angular distributions
were measured over the range of 4° to 40° (lab). In
some measurements, an ionization chamber incorpo-
rating a solid-statec PSD was used.”

The yields of neon, sodium, and magnesium nuclei are
clearly the residues of compound-nucleus formation
followed by cvaporation of light particles. These resi-
dues have a velocity distribution centered about the
velocity of the compound nucleus and broadened by
the recoil imparted by light-particle emission. The
yields of lighter elements. however. may contain contri-
butions from two-body reactions in which one or more
nucleons are transferred. These contributions appear
with a velocity characteristic of that of the projectile
and thus have an energy typically higher than that for
an evaporation residue of the same mauss.

We believe that it is possible to separate these two
components with sutficient confidence 1o enable the
extraction of fusion cross sections. The separation relics
on the expectation that the energy distributions for the
evaporation residues change consistently from element
to clement. As the Z of the residue decreases. the
centroid of the energy distribution decreases and the
width increases. These considerations have been quanti-
ficd by developing a Monte Carlo computer code.”
which uses the Hauser-Feshbach prescription. including
angular momentum, for the statistical decay of the
compound systent. In this way. the relative intensities,
encrgy distributions. and angular distributions of the
evaporation residues may be predicted in the laboratory
system. We emphasize. however. that our analysis of the
reaction products is not directly dependent on this
model: the calculations serve only to give confidence
that the peak shapes assumed in the analyses of the
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energy spectra correspond to those expected for evapo-
ration residues.

The foregoing remarks are illustrated in Fig. 1.26«,
which shows measured and calculated energy spectra
for sodium and nitrogen nuclei produced at bombarding
energics of 86.3 and 167.1 MeV respectively. Similar
agrcement has also been obtained at other bombarding
energies from 43 to 178 MeV for the energy spectra and
for angular distributions of other elements. The change
in the elemental distribution ot the evaporation residues
with bombarding energy is as would be expected from
the decay of a compound nucleus formed with in-
creasing excitation energy and angular momentum. A
comparison of measured and predicted relative yiclds
for evaporation residues at two energies is shown in Fig.
1.26b.

The experimental results are presented in Fig. 1.27.
Figure 1.27 also includes measurements by Kuehner
and Almquist® of the fusion cross section at lower
energies. Above 40 MeV.
section, oy, is 812 + 27 mb. Considering a systematic

the average tusion cross

error of £7% of oy, this corresponds to a critical radius
1.08  0.04 fm. A good fit to the low-
and high-energy data is given by the modet of Glas and
Mosel” with the parameters . = .06, V(R ) = 0.0, 1y
=147, and V(Rg)= 063 (Fig. 1.27).

The values of o, at high cnergies therefore may be

parametler ¥, =

explained by an entrance-channel requirement that the
colliding ions penetrate to a critical radius. In the
present casc this radius corresponds to a combined
nuclear density p,. in the overlap region of 0.6p, to
09py. where p, is the central density. This value is
comparable to the value p,. ~ p, obtained for heavier
systems” (ro, ~ 1.0 £0.07).

An alternative explanation of the limitation on gy
involves the maximum angular momentum ot the
compound nucleus 2®Al for a given excitation energy
(the yrast line). This is shown in Fig. 1.276. Here, the
values of J,. defined by gy = nX*(J, + 1)? are plotted vs
excitation energy in *° Al. The data determine a straight
Jine on a J,.(J, + 1) scale. which, in a rotational model.
indicates amoment of inertia 29/h? = 7.7+ 0.7 MeV ™!
and a buand-head excitation energy of ~15 MeV. The
above moment of inertia corresponds, for example, 1o a
strongly deformed *° Al nucleus (8 ~ 0.5 for a prolate
rigid rotor) or to a '*C nucleus and '"*N nucleus
orbiting at a separation of (1.06 + 0.05)(A :”'3 + A ;”)
fm. The bund head is located. perhaps not coinciden-
tally. at the separation energy for *°Al = '2C + '*N.
Thus. the observed values of gy at energies greater than
40 MeV may be explained by postulating a compound
nucleus that, for excitation energy £, has a maximum
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angular momentum J, given by

Ee=(70MeV ™) W+ 1)+ 15 MeV . ¢))

The present experimental results alone cannot dis-
tinguish between these alternative origins for the
limitation on oy (entrance channel or compound nu-
cleus). However, when assuming only that an equili-
brated compound nucleus is formed in this reaction
(regardless of the origin of the limitation on o), the
expedimental data suggest that the *°® Al nucleus (1) is
very deformed for excitation energies £y and angular
momenta J,. similar to those given by Eq. (1) and (2)
has been formed with an angular momentum nearly
equal to the limit for a rotating liquid drop,” ~ 25.5h

1. On sabbatical leave {rom Instituto de Fisica, University of
Mexico, Mexico City.
2. Consultant with the Physics Division.
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TRANSFER REACTIONS THAT LEAD TO
THE NUCLEI 2#5Cf AND 2%*Cf:
INTERACTION OF 1°0 AND 2°Ne WITH 27 °Pu

R. L. Hahn' P. F. Dittner'

F. Hubert? K.S. Toth
In a continuation of studies of transfer reactions,
previously reported for the reactions of 12¢ +

239py *+* we have measured excitation functions for
reactions on 2*?Pu induced by '®0 and ?°Ne beams,
leading to the radioactive nuclides ***Cf and 244cr.
The experiments involved the use of helium gas-jet and
radiochemical separation techniques.

Preliminary analysis of the data indicates that (1) the
magnitudes of the cross sections for the reactions X +
239py —» 298.244CF when projectile X is either ' *C,
160, or ?°Ne. are about the same, with maximum
values of 7 to 10 ub, and (2) the shapes (i.c.. cnergy
dependence) of the excitation functions obtained with
the '2C, '° 0. and 2°Ne beams are all very simnilar when
plotted as a function of excitation energy.

These results strongly imply that a common transfer
mechanism is operating in all of these reactions. Result
(1) indicates that the californium products are not
produced by compound-nucleus reactions or by radio-
active decay of nuclides with Z greater than that of
californium, because the cross sections for such reac-
tions on plutonium decrease, due to increasing compe-
tition from fission, as the Z of the projectile increases.
Result (2) indicates that some common excited inter-
mediate californium nucleus (such as **7Cf), formed
by the transfer of a common aggregate (such as °Be)
from the projectile to the *??Pu target nucleus. is
probably involved in all these reactions.

To test these ideas further, we plan to measure recoil
ranges and angular distributions of the californium
nuclei produced in these reactions and then compare
the results with predictions of 4 model of the kine-
matics of transfer reactions.

1. Chemistry Division.
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2. Guest Scientist in Chemistry  Division from  Centre

d'Ftudes Nucléaires, Bordeaux, France.

3. R. L. Hahn et al., Phvs. Div. Annw. Prog. Rep. Dee. 31,
1974 ORNL-5025 (1975), p. 36.

4, R.L.Hahnetal.. Phyvs. Rev. C 10, 1889 (1974).

MONTE CARLO HAUSER-FESHBACH
COMPUTER CODE

J. Gomez del Campo' R. G. Stokstad

A computer code has been developed for predicting
the relative intensities. energy spectra, and angular
distributions of evaporation residues produced in heavy-
jon reactions such as ' 2C + ' *N. The Hauser-Feshbach
prescription for the decay of the compound nucleus is
used in conjunction with the Monte Carlo method to
calculate cross sections in the laboratory system.
Angular momentum is included explicitly and found 1o
be extremely important. particularly at high bom-
barding encrgies. Approximations that have been
made are (1) a ‘‘constant-temperature” expression
for the densities of levels in the residual nuclei, (2) a
1/sin 0 . emission probability. and (3) a sharp-cutoff
approximation for the transinission coefficients.

12

The code requires less than 16K of memory and
presently executes on the CDC 3200 computer at the
Van de Graaff. The rate at which the code can
“evaporate” particles depends on the maximum angular
momentum of the compound nucleus. J - ForJax
= 12, the rate is ~37 particles per second. but for Jy, 4x
~ 26. the rate drops to about 23 particles per second.
These two angular momenta correspond to '*N bom-
barding energies of 43 and 167 MeV respectively.

ecause the average number of particles evaporated by
the compound nucleus is 2 and 5 in these two cases, the
corresponding running times for 10° fusion events are
1.5 and 6 hr respectively. (The IBM 360-91 would be
about 40 times as fast.)

Comparison of the predictions of the code with
experimental data for the ' 2C + '*N reaction has been
made over a wide range of bombarding energies, from
43 to 167 MeV. The agreement has been quite
satisfactory. Figure 1.28 shows some typical compari-
sons. The code has been of value in understanding the
spectra observed in the '?C + '*N reaction and will be
of general use in extrapolating angular distributions to
very forward angles where measurements are not
possible.

1. On sabbatical leave from Instituto de Fisica, University of
Mexico, Mexico City.
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MODIFICATION OF A PROPORTIONAL COUNTER
TGO AN IONIZATION CHAMBER

A H. Spell!

Ionjzation chambers offer certuin advantages over
proportional counters, which may be exploited pro-
vided that the particles to be detected deposit sufficient
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energy in the sensitive region that electronic noise is not
a significant factor. This is usually the case for heavy
ions. The type of proportional counter telescope that
has heen used in heavy-ion studies at ORNL io the last
few years has been converted to an ionization chamber
telescope by a simple modification. The thin wire (o
few thousandths of an inch in diameter) was replaced
with a 0.040-in.-diam nickel rod to prevent glectron
multiphication,

A cylindrical Frisch grid was constructed  from
93%-trapsmission nickel mesh by wrapping the mesh
around a % dn.-diam form. The grid was then placed
around the 0.040-in.-diam anode. Other than wminor
changes in electrical connections, no other modifica-
tions were pecessary. The counter performed quite
satisfactorily and has been used extensively in the
studies of the fusion of '?C + N and in other
heavy-ion reactions.

1. Consultant with the Physics Division.

POSITION-SENSITIVE COUNTER TELESCOPE

R.G. Stokstad  D. C. Hensley
A.H. Snell’

Solid-state P5Ds provide good energy resolution and a
Jarge solid angle without loss of angular resolution,
Muny heavy-ion experiments require these character-
istics in addition to the wWdentification of the detected
particles. Because the Frisch-grid fonization chamber is
widely used as the energy-loss detector in a counter
felescope and because it can be made large. we have
combined these two types of detectors into a single
system. Figure 1.29 is a schematic diagram of this
counter telescope.

Presently, the detector is used in the 30-in. scattering
chamber, where it subtends an angle of 9° the total
solid angle being about 3 msr. We have used pure
methane at pressures varying from 10 to 80 torr, typical
electrode  voltages of several hundred volts, and
Formvar entrance windows of 40 to 80 pg/cm?. The
electronic noise of the AF portion is ~30 keV when
using an ORTEC-124 preamplifier.

The data are stored in nine separate two-dimensional
AE by £+ AL airays, each corresponding to A6 = 17
and having a maximum size of 55,000 channels. A new
mode of ondine data processing using the Systems
Engineering Luboratory (SEL) computer was developed
for this detection system and is described elsewhere in
this report.> Rates of up to 3 kHz have been accommo-
dated, and results are available in the form of two-
dimensional arrays during the experiment
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and is used provide a  convenient  position

I'he performance of the detector is illustrated in Fig.
1.30, which shows a AF X £ array for the products of
the reaction *°Ne + Ni at 173 MeV. A projection onto
the AL axis of all events in a narrow region of AfS + 4
centered about 15 MeV is shown in Fig. 1.31. Here one
can see the resolution of adjacent elements up to Z ~
28. Maost of the observed spread in AR originates with
energyloss straggling. It appears that higher values of Z
would also be resolved if they were produced in this
reaction with sufficient energy and intensity. Becausc
the thickness of the AF detector can be varied easily. it
has been possible to use the detector for a variety of
reactions and for observation of alphu particles as well
as heavy ions.

1. Consultant with the Physics Divison.
2. See this report, D. C. Hensley, “ORIC Data Acquisition
Systern Development.”
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GAMMA -RAY MULTIPLICITIES IN
2Ne + '*“Nd BOMBARDMENTS

J.H. Barker®
M. L. Halbert
D. C. Hensley
R. A. Dayras

D. G. Saantites'
S. A. Gronemeyer'
£. Eichler?

N. R. Johnson?

r

The measurement of the number of gamma rays
accompanying nuclear reactions has been shown to be a
promising tool for studying nuclear reaction mecha-
nisms, especially for investigating the distribution of
angular momentum in the parent nuclei. [t is particu-
larly interesting to study heavy-ion reactions ncar 7
McV/nucleon, a point at which other types ot experi-
ments suggest that the compound-nucleus mechanism
gives way to different processes.

A multidetector apparatus consisting of cight lead-
shielded 5.08- by 7.62-cm Nal detectors. a reaction
chamber with a 90° port for a Ge(Li} counter. and a
support stand was constructed at Washington Uni-
versity. The Nal counters view the target at various
angles between 457 and 1407 to the beam. This
apparatus and the associated electronic cquipment were
brought to ORIC in December and used in a tour-shift
trial run. We successfully acquired data on gamma-ray
multiplicities. relative intensities. excitation functions.
and related quantities from the bombardment of a
PSONA target with *°Ne at 128, 144, 165, and 173
MeV.

The Nul detectors furnished only yes- no signals as to
whether or not a pulse in coincidence with the Ge(Li)
detector had occurred above threshold (~100 keV).
The events were tagged according to the number of Nal
counters that had been triggered and were sorted into
sixteen 8K spectra in the ORIC computer by a specially
developed data-acquisition programi. Once of  these
spectra was used to store Ge(Li) singles (no Nal
coincidences). Light spectra were for the 1-fold Nal
coincidence events for each of the eight Nal counters.
The seven other spectra contained 2-fold, 3-fold, . . .|
8-fold events without regard to which of the Nal
counters had been triggered. For the analyses done thus
far, the cight 1-fold spectra were summed to one
spectrum.  Figure 1.32 shows an example of these
spectra for the 128-MeV > Ne beam.

Preliminary analysis gives the following results.

1. Most of the discrete gamma rays correspond to
known transitions in the ground-state band of xn
and axn products. with x from 5 to 10. As the
bombarding encrgy is increased. progressively more
neutrons are cmitted. as expected. At the higher
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Fig. 1.30. A AE X E array of products from the reaction 173-MeV 2%Ne + Ni. Spectra at nine angles from 29° to 37° have been
summed. Channels having fewer than four counts (AE < 20 MeV) and six counts (AL > 20 MeV) have been suppressed to better

39

ORNL~-DWG 76-3311

1

173 MeV Z5Ne +pNi
SUM OF 9 ANGLES

29° -37°

50

£ (MeV)

150

display the contours of constant Z. The energy scale for the AE axis is only approximate.

ORNL~DWG 76~-3312

A0 e e
1 |
80 e T
22 24
GO ,,,,, S ——e e e e ;
3 Z-6 .
Q 40 - { - ————— ~ - e e ' ,,,,,,,
o ! 20 26
] H
ls 10 12 14 16 18 \
20 [ ,,,,,,,,,,,,,,,,,,,, C - J— - IS~ W ‘ L P A
1 | o Pl | .
l . d
15} | o A -
0 5 10 15 20 25 30
AE (MeV)

Fig. 1.31. A projection on the AF axis of events in a nartow energy region centered about 15 MeV (see Fig. 1.30). No counts

were suppressed here.



bombarding energies. the axn products carry more
than half of the xn + axn observed cross section.

2. For a given exit channel, the average gamma-ray
multiplicity M) for the observed (J+ 2) -+ J transi-
tions is independent of J.

3. The average multiplicities vary fron: about 10 to 30
(see Fig. 1.33). They vary simoothly as a function of
beam energy (increasing with energy for a given exit
channel) and as a function of x (decreasing with x at
a given beam energy). For a given x and beam
energy, (M) is smaller for the axn channels than for
xn channels. The weighted average of (M) for all
observed channels is about 20 and is substantially
independent of beam energy.

. The standard deviation of the Multiplicity distri-
bution is found to vary betwcen 5 and 8, increasing
with incrcasing bombarding energy or decreasing
number of emitted neutrons.

The skewness is negative.

. The relative intensities indicate that side feeding is
important in populating the lowest members of the
ground-state band at low but not high beam ener-
gies.

Future plans include extension of these experiments
to other reactions forming the same compound system.
measurement of neutrons and alpha energies, measure-
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ments of Nal pulse heights, and angular correlation
studies.

1. Washington University, Saint Louis, Mo.
2. Chentistry Division.
3. Saint Louis University, Saint Louis, Mo.
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Fig. 1.32. Ge(Li) spectra in N-fold coincidence wiih the Nal detectors in the bombardment of 150Ny by 128-MeV 20Ne. Known

gamma ray s for the doiminant channels arc marked.



HEAVY-ION MICROPHYSICS

REACTION '*C(°Li,*He)' *N AND DISTRIBUTION
OF GAMOW-TELLER STRENGTH

C.D. Goodman  D.C. Hensley
W.R. Wharton’

Many allowed beta decays proceed with rates that are
orders of magnitude slower than the rates implied by
the weak interaction and lepton dynamics. This puzzle
has long been recognized in nuclear physics, but,
atthough the effect seemed to be due to a general
feature of nuclear structure, the beginnings of a rcal
understanding of the effect did not come until analog
states were discovered with the (p,n) reaction.? Analog
states are connected by the sume matrix element that
appears in an allowed Fermi beta decay, and, insofar as
the states are perfect analogs, no Fermi strength is left
over for any other states.

The situation cannot be quite 3o simple {or Gamow-
Teller (G.T.) decays, but because they also are in-
hibited, the suggestion has been made that G.T.
strength is also concentrated in an energy region that is
not accessible to the beta decay® No systematic
mapping of the G.T. strength has ever been done, but
Wharton and Debevec have shown that the (°Li*He)
reaction can be used as a probe of the G.T. strength.?

The decay of '*C is an extreme example of an
inhibited G.T. decay: the rate is about 10° times slower
than it would be if there were no nuclear structure
inhibition. We have exploited the smallness of the G.T.
matrix element, (MNF’_g ot ), to show first that
the L = 0 part of the cross section does not contain
large contributions from processes not proportional to
the G.T. matrix element; that is, that it is in fact
proportional to the G.T. ymatrix element. Second, we
have mapped the G.T. strength hetween '4Cg_g. and
"N up to about 12 MeV of excitation in '*N and have
found that the 3.95-MeV state contains at least 90% of
the G.T. strength, and possibly all of it. Thus we can
rephrase the traditional description of the retarded beta
decay of '*C to say thal it does not result from an
accidental cancellation of the G.T. matrix to the ground
state of '*N but rather that it is a consequence of the
concentration of the G.T. strength in the 3.95-MeV
state. The measured differential cross sections
shown in Figs. 1.34 and 1.35.

Because we can map the G.T. strength over a large
region of excitation, we are able to find sum strength
that cannot be found through beta decay. The sum
strength is sensitive to the wave function of the initial
state alone, whereas the matrix element measures the

are
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Fig. 1.34. Angular distributions for the “*C(®Li,®He) re-
action populating three 17 excited states in l"N, at 3.95-,6.2-,
and 9.70-MeV excitation. The cross section for the 17 state at
9.7 MeV contains contributions from the 27 state at 9.51 MeV.
Two distorted-wave Born approximation (DWBA) calculations
for the L =0 part the with the same
normalization, are shown using an optical potential for
SLi+ TR0 (set 1) from yof. 3 and for OLi+ " 2C (set 2) with
= 159.5 and W= 8.0 taken from ref. 4.

of reaction, cach



overlap of the initial and final states. We find that the
theoretical wave function for '4C of Visscher and
Ferrel® and that of Cohen and Kurath® both over-
estimate the sum strength.

Our future plans are to extend the mapping of the
G.T. strength to other mass regions and to map the
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strength between *7Cl and *7A to provide data that
might be useful in calculating the neutrino-detection
efficiency of *7Cl more precisely.
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'2C + '?C REACTIONS

R.M. Wieland"  A.H. Snell?
C.B. Fulmer P. H. Stelson
D. C. Hensley R. G. Stokstad
S. Raman G. R. Satchler

L. D. Rickertsen

Progress in understanding the mechanisms involved in
'2C + '2C induced reactions has continued on both
experimental and theoretical fronts. In the previous
period, elastic and inclastic scattering had been ineas-
ured at seven energies spanning the range from 74 .2 to
117.1 MeV (lab).® Tt was decided that additional
measuremeits at intervening energics were necessary to
establish the continuous and regular evolution of the
structure in the angular distributions near 907 and to
provide a more complete test of any reaction model.
The new experimental data were taken at bombuarding
energies of 78 8, 93.8, 105, 112.0, 117.1, 121.6, and
126.7 MeV and with a ditferent form of PSD having 25
individual sections spaced 0.6° apart. This detector
offered a much improved efficiency over the previous
detector. The experimental results for the elastic and
inelastic scattering compare favorably with the previous
results and do indeed show a regular change in the
structure of the angular distributions with bombarding
encrgy.

The inelastic scattering to the 27 (4.43-MeV) state
and the mutual excitation of these states is known to be
very intense as a result of the large £'2 transition matrix
clement connccting the ground and the first excited
state of '*C. This raises the question as to whether
single or multiple nucleon transters might also be strong
processes. Measurements of these processes would be
important for a reaction model that included the effect
of “‘double¢ transfer’” on the elastic scattering.

Because relatively few experimental data on these

particular transfer reactions at high energies were



available, we chose to measure fairly complete angular
distributions at 93.8 MeV, using two solid-state AL-E
counter telescopes for this purpose. Figure 1.36 shows a
representative energy spectrum for one of the reaction
products, '®B. Thete are only a few strong peaks in the
spectrum cven though a large number of excited states
are available. Figure 1.37 compares clastic and inelastic
angular distributions (at 93.8 MeV) with those for
representative one-nucleon and two-nucleon (pr) trans-
fer reactions. Data for nn, pp, and p2n transfers are not
shown in Fig. 1.37; these were observed in some of the
AF-E spectra with cross sections -much smaller than
those of the one-nucleon and pn transfer reactions. The
angular distributions for proton and neutron transfer
reactions are similar (as would be expected from isospin
symmetry) and are more forward-peaked than tor pn
transfer reactions.

Both the selectivity of the transfer reactions and the
structure in the angular distributions are typical of
direct reaction processes. We see in Fig. 1.37 that cross
sections for the strongest transfer reactions are a factor
210 smaller than for elastic or inelastic scattering 1o
low-lying states. The single transfer is of interest in
addition to its usefulness in calibration for calculations
of double-transfer processes; it will be valuable to know
how well the optical potentials derived from elastic
scattering will do in DWBA analysis of these transfer
reactions.

Significant progress has been achieved in the analysis
of the elastic and inelastic scattering. We found that the
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shallow real potentials introduced by the Yale group
produced quite adequate fits to the experimental data
at angles less than 0., ~ 45°. However, at angles
greater than 60°, the quality of the fits deteriorated,
with the predicted cross sections tending to be too
small. Various atternpts were made using Woods-Saxon
potentials to improve this situation, but none was
particularly successful. The introduction of potentials
derived from the folding model,* however, has resulted
in a marked improvement in the overall quality of the
fits in the back-angle region while maintaining an
equally good quality in the forward-angle region.
Although both types of potential are similar in the
external region, 6 < r S 7 fm, the folded potentials are
significantly more attractive in the region r <5 fm. It
also appears that good fits to the data require that the
scattering be sensitive to the potential in the region 3 to
5 fin. This is because shallow imaginary Woods-Saxon
potentials provide superior fits to the data and, it may
be shown, are sufficiently transparent that a change in
the real potential at » ~ 3 fm has a noticeable effect on
the predicted cross sections. It thus appears that the
real potential in this interior region of 3 to § fm is more
attractive than has been indicated by optical-model
analyses of data at lower energies.

Folded potentials derived by using several forms for
the nucleon-nucleon interaction were investigated. The
Gaussian interaction required a normalization factor of
N ~ 0.6, whereas a Yukawa interaction gave N ~ 1.0, In
all cases, the fits to the data were comparable, and the
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Fig. 1.36. Energy spectrum of OB ions observed in the ' 2C(* €, 9B)! *N reaction at Eiyp, = 93.8 MeV and 01,y = 14°. Excited
states in 1 *N below 9 MeV and in L0y petow 3.6 MeV are indicated by the arrows to illustrate the selective nature of the reaction.



value of NV was independent of the bombarding energy
and similar to the values of & found for a variety of
different heavy-ion systems including, for example, ' 6O
+208phy_ Recently, a more “realistic” nucleon-nucleon
interaction has been derived by Bertsch et al.® from the
Reid potential. Although we have not investigated this
potential as extensively for the elastic scattering, it
appears to give comparable results for N = 1.05. The
important feature seems to be the greater strength of
the folded potential in the interior region, and not so
much the particular form of the interaction used in the
folding procedure,

Figure 1.38 shows measured and predicted angular
distributions for the elastic and inelastic scattering at
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Fig. 1.37. A comparison of the angular distributions for
elastic and inelastic scattering and for transfer reactions at 93.8
MeV. Data are shown for the transfer to the ground states: the
data for the excited states are similar.
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Fig. 1.38. Elastic and inelastic scattering at 102 MeV. The
inelastic  scattering is the sum of the two reactions
2o, 2e2M)) 1 2¢ and 120073C,120)' 2C2"), The theo-
retical curves are obtained using real potentials from the folding
model and transition densities as described in the text and with
an imaginary potential given by W 13.9 MeV, rg = 1.22,
and g = 0.54.

102 MeV. The potentials were obtained from the
“realistic” interaction described above. The excitation
of the 27 state was calculated with the DWBA using a
folding-model form factor. In this case, the transition
density was taken from electron-scattering data with
the assumption that the neutron and proton densities
are the same. Complex coupling was included by
deforming the Woods-Saxon imaginary potential. Be-
cause the normalization for the real potential and the
parameters for the imaginary potential were determined
by the elastic scattering, the calculation of the 2*



excitation does not involve any adjustable parameters.
The agreement is seen 1o be quite good in this case.
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NUCLEAR REORIENTATION EFFECT FOR
INELASTIC HEAVY-ION SCATTERING

F. Todd Baker! Alan Scott!
D. C. Heunsley D. L. Hillis
E. E. Gross

We have begun a survey of the (' 2C,12C') reaction at
41 MeV from s-d-shell nuclei. The projectile energy is

sufficiently high for the angular distdbutions for
excitation of the first 27 states to have distinct

diffraction structure. Coupled-channels (CC) calcula-
tions reveal that the predicted phase of this diffraction
structure is quite sensitive to the assumed quadrupole
moment of the excited state; this sensitivity is due
mainly to interference between the direct (0% 2%)
and direct-plus-recrientation (0% - 27 = 2%) nuclear
(not Coulomb) ampiitudes.

Preliminary calculations show 2¢Mg to be prolate and
288 1o be oblate. Data for excitation of the first 27
state of 3°8i are quite different from the ?8Si data,
which suggests that *°8i is probably prolate. We plan to
continue this survey by acquiring data from >*Myg and
328.

1. University of (Georgia, Athens.

INELASTIC SCATTERING AND TRANSFER
REACTIONS FROM '?C IONS ON °° Zy

S.T.Thomton'? JL.C. Ford, Jr.
0. E. Gustafson'?  K.S. Toth
D. C. Hensley

Studies of heavy-on reactions to final states indicate
that kinematically well-matched one-nucleon transfer
reactions®™ may be well described by DWBA calcula-
tions. However, in cases of poor kinematic matching the
angular distributions predicted by the DWBA do not
agree with the data, although reasonable spectroscopic
factors may be obtained.>””

Because of the simple shell-model picture in the *° Zr
mass region, we have studied the % Zi('2C,' 2C)? % Zr*,

0z (P2 Y Zr, and °0Zi('2C ' IR)PIND  reac-
tions at 98-MeV incident enecrgy. Angular distributions
lave been obtained for transitions to several states of
the residual nuclei. Nuclear-Coulomb interference ef-
fects were observed in the inelastic scattering. By using
DWBA calculations with collective form factors, de-
formation parameters Sy and G- were obtained for the
lowest 2% and 37 states in ®%Zr. The transfer reactions
were analyzed using a finite-range, recoil DWBA code,
and spectroscopic factors were obtained for comparison
with results from previous light-ion bombardments.

The 98-MeV '2C ions obtained with ORIC were used
to bombard a target of 50 ug/cm? of enriched *YZr
evaporated onto a thin carbon foil. The reaction
products were detected in a 60-cm-long position-
sensitive proportional counter located at the focal plane
of the broad-range magnetic spectrograph.

The @ wvalues for the °°Zr(*2C''C) and
OZi(*2C 1V E) reaciions are —-11.519 and --10.798
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Fig. 1.39. Center-of-mass  angular  distributions for the
9(’Zr(] 2C,1 1C)m Zr reaction measured at an incident energy of
98 MeV in the present experiment. The data at 2.17 MeV
probubly yepresent contributions trom two or more levels. The
solid lines are DWBA predictions.
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Fig. 1.40. Center-of-mass angular distributions for the
9OZr(1 2C, "B’ INb reaction measured at an incident energy of
98 MeV in the present experiment. The ground state and the
0.104-MeV state were unresolved. The solid lines are DWBA
predictions. For the 3.37- and 4.72-MeV levels, predictions were
made with two choices of #j that resulted in similar angular
distribution shapes.

MeV respectively. The difference in the entrance and
exit channels orbital angular momentum is about 7h.
and for this reason, effects duc to poor angular
momentum matching are possible,

The fits to the angular distributions for states
observed in ?* Zr and 7' Nb are shown in Figs. 1.39 and
1.40. The results of the finite-range. recoil DWBA
calculations are not in good agreement with the transfer
reaction data. The magnitudes of the calculated cross
sections are reasonable and yield spectroscopic factors
consistent with light-ion-induced results. However, the
theoretical curves disagree with the shape of the
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measured angular distributions. The predicted peak
angle of the angular distributions is about 5% larger than
the observed peak angles. Reasonable changes in the
optical-model parameters will not account for the
discrepancy.

We believe that these transfer reaction data, therefore,
indicate a clear failing of the DWBA. The present
reactions should populate good single-particle states,
and the incident energy is well above the Coulomb
barrier. The disagreement seems to be associated with
the large angular momentum mismatch between the
entrance and exit channels.
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ELASTIC AND INELASTIC SCATITERING
OF 70-MeV '2C IONS FROM THE
EVEN NEGDYMIUM NUCLEI

D. L. Hillis' L.D. Rickertsen
E. E. Gross C. R. Bingham?
D.C.Hensley  A.Scott?

F.T. Baker®

Mecasurements of differential cross sections for the
scattering of 70-MeV '2C ions from the 0%, 2%, 4", and
37 states of '92,149.146.148.150N4 have been com-
pleted. In addition, we have obtained cross sections tor
exciting the 2% state of the beam projectile and the 67
state of '39Nd. When analyzed with the coupled
channels (CC) method, these data show an unexpected
sensitivity to clectric multipole moments.

Elastic scattering systematics are summarized in Fig.
1.41, where the ratio-to-Rutherford cross sections for
all isotopes are displayed. The main feature here is the
dampening of oscillations with increasing target mass
and increasing target 3, deformation. This effect is
undoubtedly due to the removal of elastic flux by
excitation of the low-lying 27 state and the rotational
band built on this state. The strong-coupling effects
apparent in the elastic scattering data of Fig. 141
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Fig. 1.41. Elastic scattering data for 70.4-MeV '2C scattered
from the even neodymium isotopes. The caleulations (solid
curves) arc optical-model fits with the parameters of Table 1.3.

prompted us to search for an optical potential that had
a real part common to all the neodymium nuclei and an
imaginary part that accounted for the differences
between them. It was then hoped that a CC analysis**
starting with such a potential would eventually lead io a
more unjversal potential because the many absorptive
effects would be explicitly handled. These hopes were
essentially realized.

The fits of Fig. 1.41 are optical-model fits with the
parameters of Table 1.3. The real part of the potential
is common to all targets, but a drastic change in
imaginary geometry is then required to {it the more
deformed '*®*Nd and '*°Nd. These potentials were
used in DWBA calculations for inelastic excitation, and
they were used as the starting potentials in a CC
analysis of the data.

The main features of these calculations are illustrated
in Fig. 1.42 for the '**Nd data and in Fig. 1.43 for the
'SONd data. In these calculations, we have taken the
view that nuclear deformation lengths should be equal
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to Coulomb deformation lengths and that, where
available, we take Coulomb matrix elements from
previous Coulomb excitation measurements.®*” Before
performing the CC calculations with the couplings
shown in Fig. 1.42, we ade a search on W and 2’ with
couplings only between the 0% and 27 states, When this

new potential was used in a full CC calculation
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Fig. 1.42. 70-4-MeV '2¢ dlastic and inelastic scattering from
144Nd. The dashed curves are DWBA calculations, and the solid
curves are CC caleulations including the couplings shown as
inscts. Known matrix elements (refs. 6 and 7) are used
throughout with g4¢ = 0.053 deduced from the CC analysis.
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including the 4% state or the 37 state, we still had an in the data. If the nuclear deformation lengths are
excellent fit to clastic scattering. reduced by about 30%, then the 37 state can be fitted.
The dotted curves of Fig. 1.42 are the DWBA To fit the 2% data, an additional upward normalization
calculations, which fail to account for various features of the Coulomb deformation length by ~10% is
required. The DWBA single-step calculation fails en-

Table 1.3. Optical-mode!l pgn‘am?tcr wt v.vith a common tirely for the 4% state. These findings are duc to
real geomc";’] Otl.)fa_lf‘c::‘fr.om fitting the multistep effects, such as recoupling to the ground state

lashie seatterng in the case of the 27 state, quadrupole reorientation in

TH2yg '¥g 'fONg '98Ng 150Ng the case of all states, and double £2 excitation in the
s s e case of the 47 state. All these effects can be properly
ViMevy 20 20 20 20 20 handled in a CC calculation with the excellent results
;O(;i:];) (l]:(lé é:;é; égéi égg (1);,153 shown as the solid curves in Figf, 1.42 and 1.43. :The
WiMeV) 116 121 16.3 120.7 142.0 quadrupole moments for the 37 states were derived
¥ (fm) 1.341 1.341 1.341 1.023 1.023 from those measured® for the 2" states when assuming
a' (tm) 0414 0414 0414 0.769 0.769 a rotational-model relationship. The hexadecapole de-
re A1) 1.25 1.25 1.25 1.25 1.25 formation, §,, was the only parameter not derivable
Uf,f\?) 1'349 1'271 ;izz }‘;47 1.209 from previous Coulomb excitation measurements.
3 ' ' ' 0.167 0279 These results demonstrate that Coulomb excitation

8 0.104 0.111 0.138

e _ effects can be extended straightforwardly into the
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Fig. 1.44. Excitation of the 2% (4.43-McV) state in the 2¢
projectile and the 37 (1.51-MeV) state in ***Nd at 70.4-MeV
(lab) energy. The curves are CC culeulations that illustrate the
sensitivity of the calculation and the data to the assumed sign
anid magnitude of quadrupole moments. Couplings included in
the caleulations for '2C are shown as an inset in this figure,
whereas the couplings used for the 37 state calculation are
shown in Fig. 1.42.

nuclear force domain. Heavy-on inelastic scattering
above the Coulomb barrier can then be used as a probe
of nuclear multipole moments as illustrated in Figs.
1.43 and .44, Figure 1.43 shows the sensitivity to the
value of 4. The value of §, and the quadrupole
moment of the 2% state were taken from previous
Coulomb excitation measurements.® In Fig. 1.44 we
show the 37 '"**Nd data compared to CC calculations
with various assumed values for the static quadrupole
moment to show the sensitivity to this quantity. The
large-angle data, dominated by nucleat excitation, are
quite sensitive to the sign and magnitude of the
assumed quadrupole moment. Also shown are similar
calculations for the 2% state of the '*C projectile with
the same conclusion. The best fit is consistent with an
oblate shape for '?*C with a 2% static quadrupole
moment =050, ¢l

1. Qak Ridge Graduate Feliow from the University of
Tennessce, Knoxville, under appointment from Oak Ridge
Associated Universities.
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MICROSCOPIC DESCRIPTION OF INELASTIC
12¢ SCATTERING FROM *°8ph

G. R. Satchler D.C. Hensley

JLC. Ford,Jr.  E.E. Gross

K.S. Toth D. E. Gustafson’ 2
S.T. Thornton?

It has been customary to analyze data on the inelastic
scattering of heavy ions by using the collective (or
deformed optical potential) model.® However, a more
microscopic approach has enjoyed considerable success
with light-ion data* In this, the transition density fou
the target nucleus, p;{r), is obtained from structure
calculations and folded with an effective nucleon-
nucleon interaction v. In the heavy-ion case this is
further folded into the density distribution pp(r)
(assumed spherical) of the projectile. The resulting
transition potential,

Uy(t)= | pp(rz) peAry) V(v -1y — 1) drydr,

may then be used to calculate the inelastic scattering,
for example, in DWBA. This approach is an extension
of the double-folding model of the optical potential for
elastic scattering,® and we should demand consistency
between the elastic and inelastic results.

A previous caleulation of this type® used the macro-
scopic collective model to generate the transition
density pg.. Instead, we use the results of microscopic
random-phase approximation (RPA) hole-particle calcu-
lations,” which have previously been shown?® to give a
good account of the 2% and 3~ excitations in the
208 pu(p,p") reaction using a similar model.

The 98-MeV incident '*C ious were scattered from a
target consisting of 100 wg/em? of ensiched ?°%Pb
evaporated onto a 40-ug/cm® carbon foil, and the
reaction products were detected in a 60-cm-long
position-sensitive proportional detector placed in the
focal plane of a broad-range spectrograph. The experi-
mental procedure has been described elsewhere ®
Angular distributions were measured between 24° and
587 in the center-of-mass system for the 37,57, and 27
states at 2.61, 3.20, and 4.10 MeV in 2°®Pb respec-
tively. An additional state was observed at about 5.5



MeV in 2°%Pb for which a definite spin assignment has
not been made. Figures 1.45 and 1.46 display the
measured inelastic angular distributions; only statistical
errors are shown, and it is estimated that the total
uncertainties are at least £10%. At a center-of-mass
angle of about 42°, where nuclear absorption begins to
reduce the clastic cross section below the Rutherford
value, interference effects are seen in the inelastic data,
particularly for the 37 level.

Microscopic calculations were made for the three
lowest states using the RPA transition densitics® [the
57 density was increased by 15% to match the observed
B(ESY value® ' °] . A spin-independent Gaussian form
was chosen for v. The present work also assumed a
Gaussian torm, 0313 exp (=0.2763#*) (with r in
femtometers), for the '?C density; this gave the same

results for elastic scattering as the shell-model form
2

previously used ®-!! Each choice for v was nor-
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Fig. 1.45. Measured differential cross sections for inelastic
scattering of 12¢ ions from 2°8Pb a¢ an incident energy of 98
MeV. Only statistical crrors are shown, The curves are inicro-
scopic using RPA  trunsition densitics and a
Gaussian interaction of 1-fm range. WSIM refers to a deformed
Woods-Saxon imaginary coupling term; COMPLEX tmplies a
complex strength tor the Gaussian interaction.
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Fig. 1.46. Measured differential cross sections compaied to
collective-model predictions. 3%V and gC refer to the potential
and charge deformation parameters used. A Woods-Saxon
potential was used with V=40 MeV, W=25 McV, R =10.32
fm, and ¢ = 0.56 fm.

malized by fitting the elastic data’ ! at 96 MeV, and the
corresponding folded optical potentials were used in the
DWBA calculations of the inelastic scattering. Coulomb
excitation was included, assuming £(£2) = 2965¢? tm?,
B(E3) = (0.58 X 10%)* fm®, and B(ES) = (4.5 X
10%)e?  fm'® (ref. 9) respectively. The imaginary
interaction, which is essential in order to fit the data,
was chosen in the iwo ways described above: the
Woods-Saxon form that fits the elastic data''-' 2 has W
= 15MeV,R = 10.76 fm, and ¢ = 0.52 fm, in a standard
notation. This was used in the inelastic calculations



with deformation parameters £,V = 0.036, 8,V =
0.073, and ,GSN = (.038. These were obtained in the
usual way from the B(FL) values using a charge radius
of 7.11 fm and scaling so that R = constant.

As shown in Fig. 145, good fits were obtained with a
Gaussian v with a range of | fm, except that the 2°*
cross section had to be increased by a factor of 2 (the
same 27 enhancement is needed when the collective
model is used - sec below — and is not understood).
The strengths, obtained from fitting the elastic data, are
(115.5 +79.2) MeV, or 126.2 MeV if the Woods-Saxon
imaginary part is used. The latter version gives a slightly
better fit to the elastic scattering and is significantly
better for the 57 inelastic excitation (see Fig. 1.45).

Consequently, we conclude that the present data
require an interaction with a range shorter than that of
the bare interaction between nucleons.

For comparison, results for the conventional collec-
tive model® are shown in Fig. 1.46. Good fits are
obtained, although again the data require that the 27
coupling strength be increased by about 40%. A group
with an excitation energy near 5.5 McV has been
ceported with either L= 5 (ref. 13} or L = 3 (refs. 14
and 15). As seen in Fig. 1.46, the present data agree
best with L = 5 unless the scattering is due toanl =3
transition without Coulomb excitation, which seems
very unlikely for such a strong transition.

We used the codes ATHENA, DWUCK, and GENOA.
In the DWBA calculations, 250 (L = 2) or 203 (I =
3, 5) partial waves were used, and the integrations were
cartied out to 45 fim (£. = 2) or 35 fm (L = 3, 5).
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ANALYSIS OF THE (' 2C,'*Cy AND (' 2C''B)
REACTIONS INDUCED BY '2C ON 2°%pb

K.S. Toth E. E. Gross

JLC. Ford,Jr.  D.C.Hensley

G. R. Satchler $.T. Thornton'
T. C. Schweizer!

Earlier, we determined angular distributions for the
(*?C,'3C) and (*2C,' ! B) reactions induced on 2?%Pb
by 77-, and 98-, and 116-MeV 2C ions.? Surprisingly,
these data showed that for the proton-stripping reaction
the peak angles remained constant with increasing
excitation energy in *°°Bi. Last year, we presented
new data that had been obtained for the same two
reactions at a bombarding energy of 98 MeV.? These
new distributions were measured in smaller angular
increments, and once again the same effect was noted
for the (* 2C,1 ' B) reaction.

The full finite-range (recoil included) DWBA code
LOLA is available at ORNL and has been used to
analyze all four single-nucleon transfer reactions in-
duced by ''B incident on *°3Pb?* Except for the
(*'B.,)°B) case, which suffers from an unfavorable
matching between incoming and outgoing orbits, the
predictions were in good agreement with the data. 1t
was of interest to see if DWRA calculations could
account for the *2C + 293 Pb results.

Elastic scattering measurements of 96-MeV 12C ions
from ?“®Pb had already been made.® For completeness
we measured elastic scattering in the exit channels, that
is, 86.1-MeV '?C on *°7Pb and 74.6-MeV ''B on
2998i. The threc sets of data, together with the
optical-model fits to the angular distributions, are
shown in Fig. 1.47. The parameters dedved from these
fits were then used to analyze the transfer-reaction
results.

The LOLA predictions and experimental data (at 98
MeV) for the ("2C,'3C) and (**C,''B) reactions are
shown in Figs. 1.48 and 1.49 respectively. It is seen that
the DWBA accounts teasonably well for the (' 2C,'*C)
angular distributions except perhaps at forward angles
where count-rate problems were encountered from the
large clastic scattering cross section. In Fig. 1.49,
however, one notes that whereas the experimental peak
angles stay constant with excitation energy in ?°°Bi,
the predicted values shift to larger values. This is also
evident in Fig. 1.50, where we show the 77- and
116-MeV data for the (1 *C,! 1 B) reaction; disagreement
is most marked at the 77-MeV bombarding energy. The



dashed curve that fits the differential cross section for
the 3.12-MeV 297 Bi state was calculated by arbitrarily
increasing the '!'B g parameter from the clastic
scattering value of 1.308 to 1.4 fm. We should add that
the 98-MeV data could also be fitted if the »y value was
increased to 1.35 fm.

As in the ("'B,'°B) case mentioned above, the
('2C,''B) reactions suffer from mismatching between
the entrance and exit channcls. This may account for
the failure of the DWBA analysis. However, the
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Fig. 1.47. Elastic scattering angular disixibutions for 96-MeV
12¢ on 208pp, 74.6-McV 11B on 2092Bi, and 86.1-MeV 13C on
207pp. Curves through the data points are optical-model fits.
Parametcrs derived from these fits were used in DWBA analyses
of the 208pp(':C 13()207pb and 208Pb('2C,''B)299Bi
transfer-reaction data.
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indications are that at all three bombarding energies the
disagreement with the data becomes progressively more
pronounced as the excitation energy in *°Bi increases.
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Fig. 1.48. Angular distributions obtained at an incident
energy of 97.9 MeV for 20t"E'b(”C.“)C) reactions leading to
residual states in *97Pb. Curves are DWBA calculations; solid
and dashed curves represent calculations made with a Woods-
Saxon and a folded potential respectively.
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Fig. 1.49. Angular distributions obtained at an incident
encrgy of 97.9 MeV for 208ph(12(,118) reactions leading to
residual states in 209Bi. Curves are DWBA caleulations; solid
and dashed curves represent calculations made with a Woods-
Saxon and a folded potential respectively. Note that the data, in
contrast to the predictions, do not show a shift in the peak
angle with increasing excitation energy in BI.

Unfortunately, the quality of the 2¢3Pb(* ! B,' °B) data
was such that it was not possible to say whether this
same specific effect was also present in that instance.
The spectroscopic factors extracted for both the
(*2C,22C) and (*2C.''B) reactions on 2°%Pb were
close to values obtained in other light- and heavy-ion

experiments. The same was true  for  the
208Ph(P 1B, OR) reaction* despite the fact that the
calculations did not reproduce the angular distributions.
This has also been found (see elsewhere in this report)
for transfer reactions induced by '2C on *%Zr.

We conclude by saying that it is now apparent that
the DWBA does not account for all of the features
found experimentally for heavy.don single-nucleon
transfer reactions. Perhaps this is an indication that CC
effects must be considered even in the case of closed-
shell target nuclei.
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HEAVY-ION-INDUCED TRANSFER
REACTIONS ON '*9Nd

H. Qeschler!
M. L. Halbert?

G. B. Hagemann®
B. Herskind?®

In an experiment done at the Niels Bohr Institute,
transfer reactions induced by %0 and '?0 beams on
""3Nd were measured with a time-offlight setup at
72-MeV incident energy. The angular distributions are
bell shapes having their maxima at angles somewhat
below the grazing angle. The excitation in the final
nuclei takes place, if possible, near the optimum Q
value and is spread over 5 MeV for the one-particle
transfer reactions and up to 10 MeV for the multi-
particle transfecs. The cross sections for the individual
channels are explained mostly by Q-window considera-
tions, In spite of the differences in the individual
channels the total transfer cross section integrated over
excitation energy, angle, and all channels tums out to
be the same for both ‘0 and '* O beams. This cross
section amounts to 20% of the total reaction cross
section and nicely fills the gap between the measured
fusion cross section and the total reaction cross section
obtained from optical-model calculations based on
elastic scattering data.

1. On leave from Max-Plack-Institut fiir Kernphysik, Heidel-
berg, Germany.

2. Exchange visitor at Niels Bohr Institute,
Copenhagen, Denmark, 1974 --1975.

3. Niels Bohr Instituie, University of Copenhagen, Denmark.

University of
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Fig. 1.50. Angular distributions measured at incident energies of 77.4 and 116.4 MeV for the 2°8Pb(12C,] 1 B)2°9Bi reaction.
Curves represent DWBA analyses. Note the marked shift in peak angle with increasing excitation energy for the predicted curves at
77.4 MeV, in contrast to the data. The dashed curve, which fits the data points for the3.12-MeV 2098 excited state, was obtained by
arbitrarily increasing the ' 1B ro paraneter from the elastic scattering value of 1.308 to 1.4 fi.

DECAY RATES FOR EVEN-EVEN
N = 84 ALPHA EMITTERS AND THE
SUBSHELL CLOSURE AT Z = 64

W.-D. Schmidt-On' K.S.Toth

A proton subshell at 64 was first suggested when a
discontinuity in the progression of alpha-decay energies
for N = 84 nuclides was noted at Z = 64.7 To obtain
some theoretical understanding of this subshell closure,
Macfarlane, Rasmussen, and Rho® made calculations
using a Gaussian residual force in a Bardeen-Cooper-
Schrieffer (BCS) treatment for the proton systern of
82-neutron nuclei. By assuming a sufficient spacing
between the dgj, and hyyy, proton orbitals, their
calculations produced a discontinuity in theoretical

binding energics at Z = 64. In addition, they calculated
relative reduced alpha-decay transition probabilities for
the N= 84 cven nuclei. Once again these theorctical
reduced widths indicated a significant dip at Z = 64.
Maxima were predicted at about Z = 60 and Z = 74
with the reduced widths decreasing in magnitude as the
50- and 82-proton closed shells were approached.
Contrastingly, reduced widths determined from the
then available experimental data tor 144Nq, '4¢Sm,
148Gd, '5%Dy, '52Er, and '3*Yb indicated a general
constancy in value except for a dramatic reduction (by
about a factor of 2) for '3° Dy, that is, at Z = 66.>

The '*°Dy reduced width was based on an alpha-
decay branching ratio of 0.18 + 0.02.% A recent
measurement, using a high-resolution Ge(Li) x-ray



detector, gave a value of 0.32 = 0.05.5 This higher value
produced a '"*°Dy reduced width very much in line
with those for the other N = 84 even alpha emitters.
The newer branching ratio has now been confirmed
with values of 0.31 £ 0.03, obtained once again from
Koy x-ray intensities, and 0.36 £ 0.03, obtained from
the ' *9 Dy electron-capture decay scheme.®

This large decrease in the '3y partial alpha-decay
halflife prompted us to examine the data currently
available for these V=84 nuclei. {t was found that, with
the exception of '°°Dy, no significantly different
halfife measurements had been reported since the
survey made in ref. 3. However, the alpha-decay
energies of M4Nd, "*8Gd, 5Dy, and '*2Er were
now much more accurately determined. Further, we
were in a position to obtain a new determination of the
'54Yb alpha-decay energy. Bowman, Hyde, and
Eppley” have made available a list of accurate energies
for about 40 alphd-emitting nuclides, many of them in
the rare-earth region. Most of these, including ' *° Dy
and 'S?Er, now have quoted errors of +3 keV. We
reexamined our earlier spectral data® where '°*Yb had
been observed in the midst of a large number of
nuclides appearing on this list.” With the aid of these
internal calibration standards we determined the , of
159YY to be 5.318 + 0.005 MeV. The energy used in
ref. 3 was 5.33 + 0.02 MeV.

As had been done in ref. 3, the reduced widths (57)
were calculated using the alpha-decay formalism de-
veloped by Rasmussen.® The §2 values were determined
with the most up-to-date decay energies and half-lives
available in the literature. In Fig. 1.51a we have plotied
these reduced widths; in Fig. 1.51h we show the §7
values listed in Table I of ref. 3. The new determina-
tions shown in Fig. 1.51a, in contrast to those in Fig.
1.515, indicate that the dip occurs at Z = 64 as the BCS
calculations predicted.® Also, in agreement with the
calculations, the new reduced widths show an increase
in value as Z = 60 and Z = 72 are approached. Both
indications would be more apparent if the error limits
in the ' *°Sm 87 value were reduced. The errors are due
mainly to the 20-keV uncertainty in the nuclide’s
alpha-decay energy. Thus a new measurement that
could decrease the '*%Sin £, uncertainty to ~5 keV
would be of great value. We should add that the error
limits shown in Fig. 1.51¢ for the reduced widths are
extreme; that is, the upper (lower) limit in each
instance was calculated by using the shortest (Iongest)
half-life and the smallest (largest) decay energy. It is not
clear how the error limits were determined in ref. 3.
However, if the same procedure had been followed, the
errors should have been much greater than those shown
in Fig. 1.516 because of the large uncertainties in the
experimental decay energies available at that time.
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PRCDUCTION AND INVESTIGATION OF
TUNGSTEN ALPHA EMITTERS, INCLUDBING
THE NEW ISOTOPES '°SW AND 66w

K.S. Toth
WD Schmidt-Ott!

C. R. Bingham?
M. A ljaz®

The first  alpha-radioactive  tungsten  isotopes,
Pelites 6w o yere  discovered by  Eastham  and

Grant in ** Mg bombardments of '**Sm and '*7Sm
targets, The purpose of the present investigation was to
identity unreported tungsten rniuclides with mass num-
bers slightly greater than 164, The scarch for these
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possible alpha emitters was made by bombarding
'56y with '°0%" ions accelerated in the ORIC. In
addition, to confirm the data of Eastham and Grant ?
162.163.164Ww were produced by using the more
energetic but much less intense * 0% beam. The ORIC
gas-jet-capillary system® was used to transpoit product
nuclei to g collection chamber where they were assayed
tor alpha radicactivity with (1) an annular Si(Au)
detector to study the activity at the collection point
and (2) a planar detector, offset by 1457 with respect
to the collection spot, to determine half-lives.

Figure 1.52 shows an alpha spectrum measured with
the planar detector at an '%Q bombarding cnergy of
137.1 MeV. In addition to well-established rare-earth
alpha emitters and '®4W,_ two new alpha groups can be
seen with energies of 4.909 + 0.005 and 4.739 + 0.005
MeV. On the bhasis of vield curves, '*N + ' SDy cross
bombardments. and alpha-decay energy systematics
(Fig. 1.53), these groups were assigned to the new
isotopes 'S W and ' ®5W respectively.

To confirm the results of Eastham and Grant® we
bombarded '*° Dy with '®0%" jons ranging in incident
energics from 188.6 to 1481 MeV. Duc to low
production yields, spectra were accurniulated using only
the annular detector: halfife information was not
obtained. The halflife of %W (£, = 5.146 MeV),
however, was determined in the 137.1-MeV multiscaling
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glanar detector duxing a 10-hr half-life measurement made in 2 inultiscale mode with ten
sec in duration. The incident energy of the 100 ions was 137.1 MeV. In addition to well-established rare-caith
{reported in ref. 4), two new alpha groups are scen at 4.909 and 4.739 MceV. These are assigned (as labeled) to



rneasurements (see Fig. 1.52). Figure 1.54 shows
spectra measured at 188.6, 179.3, and 158.9 MeV. The
5.146-MeV group s seen to decrease in intensity with
increasing bombarding energy, whereas the '63W
5.384-MeV groupis most intense at 1793 MeV. A weak
but distinet geoup is seen at the highest energy, 188.6
MeV; its energy was found to be 5.528 MeV, in
agreement with the value of 5.53 MeV reported for
'$2w A This vadation with bombarding energy for the
three alpha groups is consistent with the mass assign-
ments proposed for them by Eastham and Grant 2

Table 1.4 suminarizes available decay information for
tungsten alpha emitters. A stight discrepancy was found
between our results and those of ref. 4 for both the
half-ife and decay energy of ' *4 W,

In Fig. 153 we have plotied experimentally de-
teimined total alpha-decay energies () for hafnium,
tungsten, osmivm, iridium, ared platinum  isotopes.

Included in the figure are 2, values predicted by
Zeldes, Grill, and Simievic® and by Meyers and

Swiatecki”® for the same isotopes and for neighboring
taritatum nuclides. These two mass formula predictions
vere selected because they have been found to be in
good agreement with experimental values for osmium
nuclides (see Fig. 1.53). Two points should be noted.
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Fiest, the energies determined in this work for 195w
and TPW fit well not only as an extension of the data
of Eastham and Grant* but also into the general
alpha-decay systematics in this mass region. Second,
although the two sets of predicted Q,, values agree with
experimental osmium  decay energies, they tend to
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Fig. 1.34. Spectra measured when 159Dy was bombarded
with 188.6-, £79.3-, and 158.9-MeV 190 ions. The alpha groups
gasigned in ret. 4 to U539 and 'MW mie clearly observed. In
addition, a weak but distinet alpha group is seen at 5.328 MeV;
this energy agrees with the value of 5.53 MeV veported in ref. 4
tor FO2W (T'yyp < 0.25 seo).

Table 1.4. Decay information for 1677168y

el L a B S
Isotope Ty £y Ty Yol
(.-‘;'\LTC) (Me‘/) (5{;(;)

162y 528 + 5010

5.
163y 5384+ 0010
164 I3

(125
25+0.3

5.53x0.01
5.385 = D005

W 5.5:05 5146:0005 6305 51530005
YoSw 5.0 :05 4.909 +0.00

106\‘/ 163

4.739 + 0.008

Ay, . |
“From present work.
Joen .

”From ref. 4.



overcstimate hafnium and tungsten energics and under-
estimate iridium and platinum energies.
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NEW INFORMATION CONCERNING
THE DECAY OF '*7"Tb

K.S. Toth
. Newman

C. R. Bingham'
A. E. Rainis®

In a study? of terbium nuclides, we reported on the
decay of the 1.9-min '*7Tb(h, ) high-spin isomer to
levels in '*7Gd. A tentative level at 1778.9 keV was
proposed because (1) a 1778.9-keV gamma ray had a
half-life of min and (2) an extremely wcak
381.2-keV gamma ray appeared to have a similar
half-life and its energy was such that it fit as a transition
between the tentative 1778.9-keV level and one at
1397.7 keV. Recently, we have been investigating
dysprosium isotopes with 4 < 149, produced in '?C
and "*N bombardments of '*?Nd and '*!Pr respec-
tively. As before, a capillary transport system is used to
extract recoil products from a helium gas-jet reaction
chamber to a shiclded arca where gamma-ray counting
can be made. Data accumulated in these experiments
show that the 1778.9-keV transition docs not belong to
the decay of [.9-min '*7Tb and, therefore, the
tentative level of the sume energy does not exist in
147Gd.

The conclusion is inescapable because the intensity of
the 1778.9- keV gammu ray with respect to those of the
most intense **7Tb gamma rays, that is, 1397.7 and
1797.8 keV, was found to vary from experiment to
experiment, depending on the bombarding energy, the
projectile used, the amount of target material, efc.
Coincidence data also show that the 1778.9-keV transi-
tion is not in coincidence with annihilation radiation
and rarc-earth K x rays. The gamma ray is thus
associated with neither a highly neutron-deficient iso-
tope nor a rare-carth nuclide.

~7
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Fig. 1.55. Revised L47mpy, decay scheme. New information
has shown that a tentative level at 1778.9 keV does not exist in
147Gd. In addition, a recent in-beam study (ref. 5) has shown
that the 9/2_ assigninent (from ref. 4) for the 997.6-keV level is
. - . e 13/ +, .
incorrect. [nstead, the assignment for the level is “74 7; this
agrees with the log fr value of 5.9 obtained in our decay
measure ments.

From a recent survey of known nuclides, it appears
that a candidate which fits both the transition’s energy
and half-life is 2® Al. The source of the 2® Al could be
its production from the aluminum gas-jet reaction
chamber by neutron capture on 27 Al and/or heavy-ion-
induced single-neutron transfer on *7 Al

In the original investigation, three firm levels in
197Gd were observed to be populated in the decay of
the "*7Tb(ky 1 2) isomer. Two of these levels. 1397.7
and 1797.8 keV, were found to be fed strongly (log fr
values <T4.4), prompting % 7 assignments for both
states. The third level, at 997.6 keV, was populated
weakly (log fr value ~5.9) ceven though an in-beam
gamma-ray investigation® had assigned a % 7 spin to
that state as well, This particular dilemma has now been
resolved. A recent in-bemm study® has shown that the
spin of the 997.6-keV level is '%*. The revised
Y47y decay scheme is shown in Fig. 1.55.

. U.S. Army Ballistics Research Laboratory, Aberdeen Prov-
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ROTATIONAL BANDS IN THALLIUM NUCLEI
BY (H.X. xn)

N. R. Johnson®  A. C. Kahler*
E. Bichler® G. 1. Smith?®
R. L. Robinson P. H. Stelson

L. L. Riedinger!
P. Hubert?

The even-even mercury nuclei are known to be quite
regular in the spacings of the ground-state quasi-rota-
tional band for 4 = 190 and higher. However, for 4 =
188 and lighter, the mercury nuclei exhibit low-lying
prolate minima, evidenced partially by sudden changes
in the spacings in the ground-state quasi bands. To
investigate the behavior of the mercury cores in the
presence of high+ protons, we have begun investigations
of bands built on the #ey, and {132 states in
189191193 T4 The reactions used to study the prompt
in-beam  gamma rays were 75 Lu(®*®Ne,dn)' 71Tl
(P9Ne,6m)' B9T1,  and  '"®'Ta(*®0.44)'**TL  The
PILYI3T nuclei were previously studied by Newton,
Stephens, and Diamond.®

Gamma-ray excitation function
measurements have been performed on each isotope,
but angular distribution measurements to aid in spin
assignments have not been completed. Consequently,
the levels assigned are still tentative. The systematic
behavior of the Ag/, band is shown in Fig. 1.56. The
levels for 4 = 193-199 were deduced by Newton,
Stephens, and Diamond,® whereas the states {or 189
and the upper five levels in 191 come from our

and coincidence
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Fig. 1.56. Systematic behavior of hg,; band in the light T1
nuclei. Results on A = 189 and 191 are-from the present work;
other cases are from ref. 6.

measurements. The spacings in the band are amazingly
constant for the light Tl nuclel, indicating that the
mercury core is rather unchanging. The sequential spins
of levels lead one to conclude thar-the band is a high-Q
strongly coupled structure built on an oblate shape, as
discussed previously.® The even-cven mercury nuclei (4
> 190) are known to have quasi-rotational bands that
re quite regularly spaced up to 7 = 10. However, in
S%Hg the yrast band switches over to a prolate
structure at 7 = 6.7 This strange behavior of the core
should be reflected in irregular spacings further up in
the kg ), band of '*°Tl, contrary to the quite regular
P9I case, We intend to extend our measurements on
"89] to test this possibility.

In each of the Tl nuclei studied here, a band built on
the /)3, proton state is observed. This level is coming
down in energy for the lighter Tl nuclei; the transition
from the '% " state to the ', " of the kg, band s
480, 613, and 736 keV in the 4 = 189, 191, and 193
cases respectively, Work is continuing on the structure
of these bands.
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BANDS IN ' **Yb FROM
LUTETIUM DECAY

C. R. Hunter! D, L. Hillis?
L. L. Riedinger? . R. Bingham?
K. S. Toth

As do a number of ditferent neutron-deficient vare-
carth nuclei, the ground-state rotational band of 1**Yb
backbends at £ = 14. Of interest in these cases is the
behavior of any observed excited (side) bands as they
cross the ground band or higher-lying decoupled bands.
Some (H.1.xny) data were taken at ORIC on '*¥Yh,
resulting in the assignment of the yrast cascade up to [
=20 or 22.% A side band was partially observed but was
difficult to assign and interpret because most of its
intensity went to the ground band around / = [0.
Because nothing was known about the vibrational band
heads in '®*¥Yb, we performed neasurements on the
Y%Ly decay to learn about the low-spin members of



excited bands and thus to complement data on the
high-spin members trom (H.1 x#7y) experiments.

The "**Lu  activity was  produced  in the
PEEGACTT NS yeaction at 79 MeV. Recoils from the
thin target were stopped in a helium atmosphere and
transporied to a Jow-level counting area with a gas-jet
system. Sources of "% Lu (3.17 min) were collected
and counted in gamma-ray singles and coincidence
experiments. The level scheme resulting from our work
is shown in Fig, 1.57. All transitions have been placed
with the aid of the coincidence measuremerts. Pre-

27 47 and 67 levels were
known. Most of the levels populated have low spins;

theretore. the lutetium parent is thought to be low-

viously, only the low-energy

spin. We did. however, observe some population of the
67 state, possibly indicuting the existence of a high-spin
isomer in lutetivim. Because these ganuna rays from the
high-spin states are quite weak, we were unable to
measure  hali-lives  ditferent from the other peaks.
Future work with the UNISOR facility is needed to
produce cleaner sources so that this question can be
answered.

The most strongly populated levels in '**Yb are
those at 864 and 1004 keV, which we call the 2% and 3*
meabers of the gamma-vibrational band. The acquisi-
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Fig. 1.57. Level scheme of Yb populated by lutetium
decay. Gainimna-ray intensitics are given in parentheses.
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tion of conversion-electron data was not possible with
the helinm gas-jet sysiem at the time of thesc measure-
iments: so we have no conversion coefticients to aid in
spin assignments. However, the heavier ytterbium nuclei
are well studied and the trends are quite smooth. Based
on the systematics and on the branching ratios trom the
states, we confidently assign the first two members of
the gamma hand. There are candidates for the 47 and
5% members also, but the arguments are not as strong.
A 2% level at 1074 keV appears to be K = 0 and may
thus be part of a beta-vibrational band. There are also
candidates for the 0% and 4 members of this band.
Figure 1.58 shows the systematics ol the gamma
bands in ' 410 08 Yh The 4 = 166 results are from
de Boer et al.?* those for 4 = 168 are from Charvet et
al.® The decreasc in the band-head energy for the light
nuclei, along with an increase iin the spacings between
the levels, indicate a nucleus with decreasing deforma-
tion and greater softness to shape vibrations. In
addition, the deviation of the members from regular
spacings (/ = 2 and 4 are pushed dowa relative to 3 and
5) increases tor '®*Yb, indicating greater inicractions
between the gannma band and higher bands, especially

ORNL-DWG 76-4144

& 1482.46
o 1445.)
1365.2
)
[T 1327.9
5 1302.3
& 1162.67 & nre.z
() 1828
5 1067.0
30103924
3% e, 10042
2 - 983.8
168
2t 932.39 Yb
166
Yb
2*-

Fig. 1.58. Comparison of gamma-vibrational bands in the
light yttecbiuin nuclei



ones with K = 0 that have only even -/ members. Mixing
paramefers extracted from the branching ratios show
thai the odd-spin members have wave functions that are
more nearly pure gamma vibraiion than do the even-
spin members. The trends established tor these bands
shoujd enable us to better interpret side bands seen in
the (H.1,xfry) measuements.

1. Work performed roward M.S. degree at the University of
Tennessee, Knoxville.

2. University of Tennessee, Knoxville.

3. L. L. Riedinger ot sb, Phvs Ly, Annu. Frog Rep. Dec. 31,
1873 ORML-4937 (1974}, p. 33.

4. FW.N. de Boer et al. Nucl Phys. A225, 317 (1974).

5. AL Charvet et al., Nucl Pays. A197,490 (1972).

LIFETIMES OF STATES IN A
DECOUPLED BAND IN '9° ¥

N, K. Johuson
L. L. Riedinger?

. Bichler
P. Hubert!

In recent years, there hus been an intense interest in
e so-called backbending phenomenon in which a
band
mornent of dnertia at bigh spin {(about / = 14 for an
even-even nucleus). The major emphasis has been in the
developiment of detailed level scheraes for these nuclei
Although the spectroscopic data amassed thus far favor
the “rotaticn-alignment™ explanation of this phenome-
non, a more complete verification is needed.

cotational shows a rather abrupt change in

To provide this more rigorous test of the models, we
have measured the lifetimes of several members of the
band® in 12°Yh using the Doppler-shift recoil-distance
method. With the reaction '3 71o(*CAr 51), using a
162-MeV *? Ar beam, we produced '®7 Yb recoils with
velocities of 1.8% ¢

The lifetimes and B(F2) values obtained from an
analysis of the singles daia are displayed in Table 1.5, 1n
columns 4 show the calcolated B(£72)
values for the weak-coupling, retaticu-alignment, and
strong-coupling schemes respectively. Note that theie is

5, and 6 we

>

Table 1.5, Lifeiimes of states in
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a vrather weak-coupling
approach. The strong-coupling scheme appears
uled out on the basis of the *% 7 = 2V, " jrunsition
B(E2) value, as well as by the fact that we do not
observe AL = | tragsitions which are expected
compete with 4J = 2 gamma rays if
present. Therefore, the rotaiion-alignment picture ap-

definite ruling out of the

¢

XS]

T
[

Ty

strong coupling is

ot

pears to be the correct description tor this nucleus,

1. Centre &Fvades Nuddaires de Bordeanx-Gradignan, Uni-
versitd de Bordeaux, France.

2. Physics Depactment, University of Tenns

3. L. L. Riedinger ot oL, Phys Rev. Letr 33,1

246 (1974,
MEASUREMENTS OF LIFETIME AND MULTIPLE
COULOMB EXCITATION IN '% 2Dy

P P. Hubert! N. R, Johuson B Eichis

Previous seasurements? on the Coulomb excitation
of "2 Dy with 27Me and 7 (L iong have shown what
appeared 1o be possible deviations from the rottional
model for the 67 and 8% states. In an effort 1o clarity
this point, we decided o make o divect measurenieny of
the #£2 matrix elemwents from these retational states.
For this, the half-lives of the 47, 67
the ground-state rotational band of
determined by the  Doppler-shift
method. These levels were populated by multiple
Coulomb excitation produced by a 146.6-MeV "0 A%
beam at ORIC. The target was a 1.5-mgfom?® {ui]
enriched to 96.26% in ' 2Dy,

The basic prineiple of the measurement is to recosd

,and 8° racnibers of
YOy have been

recolf-distance

gamma rays emitted from the recoil nucleus in coinck
dence with the backscattered heavy ions for different
separations betwesn the target and the plunger. Gamma
rays emitted when the recoil nucleus i3 in flight give s
shifted component, whereas those emitted when the
recoil stopped  in the planger give aa
unshifted component. The ratio [B = uf{y + &)} of
unshifted gamma-ray peak intensities to the sum of the
unshifted and shifted gamma-ray peak intensitics is 2

gucleus s

lz’)SYb

2} values

Transition Ty 2 (psee) - . R()[Lii]:ﬂﬂ Strong
Fxperimental . . s
coupling aligtiment conpling
A A BT = 8 140+ 0.3 0.83 1.38 1.45
20V 105« 1.1 146 = 0.14 1.17 1.29 1.53
25,0 L2 11 0.94 + 023 1.06

1.20 1.57




function of the half-life of the level. The method,

apparatus, and data analysis are described in detail
elsewhere. 3¢ Figure 1.59 shows the results for the 4%,
6", and 87 states of ' 7Dy Table 1.6 gives a summiary

of the half-lives and the computed experimental B(£2)
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Table 1.6. Summary of half-life and A¢J:2) data for

Tr insition

Ty gz (psed)

3*41* 2150 = 207
472" 132+ 7

6" —4" 184+ 1.1
87— 6" 46:0.3

L\p(.mmnljl B(l 7) (e? b‘}
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values and compares these results with the pure
rotational values.

During the same experiment, we were able to deter-
mine the relative Coulomb excitation probabilities for
states up to the 127 member of the ground-state
rotational band. The probability ratios R[(/ + 2)/I],
where { is the nuclear spin, compared to the theoretical
values calculated with the Winther—de Boer code using
rotational £2 and £4 matrix elements are given in Table
1.7. together with the results of Sayer et al.,? obtained
with 2°Ne and 23 Cl beams. As is shown, the agreement
between these two experiments is good, except for the
ratio R(127/10%) where the present result. obtained
with much better accuracy, is closer to the theoretical
value.

We conclude from these measurements that within
experimental uncertainties, both the results on the
litetimes and those on Coulomb excitation probabilities
are consistent with the rigid-rotor predictions and show
that the nucleus ' ©*Dy is a good rotor up to 127
1. NATO Fellow: on leave of absence from Centre d’Ftudes
Nucléaires de Bordeaux-Gradignan, Universitéd de Bordeaux,
France.

2. R.O.Sayer et al.,

3. M. W, Guidry,

Phys. Rev. C9, 1103 (1974).
thesis, University of Tennessce, Knoxvilie.

162

2py

3(1@)/3@ Drot

1.05 + 0.01 12

1.50 2 0.08 1.00 = 0.06
157 + 0.09 0.95 = 0.06
1.64 + 0.11 0.95 + 0.07

a S 162
Averaged meun of sIX measurements (Irom information on 62 Dy to be

published in Nuclear Data Sheets).
Normalized to unity.

Table 1.7. Coulomb excitation probability ratios

Incident Lnergy
ion (MeVy  — e
[\(6 4)
20NeP 728 1.00: 007
38¢b 1276 0.81 £ 0.02
O ar 146.6  1.98 + 0.14

a'l‘hcorcticul values were caleuluted with the Winther
rotational £2 and £4 matrix clements. B(£2; 0

4% =0.073¢% b?

bData taken from ref. 2.

R(IU/M Re12/10)

R(S/b)
(.80 + (.47
.87 » 0.03 1.07 - .11 1.7% = 0.67
0.93+0.17 .22+ 0.19 1.00 0,20

-de Boer code using
-»2%y 25128 ¢? b2 and BE4; 07

are the same as reported i ref. 2
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HIGH-SPIN STATES IN 7% Se

M. L. Halbert!
P. 0. Tjom*
L. Espe?

G. B. Hagemann®
B. Herskind?

M. Neiman®

H. Oeschler*

Gamma-ray transitions from the bombardment of
©4Ni by "°0, up to 81 MeV, were studied in a variety
of experiments. Four transitions in coincidence with
four previously known transitions in 7*Se were dis-
covered. Information on energies, angular distributions,
intensities, multiplicities, and lifetimes were obtained
for these transitions. Excitation functions for this and
several other channels were measured. Statistical calcu-
lations are in satisfactory agreement with experiment.’

1. Exchange visitor at Niels Bohr Institute, University of
Copenhagen, Denmark, 19741975,

2. University of Oslo, Norway.

3. Niels Bolir Institute, University of Copenhagen, Denmark.

4. On leave from the Max-Planck-lastitut fur Kernphysik,
Heidcelberg, Germany .

S. Full report to appear in Nuclear Physics, 1976.

LIGHT-ION REACTIONS

INELASTIC PROTON EXCITATION OF
GIANT RESONANCES
IN sd-SHELL NUCLE]

F. E. Bertrand
D. C. Kocher

E. E. Gross
£. Newman'

The existence of a giant quadrupole resonance (GOR})
is well established in nuclei with 4 = 40. However, for
sd-shell nuclei there have been conflicting reports of
quadrupole strength in the giant-resonance region. Early
proton inelastic scattering results®® on 27Al were
consistent with $50% depletion of the isoscalar 72
EWSR strength in a broad structure (=10 McV wide)
centered at an excitation energy of =20 MeV. However,
(o, Y measurements®® on several sd-shell nucliei did not
show a peaking of £2 strength, and alpha-capture
results reported =30% of the £2 EWSR strength spread
uniformly over a large energy repion.® In an effort to
resolve this apparent discrepancy, inelastic scattering
measurements were made on 2*Mg, 2°Mg, 27 Al and
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288j, using 60.8-McV protons from ORIC. The scat-
tered particles were detected on nuclear emulsion plates
placed in the focal plane of the broad-range magnetic
spectrograph. The energy resolution was ~100 keV
(FWHM).

Figure 1.60 shows the inelastic spectra in the excita-
tion energy range of 10 to 32 MeV for the four targets
studied. Although narrow resonance styucture is promi-
nently seen near 19 to 20 MeV in all the spectra, only
for the 27Al and, to a lesser extent, 28S8i is a large,
broad resonance peak observed. The preseni Al data’
are in good agreement with those previously pub-
lished.”

A comparison is made in Figs. 1.61 and 1.62 between
spectra from the (p,p") and (a,&) reactions on 27 Al and
2881, For both nuclei, no structure is observed in the
16- to 24-MeV region in the (@) reaction, although
structure is present in the proton spectra. The alpha
particle having zero isospin does not excite the isovec-
tor (17 = 1) giant dipole resonance (GDR) to any
observable extent. However, the (p,p) rcaction has
been shown to excite the GDR.? Thus the absence of
resonance structure in the alpha data suggests that the
(p,p)) structure may arise predominantly from excita-
tion of the GDR.

The cross scctions for the resonance structure ob-
served i the (p,p') reaction on 2*Mg, 27 Al and *®Si
near 20 MeV are shown in Fig. 1.63. The cross sections
were  obtained by subtracting an assumed smooth
continuum from the resonance region. The calculated
1 cross sections are based on two dilferent GDR
models described by Satchler,® the Gotdhaber-Teller
(GT) and Jensen-Steinwedel (JS) models. Normalization
of the £1 calculation is based on the percent of the £
sum-rufe  strength  measured by  total photonuclear
reactions® ! within the excitation energy limits shown
in Fig. 1.63. For cach of the nuclei studied, the £1
cross section predicted by the IS model is adequate to
account for the measured cross section. Use of the GT
model requires no more than 30% depletion of the £2
EWSR strength in the resonance region to provide good
agrcement with the measurements. This result is in good
agreement with £2 EWSR limits set by the (a.q') and
alpha-capture meuasurcments.

Recently, several sd-shell nuclei have been studied
using 150-MeV alpha inelastic scattering.'' In sd-shell
nuclei, the cross section for f£2 excitation by 150-MeV
alphas is 3 to 5 times greater than at 96 MeV. Thus,
smaller GQR strength could be more readily observed at
the higher energy. The 150-MeV alpha data show =30%
E2, T = 0, EWSR depletion in a resonance peak for
28Gi This value is in excellent agreement with the
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(p,p") daia il the GT model rather than the JS model is
used for the £l excitation.

In conclusion, we find good agrecment between the
measurements of GOR strength in sd-shell
nuclei. The amount of GQR streugth observed in these
nuclel, $30% EWSR, is considerably less than the 80 to
9% observed in heavy nuclei. This difference may be
partially explained by the larger depletion of £72
strength in the bownd states for sd-shell nuclei® than for
heavier nuclei.! 2 In addition, the GQR strength in these

several
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nuclei may be fragmented and spread over a very large
energy region, as is the case for the GDR.'® Such
tragmentation ot the GQR strength would make obser-
vation of the resonance above the underlying con-
tinuum dilficult.
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EXCITATION OF GIANT RESONANCES IN
20%5Ph AND '*7Au VIA
PROTON INELASTIC SCATTERING'

F. E. Bertrand D. C. Kocher

The giant resonance regions in 2Y*Pb and ' *7 Au have
been investigated by inclastic scattering of 61-MeV
protons with an energy resolution of about 100 keV.
Cross sections for the GQR at £y ~ 634773 MceV
about 90% the EWSR strength for an
isoscular £2 excitation in both nuclei. The angular
distribution for the GQR plus the GDR in 29*Pb is
coinpared  with both macroscopic and microscopic
DWBA calculations. A pronounced line-structure reso-
nance is observed in 2°*Pb at £ ~ 564 '3 MeV (9.4
McV). The angular distribution for this resonance is
well described by DWBA calculations for an £E2 or 13
excitation, but not for an £0Q excitation. The spectra for
298Pb and ' ?7 Au show little evidence for a resonance
at £, ~ 534 7'/% MeV. interpreted as an £0 excitation
n clectron inelastic scattering studics. The
spectra in the bound-state region for '?7Au show a
pronounced structure centered at £y = 4 MceV, for
which the angular distribution is best described by
DWBA calculations for £3 or £4 excitations.

~
~

exhuust of

recent

1. Abstract of paper to be subinitied to the Physical Review.
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STUDY OF THE STRUCTURE OF THE
EVEN-EVEN ISOTCPES OF GERMANIUM
WITH THE (p, /) REACTION

A. C. Rester! R. Auble  J. B. Ball

In a study?® of the systematics of two-phonon energy
levels, it was found that the even-cven nuclei with
anomalously low-lying first 0 excited states could be
fitted into a regular pattern showing a strong correla-
tion between the lowering of the encrgies of these 0*'
energy levels and the closure of py,, neutron and
proton subshells. An explanation? of this phenomenon
based on the coupling of phonon and pairing vibrational
modes was proposed. Other groups (e.g., ref. 3) have
suggested that the behavior of these unusual cnergy
levels may be explained with a nuclear coexistence
model in which such an anomalous 0*' state would be
the deformed head of a rotational band “‘coexisting” in
the same nucleus with vibrational structure based on
the supposedly spherical 07 ground state. As is dis-
cussed in ref. 2, (p,¢) reactions on the even-cven NV = 40
nuclei can provide a good test of the two theories.

Measurements of the reactions 7Ge(p,#)”* Ge and
T4 Ge(p,t)"*Ge at 35-MeV proton energy with the
broad-range spectrograph at ORIC have now been
completed, and the exposed photographic plates are
being scanned. Preliminary results from the 10° plates
indicate that the 0% state in 7?Ge is excited much
more intensely than the 0% state in 7*Ge. relative to
their ground states, as is expected from the pairing-
phonon vibrational explanation. Detailed calculations
of the structure of the even isotopes of germanium with
an improved pairing-plus-quadrupole model of Kumar
are almost completed. Wave functions for the reaction
analysis have been generated as well.

1. Emory University, Atdanta, Ga.

2. 1. Hadermann and A. C. Rester, Nudl. Phys. A231, 120
(1974).

3. 1 H. Hamilorc et al., Phivs. Rev. Lett. 32,239 (1974).

INELASTIC SCATTERING OF 30-MeV
POLARIZED PROTONS FROM
9 (J.‘)zzr AND ‘)?_MO
R. de Swiniarski'
G. Bagicu'

M. Bedjidiam?  J. Y. Grossiord®
C. B. Fulmer® M. Gusakow?
M. Massaad! J. R, Pizvi®
Previous studies* of inclastic scattering ot polarized
protons from the low-lying 27 states in Y922 Zr and
?2Mo at 20 McV have shown poor agreement between
the coupled-channels (CC) or DWBA collective-model



calculations and the analyzing powers, whereas cross
sections for these states were generally well reproduced
by these calculations. Moreover, differences in the
analyzing powers for the 27 states in these nuclei have
been observed wmainly at large angles; the °°Zr and
92Mo data were similar, but difterent from the analyz-
ing power of ?Zr. Goud agreement was obrained,
however, between the analyzing power ({rom the
20-MeV experiment) of the first 2% state in ?%Zr and
the CC collective-model calculations® where the ratio X
= 8y 9/Bcentrar Brs I8 the spin-orbit deformation and
Beentrat is the deformation of the central potential) was
increased to 3.0. Raynal® has suggested a possible
relation of this parameter A to the nuclear structure
which, therefore, could vary from nucteus to nucleus.
Recently, however, Verhaar® has given an interesting
and siimple explanation for the observed tendency of A
to be somewhat greater than 1.0, based on the fact that
the range of the central two-body force is longer than
that of the two-body spin-orbit force. In the sd shell,
for instance,”*® there is strong evidence that this ratio is
close to 1.5, i has also been suggested from an
experimental point of view that this ratio may be
energy dependent;® such behavior may result from
either a possible resonance-like phenomeaon or a
contribution from the giant resonance.

Inasmuch  as compound nucleus effects may be
mportant at 20 MeV and therefore partly responsible
for the disagreement between the collective-model
calculation and the analyzing powcer observed at this
cnergy, a uew measwrement of these data at a highcr
energy is needed. We have obtained data at an cnergy of
30 MeV with a beam from the Grenoble cyclolron. An
overall resolution of 80 to 100 keV (FWHM) was
obtained for most of the data. Up to 3 nA of
encrgy-analyzed polarized protons were delivered on the
target, with a polarization of ~70%, which wus meas-
ured with o carbon polarimeter. Enriched targets of
~1-mgfem? thickness were used.
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the 2%, 37, and 57. The data werc
CC code ECIS 74 of Raynal'® in
the collective model as well as with the distorted-wave
approximation and the microscopic model with Schaef-
fer code DWBA 70.'" Figure 1.64 compares the CC
collective-model  (vibrational) calculations with
measured values of the analyzing powers lor the
low-lying 2% and 37 states in the three nuclel and also
for the 5™ in ?%7Zr and 7?Mo. The optical nwdel
parameters listed in Table 1.8 were obtained by using
the code Magali’ @ searching on all parameters with the

analyzed with the
the framework of

Qur

clastic cross section and polarization daty simultane-

- 0
ously: the same parameters were used for both 772y
and 27y,
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The good resolution achieved permitted extraction of Fig. 1.64. Analyzing powers predicted by CC collective
analyzing powers for sceveral low-lying states, such as model compared with experimental results.
Table 1.8. Optical model parameters used to perform collective-model calculations
Delformation paraineters were obtained by normalizing experimental cross sections with DWBA calculations.
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92
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51.7 1.16 0.75

3.28
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0.63

1.06 0.75 0.10 0.15



Figurc 1.64 shows the excellent agreement obtajned
by the CC collective model for the analyzing powers of
the low-lying 2%, 37, and 57 states in the three nuclel.
The calculations used the full Thomas term for the
deformed spin-orbit optical potential and a ratio A =
Br s/Beentrar ©f 1.5 that has been found to give the best
agreement for the 2* data. Good agreement for the 37
and 57 states could also be obtained by keeping the
deformation parameters constant (8yg = Beentran)- 1 18
suggested that the ratio A of the spin-orbit deformation
the central deformation is energy dependent
because values of this factor as large as 3.0 arc needed
to reproduce the 20-MeV data. 11 is interesting to note
the good agreement obtained by the calculations for the
analyzing power of high-spin states like the 57 in ?%Zr
and ?? Mo, for which there are no previous data.

over

Macroscopic model calculations for the tow-lying 27
states in the three nuclei were also performed and are
described elsewhere.'? Good agreement was obtained
with the cross-section data for all three targets. The
analyzing powers predicted by ihe macroscopic model,
however, are in poor agrecinent with the data (espe-
cially for °°Zr and ??Mo) in contrast to the good
agreement obtained with the collective-madel calcula-
tons.
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EXCITATION OF NEUTRON-HOLE
STATES IN THE 2°°Pbip p’)
REACTION AT 61 MeV

Alan Scott! C.T. Chung?
F. T. Baker! M. Owais?
M. L. Whiten?

The purpose of our experiment on the excitation of
neutron-hole states in the 2%¢Pb(p,p’) reaction at 61
MeV was to compare the cross sections for excitation of
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two-neutron-hole states in 2°®Pb which are simply
connected® to ihe single-neutron-hole states excited in
our recent experiment on 297Pb with 61-McV protons.
Comparison of the 2°7Pb results with those for
lower-energy protons showed the core-coupling parame-
ter A, to be larger for 20-MeV protons than for those at
61 MeV by 58%. 153%, and 200% for transfers of L =
2.L =4, and L = 7 respectively

Track counting of the nuclear plates is in progress.' ™
Excitations of natural parity states involving transfers
of L = 2, L =4, and L = 7 are clearly mecasurable, in
addition to many other states.

. Untversity of Georgla, Athens.
. Graduate siudent, University of Georgia, Athens.
Paine College. Augusta, Ga.
. Armstrong State College, Savannah, Ga.
5. W. A. Lanford and G. M. Crawley, Phys. Rev. C 9, 646
(1974).
6. Alan Scott., M. Owais, and W, G. Love, submitted to
Nuclear Physics.
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31e AND ALPHA-PARTICLE SCATTERING
FROM 27Al AND 28,29:30g;
R. de Swiniarski'
C. B. Fuliner?

G. Bagicu' D. H. Koang'

A. 1. Cole! G. Mariolopoulos!

Previously measured angular distributions of elastic
scattering of *He and alpha particles from neighboring
even and odd nuclei show significant differences.*
For examaple, at angles beyond ~50°, the distributions
for 3°Co (/ = ) have minima that are appreciably less
deep. These differences have been accounted for by a
quadrupole contribution®® to the clastic scattering
from the / + 0O nucleus. For an I = %, nucleus, the
quadrupole contribution is zero; hence data from
neighboring targets that include an / = Y, nucleus are
favorable cases for further study of target spin effects
to determine whether there are effects that cannot be
accounted for by a quadrupole contribution.

We explored *He and alpha-particle scattering for
evidence of target spin effects in a different mass region
with a group of targets that includes an f = 1, nucleus.
With 45-MeV ®He and 41-MeV alpha-particle beams from
the Grenoble cyclotron, angular scattering distributions
were measured for 27AL (J =%,), 28Si(I=0),2°Si( =
5y, and *°Si ( = 0). The silicon targets were in oxide
form (>95% enrichment in the principal isotope)
evaporated onto plastic backing.” The oxygen and
carbon impurities limited inelastic scattering measure-
ments to angles beyond ~45°.

The measured *He elastic scattering data are pre-
sented in Fig. 1.65. At angles forward of ~55° the four
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angular distributions are very similar. At larger angles,
data from the three silicon targets are similay but
ditferent from that of 274l The differences are
qualitatively like those observed earlier” for *”Cu and
500 but are larger in relative magnitude. The sumilarity
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of the elastic angular distributions for the three siticon
targets (which inchude the £ = isotope 2781) suggests
that for *He scattering, target spin effects are due
principally io quadrupole contributions.

Figure 1.66 presents the measured  alpha-particle
clastic scattering data for 27Al 2%8i, and 27Si. At
angles forward of ~75° the angulas distributions are
almost identical. At larger angles, in contrast to the SHe
results shown in Fig. 1.65, data from the two / # 0
targets, 27 Al and 278t ate similar but different from
those of the /= 0 target, 2% S0 A further complicarion in
the alpba-particle data is the puzaing dilferences
between the data from 2®Si and the data from *°Si
(the latter are not shown in Fig. 1.66), which are both/
= () wrgets. Analyses of the data, including inclastic
seattering measurernents, ave under way.
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SELFCTIVE ENHANCEMENT OF A PROBABLE
PARTICLE-HOLE STATE
1N 1¢ (3(31'{6,{)1 & F
D. C. Kocher
R. L. Auble

C.D. Goocdman
F. E. Bertrand

We reported in last year’s progress report! that the
(*He.r) reaction at 70 MeV on several N = 2 targets did
not show any selective excitation of the GDR. How-
ever, in 'S O(3He i)' ¢ F the spectrnn is dominated by a
very large peak, as shown in Fig. 1.67, that corresponds
to the analog in ' F of about 19.2 McV of excitation in
160y, The angular distribution for the peak is shown in
Fig. 1.68. Figure 1.69 shows where this peak tits on an
isohar diagram.

We believe that the peak corresponds to a large peak
ohserved  in back-angle  electron scattering,’?
Y 0)(e,e) 5 0, at an excitation of 18.7 MeV in ' * O (the
energy discrepancy is probably within experimental
€r1or).

The angular distribution is similar to that for a 27
state observed in ' 2CC He,0)' 2N, Therefore, we suspect
that we are seeing a concentration of L = | particle-hole
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strength. Because we do not expect a particle-hole state,
as such. to be an eigenfunction of the nuclear Hamil-
tonian and because there are five 27 states that belong
to the (p) ' (sd)! configuration. it seems surprising that
the strength is concentrated. We plan to investigate this
rcaction with better resolution. at more forward angles.
and at another energy to help us to make a more
definite interpretation.

1. C. D. Goodmun ct al., Phys. Div Annu. Prog. Rep. Dec. 31,
7974, ORNL-5025 (1975), p. 65.
2. L. Sick et al., Phyvs. Rev. Letr. 23,1117 (1969).

70

NUCLEAR CHEMISTRY

MEASUREMENT OF THE ELECTRON-CAPTURE
BRANCH OF THE DECAY OF ??°No'

R.J. Silva®
P. F. Ditmer?

C.E. Bemis, J1.?
D. C. Hensley

The granddaughter nuclide. 223-se¢ 2% °No, produced
by the decay of the daughter nuclide 7104, has been
used in the identification of 2? 106 by its discoverers.”
However, quantitative analysis required the postulation
in 2 No of a substantial decay branch (~50%) via
electron capture (EC), a mode of decay not observed in
the identification experiments. We have produced
2%5No in the 2*7CH('%C: «.21) reaction using the
12C* beam at an energy of 86 MeV, accelerated at
ORIC. After traversing a I-mil berylliuin vacuum
isolation window and a 0.5-mil beryllium target back-
ing. the '?C* energy (~73 MeV) matched the maxi-
mum in the excitation function for this reaction. The
recoiling reaction products were collected on aluminum
catcher disks in a helium gas-jet apparatus. The catcher
disks were periodically (~10 min) transferred to the
laboratory via a pneumatic tube.

To determine the EC branch of *3°No, the alpha
decay of the parent. its EC daughter (27-min 27 °Md).
and the EC daughter of 2*3Md (20.1-hr 2°° Fm) were
observed. Because these activities and others having
similar alpha-particle energies can also be produced
directly in the bombardment of ***Cf by '2C ions, it
was necessary to do radiochemical separations. Initially,
the nobelium was chemically separated from the triva-
lent actinides produced in the irradiation by solvent-
extraction chromatography. The extraction coluimn
separations were carricd out with bis(2-ethylhexyl)-
phosphoric acid (HDEHP) adsorbed on Bio-Glass 500
(particle size, 200 to 325 mesh). The beads were loaded
with 400 mg of HDEHP per gram of support. The
column was heated to 70°C and run under pressure to
attain an elution rate of ~5 sec per drop. The activity
was loaded in ~5 drops of 0.1 & HC1 and cluted with
0.1 & HCl. Under these conditions. monovalent and
divalent ions are only weakly adsorbed and pass
through the column in a few column volumes, whercas
trivalent and tetravalent ions ure adsorbed strongly.

In the case of nobclium, the activity was removed
from the catcher disk with 0.1 &/ HCl and loaded on the
column. The first ten elution drops were collected on a
platinum disk, quickly dried, and placed in one of four
counters. The total elapsed time for the separation was
about 3 min. Four Si(Au) alpha detectors allowed us to
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Fig. 1.69. Isobar diagram of levels for A = 16, showing the location of the large peak of Fig. 1.67.

measure the alpha energy spectra from each sample at a
geometry of ~28%.

Thirty-two 10-min bombardments werc made. The
first 28 samples were counted for 40 min each. During
this period, all of the 255 N0 and -about 64% of the
255Md decay were detected. The last four samples
were counted for about 48 hr. These longer counts
enabled us to measure the amount of *%° Fmn as well.
From these data, using an average value® " 6of 8.8 &
0.8% for the alpha branch of 2**Md, we determine the
EC hranch of 255 No to be 38.6 £ 2.5%.

1. An account of this work has appeared in Chem Div. Annu.
Prog. Rep. Nov. I, 1975, ORNL-5111 (1976), p- 61.
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. Chemistry Division.
A. Ghiorso et ol., Phys Rev. Lett. 33, 1490 (1974).
. P. R. I'ields et al., Nucl. Phys. A154, 407 (1970).

. T. Sikkeland et al., Phys. Rev. 140, B277 (1965).

. R.W. Hoif et al., UCRL report 72898, 1971.

DECAY PROPERTIES AND £ X-RAY

P. ¥. Dittner'
C. 5. Bemis, Jr.!
D. C. Hensley

IDENTIFICATION OF ELEMENT *°° 105

R.J. Silva'
R. L. Hahn'
J. R. Tarrant’

L. D. Hunt'

As part of our continuing study? of the identification
and properties of transfermium elements, we carried
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Fig. 1.70. Alpha spectrum of activities produced in the 289¢f + 13N reaction at 86.0 MeV.

out an experiment to identify. by observation of
characteristic x rays. the atomic number of the previ-
ously reported? isotope 2¢°105. We produced 27105
in the 2*°Cf("SN . 4n) reaction using 99-MeV '*N*"
ions accelerated at the ORIC facility. After an energy
loss of about [4 MeV in the beryllium target chamber
window and target backing. the ' * N ions had an energy
optimized for this reaction. The reaction products
recoiling out of the *?7Cf target were transferred to
our counting station via a tape transfer system. The
tape was advanced about every 3 sec so that the spot of
collected activity faced an Si(Au) surface-barrier alpha
and fission detector and was viewed through the tape
by an intrinsic germanium photon detector,

We  measured the energies of the emitted alpha
particles, fission fragments. and photons and deter-
mined the time from the end of irradiation associated
with any individual event and/or the time between two
events (such as alpha and x ray). During about 200,000
irradiation and counting cycles, we observed 850 alpha
cvents grouped into three peaks at 9.041, 9.074, and
9.120 MeV, with relative intensities of 0.53, 0.28, and
0.19, respectively (see Fig. 1.70), and a half-life of 1.52
+ 0.13 sec, which we ascribe to the decay of 29105, In
coincidence with these alpha events, we saw ~150 L
x-ray events whose cnergies and relative intensities are
in excellent agreement with the calculated values*™®
(see Fig. 1.71) for the L x rays of lawrenciumn {Z =
103). To establish a genetic link between the *¢° 105
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Fig. 1.71. L x-tay spectrum in coincidence with alpha events
having 9.0 < £ < 9.2 MeV.

and its daughter *°% Ly, whenever an alpha event having
an energy between 9.0 and 9.2 MeV occurred, the tape
was stopped and the same spot was viewed by the
Si{Au) detector for 35 sec to observe the alpha decay of
the daughter. The spectrum for this “extended mode”
corresponds, in the energies and the relative intensities
of the alpha groups and in half-life, with the known



properties”.& of 23¢Lr. Thus, we have identified the
atomic number of *¢?105 on the basis of the coinci-
dent I x-ray spectrum, and its mass number from the
genetic link to the 2% Lr daughter.

1. Chemistry Division.

2. Amn account of this work has appeared in Chem. Div. Annu.
Frog. Rep. Noy, 1, 1975, ORNL-5111 (1976), p. 57.

3, A. CGhiotso et al., Phys. Rev. Lett. 24, 1498 (1970).

4, C. C.Lu, F, B. Malik, and T. A, Carlson, Nucl. Phys. A175,
289 (1971).

5. J. H. Scofield, Lawrence Livermore Laboratory, University
of Calitornia, Livermore, report UCRL-51231, 1972.

6. T. A. Carlson, private communication of calculated 1. x-ray
intensities, 1974,

7. K. Eskola et al., Phys. Rev. C 4,632 (1971).

8. P.I'. Dittner et al,, to be published.

ATTEMPTED PRODUCTION OF 25°104!

P. F. Dittner? R. L. Hahn?
R.J. Silva? J. R. Tarrant?
C.¥. Bemis, Jr.? L. D. Hunt?

D. C. Hensley

The nuclide 25°104 has been reported®# to be a
~5-msec spontancous fission (SF) activity as produced
in the 228 Pb(*° Ti2n) reaction. However, no definitive
elemental or isotopic identifications were possible in
this prior work as only fission fragments were detected.
The SF halflife for 2°°104, ~5 msec, was taken as
evidence supporting a substantially different empirical
trend for the even A isotopes of Z = 104 than for the
isotopes ot fermium (Z = 100) and nobelinm (Z = 102).
Taking the result for **®104 together with the SF
half-lives of 2% 104 (11 msec)® and *¢° 104 (0.1 sec),*
one would be tempted to predict substantially longer SF
half-lives for other neutron-rich even-even nuclides in
this region than had previously been predicted.

Because of the somewhat speculative nature of this
prior work on *°%104 and the importance of this
nuclide in determining SF half-life trends, we have
attempted to provide independent experimental evi-
dence based on an x-ray identification using the
coincident alpha—x-ray technique. Previous empirical
trends suggested that the nuclide *7®104 should have
an SF halfdife of ~10 sec and should undergo predom-
inantly alpha decay (8.5 < Eay % 9.2 MeV) with a total
halflife in the range ~0.2 to 1.0 sec. Observing L-series
x rays that follow the ~20% alpha-branching decay of
256104 to the 2% ground-band rotational state in
252No would identify the nuclide. Additional identi-
fication information would be provided by observation
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of the time-correlated direct genetic link with the
known danghter nuclide, 2°* No.

Initial experiments using the 2**Cm(’®0,4n) reac-
tion were unsuccessful because of poor recoil yields
from the target, and our major efforts were made by
using the 2*°Cf(*2C.,57) reaction, a less favorable
reaction because the predicted cross section is about
five times smaller than for '°Q + 2**Cm. Approxi-
mately 200,000 bombardments using a tape transport
assembly at bombardment--counting-time cycles of 1.5
sec were performed. The predicted yield for >39104
under our experimental conditions was expected to be
~1 alpha count/hr.

No obviously new alpha groups were readily apparent
in our spectrum in the energy range of 8.5 to 9.2 MeV.
The simualtaneous production of 4.83-sec **7104 from
the (12C,4n) reaction interfered with the [ x-ray
identification, and no definitive information could he
derived from the time-correlated genetic link aspect of
our experirnents. Obviously, better experiments can be
performed by using the ***Cm(' ®04n) reaction as we
had planned originally. No interference from 2°7 104 is
expected when using this latter reaction.

1. Anaccount of this work has appeared in Chem. Div. Annu.
Prog. Rep. Nov. 1, 1975, ORNL-5111 (1975), p. 62.

2. Chemistry Division.

3. G. N. I'lerov, p. 439 in Proceedings of the International
Conference on Reactions Between Complex Nuclel, Nashville,
Tenun., June 1974, vol. 2, R. L. Robinson «t al., Eds.,
North-Holland, Amsterdam, 1974.

4. Yu. Ts. Oganesyan et al., JETP Lett. (Fugl. Transl) 20,
265 (1974).

5. A. Ghiorso et al.,, Phys. Rev. Letr. 22,1317 (1969).

6. (5. N. Flerov et al., At. Fnerg. 17, 310 (1964) [Sov. At
Energy (Engl. Transl) 17, 1046 (1964)].

X-RAY IDENTIFICATION AND DECAY
PROPERTIES OF ISOTOPES
OF LAWRENCIUM'

C. E. Bemis, Jr.?  D.C. Hensley

P. F. Dittner? R. L. Hahn?

R.J. Silva? J.R. Tarrant?
L. D. Hunt?

During the course of our experiment to identify
element 105,> and in a separate experiment where we
bormbarded a 2*2Cf target with ' ' B and then with 17RB,
we  produced  several isotopes of lawrencium. The
isotopes **®Lr and ?°7Lr were produced by the
2A9CHISN; axm) reaction, where x = 2 and 3
respectively. The same equipment described in the
269105 article® allowed us to determine the half-life,



Table 1.9. Experimental results of ISSTISEp L isotopes
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Alpha-particle energy

Half-lite Intensity

Isotope (sec) (MeV) (%)
This work RLT 3" This work Ret. 39 Fhl\ w or]\ Ref. 34
2350y 21.5 1 5.0 22:+5 8.429 + 0.018  8.37 £ 0.02 40 £ 10 ~50)
8.370 £ 0.018  8.35 £ 0.02 60 = 10 ~50
2560, 259+ 1.7 31+ 3 8.624 1 0.025 8.64 + 0.02 42+ 1.1 342
8.517 + 0.015 8.52 + 0.02 19.1+ 1.5 19+ 3
8.472 1 0.015 8.48 + (.02 13.3 £ 1.5 13+3
8.430 + 0.015  8.43:0.02 38.3 2.9 34 + 4
8.390 + 0.015 8.39 + 0.02 18.8 2.2 23:5
8.319 + 0.015 832 +0.02 6.3:1.5 8+2
27 0.646 + 0,025 0.6+ 1 8.861 + 0.012 8.87 + 0.072 85 + 4 81 +2
8.796 + 0.013  8.81 £ 0.02 15 =4 19 £2
SRy 4.35 + 0.59 42106 8.648 + 0.010 8.68 + 0.02 10 +2 742
8.614 £ 0.010  8.65 +0.02 35:5 16+ 3
8.589 + 0.010  8.62 + (.02 45 =7 4743
8.54 + 0.020 10+5 3014

8.59 + 0.02

ISee this report, P. I, Dittner et al.,
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Fig. 1.72. Prompt photon spectrum coincident with alpha
groups assigned to the decay of 238Lr. The unique encrgy
signature confirms the atomic nuimber as /2 = 101; thus the
alpha-decay parent is confirmed to be 7 = 103,

energies, and relative intensities of the alpha groups of
258y and 2°7Lr (sce Table 1.9). In addition. ~600
L-series x rays of mendelevium (Z = 101) were seen in
coincidence with the alpha events of ***Lr (Fig. 1.72),
thus identifying the atomic number of lawrencium
as 103.

“Decay Properties and L X-Ray Identification of Flement

In another experiment, 2% Lr and %% Ly were pro-
duced via the 242 Cf(" ' B.4n) and 2*°CH(" °B.4n) reac-
tions respectively. The experimental apparatus used was
identical with our earlier work on the x-ray identiti-
cation of nobelium.®* The half-lives and alpha-decay
properties of 2*¢Lr and **® Lr are shown in Table 1.9.
Our results are in excellent agreement with previous
measurements® and, in some cases, of higher precision.
Further, the x-ray identification of **"Lr is the first
unequivocal confirmation of the atomic number of
lawrencium: carlier genetic linkage experiments are
fraught with uncertainty because the mendelevium
daughters cither are not well characterized or do not
undergo alpha decay.

1. An account of this work has appeared in Chem. Div. A,
Prog. Rep. Nov. [, 1975, ORNL-5111(1976), p. 58.

2. Chemistry Division.
3. Sec this report, P19, Dittner et al., “Decay Propertics and
2605 »

L X-Ray Identitication ot Element <
4. P.i° Dittner et al., Phys. Rev. Lett. 26, 1037 (1971).
S. K. Iskola et al.. PAavs. Rer. C 4,632 (1971).

DETERMINATION OF THE HALF-WAVE
AMALGAMATION POTENTIAL OF
NOBELIUM (ELEMENT 102)

R.E. Meyer! P. F. Dittner'
W. J. McDowell? R. 1. Silva'
J. R, Tarrant!

The half-wave amalgamation potential of nobelium,
. . T2
clement 102, has been determined for the reaction No**
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+ 2¢7” > No (amalgam).? The nobelinm isotope *°No,
with a half-life of 223 sec, was produced a few hundred
atoms at a time by the reaction ***Cf(*2C,a2n)?*No
at ORIC. The nobeliwm activity was caught on an
anodized aluminum disk and transferred pneumatically
to the laboratory where it was washed into a small
electrolysis cell with solvent (0.1 M tetramethyl ammo-
nium chloride or 0.1 M NH4Cl) and electrolyzed into a
mercury cathode. Comparisons of the nobelium activity
in the solution phase were made before and after
electrolysis. By repeating the experimeni at various
electrode potentials (maintained constant by use of a
poteatiostat), the half-wave amalgamation potential
was determined to be —1.85+% 0.1 V vs the saturated
calomel electrode, as shown in Fig. 1.73. The half-wave
potential is estimated by taking the midpoint of the
final drop in the ratio. The lower ratios at intermediate
potentials for the runs with tetramethyl ammonium
chioride can be explained by an adsorption phenom-
enori. By combining this measurement with the system-
atics of Nugent,' we may estimate the standard
poiential for the No-No?" couple to be ~2.6 V vs the
standard hydrogen potential. Thos, by making use of
only a few cyclotron-produced atoms. a fundamental
and important thermodynamic property of nobelium
was estimated.
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1. Chemistry Division.

2. Chemical Technology Division.

3. Anaccount of this work has appeared in Chem. Div. Annu.
Prog Rep. Nov. 1, 1975, ORNL-5111 (1976), p. 30.

4. L.J. Nugent, J. Inoryg. Nucl. Chem. 37,1767 (1975).

EN Tandem Program

HIGH-SPIN STATES OF THE K™
AND %' BANDS OF 2?Na

YL.C. Forg, Ir.

=Y

D. E. Gustafson’

S. T. Thornton' P. D. Miller

T. C. Schweizer' R. L. Robinson
P. H. Stelson

The present experiment was undertaken to investigate
high-spin states in 2*Na by examining the 1*C(' *Na)
24 Na reaction in the framework of the statistical model
employing Hauser-Feshbach (H-F) formalism. Previous
heavy-ion-induced reactions in this mass region have
indicated that the primary reaction mechanism should
be of a compound-nuclear nature.’>’ In the present
experiment, suggestions for spin-parities of the levels
populated have been extracted from a comparison of
energy-averaged angular distributions with H-F calcula-
tions. From the high-spin suggestions we have consid-
ered the possible rotational-band structure of the K™ =
' ground-state and K™ ='* bands. Energy-evel
predictions for high-spin states from shell-model calcu-
lations have been compared with the energy levels of
high-spin states suggested from the H-F analysis for
several of the higher spins (/™ > %",

In the present work a ' ® N beam was extracted from a
duoplasmatron charge-exchange source and accelerated
with the ORNL EN tandem accelerator. The reaction
alpha particles were detected at the focal surface of an
Enge split-pole spectrograph with a Borkowski-Kopp--
type* ¥ counter. At O,y = we measured excitation
functions for states from 0 to 18 MeV of excitation
energy in the bombarding energy range Fy,, = 36.0 to
39.2 MeV in 400-keV steps. Cross sections were also
measured at O,y = 157, 22°, and 28° for four of these
bombarding energies, and at 38.5° and 66.0° for 38.0
MeV. The excitation energies observed were limited at
the more backward angles.

The '?C("3N,a) ?° Na reaction populates many lev-
els, as may be seen in Fig. 1.74. Many of the more
strongly populated levels are labeled by their excitation
energies (taken from ref. 6) for the known low-lying
levels, and determined from an alpha calibration of the
magnetic spectrograph for the higher-lying energy lev-
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els. The excitation energies determined in the present
experiment are quoted to *30 keV. Energy-averaged
angular distributions for the proposed K™ = %*
ground-state band members and the corresponding H-F
calculations for these states are shown in Fig. 1.75.
Remarkably good agreement is seen when comparing
the high-spin states proposed in the present experiment
to predictions for the energy levels of high-spin states
obtained from large-basis shell-model calculations.”
Indications that the shell-model calcufations give good
agreement with the rotational structures and also
account for states that are not in these bands implies
that the extensive shell-model calculations consider the
collective shapes of these bands implicitly, as is also the
case in the *?Na nucleus.® Figure 1.76 displays our
suggestions for the K™ = 4" (ground-state) and K™ =
'/,* bands in the form of a plot of excitation energy vs
J(/ + 1), Those experimentally observed high-spin states
which have two spin possibilities are shown with the
favored spin as a solid point and the other possible spin
as an open circle. The band members according to



shell-model caleulations” and Nilsson model calcula-
tions’ are indicated by the crosses and open triangles
respactively.
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STUDY OF THE COHERENCE WIDTHS [
IN 288i MEASURED BY THE
V2O P 0,00 REACTION

J.1.C. Ford, Jr.
R. L. Robinson
P. H. Stelson
S. T. Thornton?

J. Gomez del Campo’
M. E. Ortiz!
A. Dacal’

The coherence width " of highly excited compound-
nuclear states depends on the excitation energy and
total angular momentum J of the compound system,
and possibly the excitation energy of the staie in the
final nocleus populated by the compound-nucleus
decay.® Heavy-ion reactions may be a useful technique
with which to investigate these effects because these
reactions form compound systems at high excitation
energy with high angular momentuin.

Natural carbon foils with thicknesses of 7 to 10
pg/em? were bombacded by %0 ions from the Oak
Ridge tandem accelerator at laboratory energies be-
tween 40 and 46 MeV. The reaction products were
detected by a 60-cm-long position-sensitive propor-
tional counter located at the focal plane of a split-pole
magnetic spectrograph.

Figure 1.77 displays the alpha-particle spectrum
recorded at a bombarding energy of 404 MeV and
laboratory angle of 7°. The energy resolution of the
order of 60 keV made it possible to sufficiently resolve
states such as the 4 * and 27 levels at 4.12 and 4.23
MeV respectively. The states in ** Mg are labeled in Fig.
1.77 by the presently measured values for the excita-
tion energies, whereas the spins and parities are gener-
ally those of ref. 4.

Excitation functions for the '2C('°®Ou) reaction
leading to the levels or multiplets listed in Table 1.10
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were measured in 200-keV intervals for incident ener-
gies (lab) between 40 and 46 MeV. The table also
presents experimental and theoretical I" vaiues for levels
in ?*Mg whose spin and excitation energy values are
those of refs. 4, 5, and 6. Some of the levels in ?* Mg
that were not resolved are indicated by brackets in the
table.

The coherence widths [' were obtained from the
excitation functions by the usual techniques”'! of
autocorrelation  functions and counting maxima per
unit energy. Table 1.10 shows as "4 the resulting T
values using the autocorrelation functions, including
corrections for finite energy resolution and sample size
in the manner described by Halbert et al” The
tabulated errors are the relative standard deviatjons as
defined in ref. 4. The 1"y; of Table 1.10 correspond to
the coherence widths obtained from counting the
number of maxima in the excitation functions, and the
tabulated errors are based on an estimation of the
uncertainties in the number of maxima.

The coherence widths obtained from the autocorre-
lation functions show large deviations from one level to
another (Table 1.10). However, the variation of the [y
values from level to level is less and indicates no
significant dependence on the spin of the final nucleus.
Because of the effects of finite sample length, the
method of counting maxima should in the present case
be the more reliable method of determining I". Similar
conclusions have also been drawn from other analyses
of the "2C("%0,0) reaction,” as well as from other
heavy-ion reactions.’?

The coherence width T can be evaluated in terms of
the statistical model by calculating the partial widths



Table 1.10. 1" values (in keV) extracted from the
fluctuation analyses of the ¢t 0,&)24 Mg reaction
at bombarding encrgies between 40 and 46 MeV

£ 7 4 I Lh
1.369 2" 120 + 28 152 + 30 139
4.123 47 145 + 32 101 + 30 120
4.239 2t 81+ 19 130 £ 22 156
5.236 37 130 + 30 114 + 16 163
6.010 4" 135 =+ 30 114 = 38 132
7.348 27 91 + 21 114 + 38 184
7.553 1- 222
Tele 3" 166 + 37 91 + 10 159
7.812 Sth 69 + 15 101 =13 123
8.120 6" 42:9 91 =23 110
2:3;2 i+ 214 1 46 114 + 38 1122
8.654 2" 79 + 19 114 + 16 242
8.864 2" 122 + 27 130 52 243
9.002 2" 77 + 18 114 + 38 250
9.283 27 212
9.300 4" 76 + 16 91 : 10 152
9.300 4 176
9.520 6" 126 + 27 130 + 22 118
9.827 1" 73+ 20 114 + 16 293
10.027 57 280 + 62 114 + 16 112
10.161 37°¢ 64 + 15 91 =10 154
10.355 27 118 + 28 101 + 13 231
10.578 57¢ 113+ 25 152 + 30 142
10.683 o* 58+ 16 114 + 16 330
18253 5 69 = 16 114 + 38 542
11.017 2" 168 + 39 101 = 13 244
e e w0
11.313 3D 85 + 23 130 + 52 202
11.457 2t 72417 83 +9 254
WSS gy aene M
11.860 g+d 120+ 25 130 + 22 98
11.980 z: 90 + 21 101 ¢ 13 268
12.050 4 176

5" 112 + 23 130 £ 22 153

12.120

2Values from ref. 4.

Plrom ref. 5.

“This spin included in the H-F calculations.
rom refs. 5 and 6,

I,z of compound-nucleus levels at a given excitation
energy £ and spin-parity J™ . The computation of T,
given in the last column of Table 1.10, has been made
using an H-F treatment and the parameters given in
ref. 13.

Figures 1.78 and 1.79 show the dependence of the
coherence width I' on the excitation energy in *®Si.
The first three experimental points are those obtained
by Halbert et al.,” averaging the I values for the ground
state and first four excited states. We obtained the
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Fig. 1.78. The dependence of the coherence width " on the
excitation energy in the compound nucleus 28gj, The first three
points are from ref. 7. The curves were calcutated using the
values A = 3.89 MV, ,Lf/h2 =4.26,and 2 = 3.86, 3.54, and 3.26
MeV ™! for the dot-dashed, solid, and dashed curves respee-
tively.
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Fig. 1.79. The dependence of the coherence width " on the
excitation energy in the compound nucleus 288, The first three
points are from ret, 7. The dashed curves were calculated using
the values of 3.86 MeV™' and 3.89 MeV for 4 and A
respectively, However, the moment of inertia }I/h2 was varied
as indicated. The solid line is the result obtained by using the
expression I' = 14 exp (—-4.69 \/,4,/!:‘_\.) (sec ref. 14).




fourth data point by averaging the I'y; values for the
first four excited states shown in Table 1.10. The
different curves drawn in Fig. 1.78 correspond to
theoretical I' values with values of A = 3.89 MeV and
dn? = 426 MeVT!, corresponding to a radius pa-
rameter ro = 1.3 fm, and for different choices of the
level density parameters. As can be seen from Fig. 1.78,
the stope of T vs £ is independent of the parameter a.
This was also the case if Awas varied.

However, Fig. 1.79 shows that the slope is sensitive to
the choice of the value of the moment of inertia. Curves
indicated in the figure correspond to values of 9/ of
426, 5.1, and 5.3 MeV ™! which result from choices of
ro of 1.3, 143, and 1.46 fm respectively. These
calculations were done for values of ¢ and A of 3.86
MeV ™" and 3.89 MeV respectively.

As can be seen from Fig. 1.79, the best fit to the
experimental 1" values was obtained when 7, = 1.46 fm.
Although this value of rq is slightly larger than the
recommended figure of 1.4 for the rigid-body value, it
is still within a reasonable limit, as were the ones given
in ref. 12 for *® AL The solid line in Fig. 1.79 is the
result from the expression "= 14 exp (~4.69/A4/E7)
suggested in ref. 14 as reproducing systematics of I vs
the rnass number 4.

The dependence of the slope of I' vs £y on the
moment of inertia is due to the fact that the actual 1"
value is a weighted sum over the distribution of / values
in the compound system, and because for heavy-ion
channels this distribution extends over high-spin states,
the importance of the spin cutoff parameter will be
more significant than for light-ion channels. The de-
pendence of the coherence width I on the componad-
nucleus excitation energy in systems formed by heavy-
fon reactions provides a means to extract the effective
nuclear moment of inertia ¥ and, therefore, the spin
cutoff parameter o*, provided a reliable calculativn of
the H-F denominator, G(J), and partial cross sections,
o, is available.
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EVIDENCE FOR ROTATIONAL
STRUCTURE IN 7% 8e
R. B. Piercey'
A. V. Ramayya’
R. M. Renningen’

J. H. Hamilton'
R. L. Robinson
H.J. Kim

To test our interpretation® of the coexistence of
spherical and deformed shapes in 72Se and the sng-
gested role® of the £ 2 orbit that closes a subshell at ¥
= 40, we have studied the levels in 7?Se. Inbeam
gamma-gamma coiocidence and angular distribution
measurements were carried out with two Ge(Li) detec-
tors of gamma rays from the ®ONi("¢0,2p)7%Se
reaction. The primary results of our studies are summa-
rized in Fig. 1.80. The spins are based on angular
distribution measurements. Lifetimes of many of the
levels were measured by line-shape analysis of the
Doppler-shifted peaks in the 0° detector as obtained
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Fig. 1.80. Level scheme of 74 8e,



from coincidence with the 907 detector. Coincidence
spectra are essential to eliminate effects of side feeders.

The lifetimes in the central yrast cascade show a
regufar decrease. They yield an almost constant defor-
mation. extracted {rom the B(£72) values, except per-
haps for the 4% level, where our results may be
somewhat longer than reported from Coulomb exci-
tation. A comparison of the two "#Se positive-parity
hands to the levels in 77 Se, where a coexistence model
was invoked,® suggests that they may be built on
spherical and deformed shapes. However, in contrast to
72Ge. every like-spin member of both bands in "*Se is
close and so there may be considerable mixing of many
different levels. 1t is not clear yet what motion
characterizes the yrast cascade above the 10" state.
where there is a break in the moment of inertia plot

QRNL-DWG 76 4146
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Fig. 1.82. Energies of fevels in three "4Se bands plotied vs
JU + D

(see Fig. 1.81). Further analysis of these positive-parity
levels is in progress.

The most striking new feature of 7*Se is the
discovery of the mnegative-parity band built on a
collective (~9 spu) 3 7 level reported at 2350 keV in
Coulomb excitation studies.* In Fig. 1.82 we have
plotted the energy levels of these bands vs /(/ + 1). One
can see from these plots that the negative-parity band
fits the one-parameter (linear) rotational formiula ex-
tremely well, whereas such a fit for the two positive-
parity bands is less successful.

For the negative-parity band, Fig. 1.82 shows that
W /2d is remarkably constant compared to the posi-
tive-parity bands and is about 26.0 keV. This is much
closer to the irrotational value of 34.4 keV than the
rigid-body value of 2.5 keV calculated for § =0.3. The
deformation of the negative-parity level as extracted
from lifetimes of the (9 7) and (11 7) levels is larger than
for the positive-parity levels. This is the first time that a
negative-parity band built upon a collective 3~ level has
been studied to such high spins in medium-mass nuclei.
In ®®Zn. negative-parity levels are reported but are
attributed to excited neutron configuration states.’

1. Vanderbilt University. Nashville, Tenn.



2. I.H. Hamilton et al., Phys. Rev. Lert. 32,239 (1974).

3. J. Hadermann and A. C. Rester, Nucl. Phys. A231, 120
(1974).
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TESTS OF THE COEXISTENCE OF SPHERICAL
AND DEFORMED SHAPES IN 7?Se

J. H. Hamilton'

H. L. Crowell!

K. L. Robinson

A. V. Ramayys'

W. E. Collins® R. 0. Sayer?

R. M. Ronningen’ T. Magee®
L. C. Whitlock®

V. Maruhn-Rezwani
J. A. Maruhn

N. C. Singhal'

H. J. Kim

Final results for the lifetimes of the 4% to (12%) states
in the yrast cascade in "?Se were obtained from
coincidence spectra where (he gate transitions were
higher yrast states to eliminate side feeders. This is the
tirst time to our knowledge that lifetimes have been
measured [or the yrast states fromspin4” to (127 )in a
complex decay populated by a nuclear reaction where
all feeder problems were eliminated by gamma-garoma
coincidence work. The lifetimes are 4.5° 1%, 2.620.7,
0757919035 £ 007, and 025 + 0.04 psec
respectively. These values reveal a pattern of increasing
deformation to the 6% state and constant beyond that,
as would be expected in a coexistence model.” Our
results do not agree with values of the 4 7 to (12°7)
lifetimes extracted from singles data in refs. 6 and 7,
where side feeders and extraneous gamma rays in the
vicinity of the transition of interest create serious
difficulty. Our results clearlly show that coincidence
data are essential in the extraction of lifetimes in some
if not all such cases.

A recent theoretical work® has suggested that no
second minimur exists in 77 8Se; if correct, this would
invalidate our earlier interpretation.® To further test
our interpretation we have used the Gneuss-Greiner
approach® 19 of varying the potential to see what type
of potential energy surface can reproduce the experi-
mental levels and our B(£2) values. The data used and
the resulting theoretical values are shown in Fig. 1.83
together with the potential energy surface. The fit used
six parameters in the potential energy and oue for an
anharmonic kinetic term. The latter proved to be
necessary to give both the correct moment of inertia for
the rotational band and the level spacing of the
vibrational levels.

The potential energy surface has three minima, with
all of the experimental levels being located in the
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Fig. 1.83. Potential energy surfuce i a 8 and v plot. In the
right-hiand pact of the figure are shown cuts through the surface
at v = 0% and 4 = 607 plotied as a function of g. The units of
B{E2) are 10743 2% e

spherical and prolate minima only. The third minimum
ont the oblate axis has little influence on these states,
and its existence or nonexistence cannot be inferred
from presently known experimental data. It should he
borne in mind that these are Jeast-square-fit results, so
that those parts of the potential energy surface which
have no bearing on the experimental quantities are just
a by-product of the fit in the important areas and need
not be meaningful physically. This is simply an expres-
sion of the fact that the experimental data are not
sufficient to determine the surface in its entirety. The
main intention of the present fit is to show that the
coexistence of spherical and deformed minima is able to
explain the data. The low-spin states of the yotational
band built on the 0% state are distorted considerably
by the interaction with the spherical 2% state. This
makes the application of the /(/ + 1) rule and of the
spherical vibrator or simple rotator model for the
explanation of the low-energy spectrum highly doubt-
ful. Additional support for the potential energy surface
comes from the prediction of 4," and 6,” states in the
near-spherical minimum at 2095 and 3254 keV respec-
tively. These states could be mixed with more deformed
ones. States are seen at 2406 and 3214 keV with the
predicted branching ratios to the lower 4% and 2V
states.
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*¢Ti HIGH-SPIN STATES

H.J. Kim R.L.Robinson
R. Ronningen'

The high-spin states in *°Ti determined via the
in-beam study of gamma rays from the *"K('2C,
apy)' °Ti reactions for incident energies of 32 to 39
McV are shown in Fig. 1.84. Also shown are the
high-spin states in *°Cr for comparison. The level and
transition energies are very similar and suggest that they
may be the simple shell-model states. Since they are
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conjugate to each other, a common set of shell-model
states can exist in both. [t is hoped that the analysis of
experimental angular distributions and direction cor-
relations from oriented states (DCQ) ratios. which is in
progress, will lead to spin assignments for the higher-
lying two new states.

1. Vanderbilt University, Nashville.

SO0Cr HIGH-SPIN STATES

H.
R.

W. K. Tuttle 111!
R. Ronningen®

Kim
Robinson

J. R.O. Sayer®
L. J.C. Wells. Jr#
Based on their analysis of in-beam gamma-ray spectra
resulting from the *®Ca("* 0 2pay)® ?Crand *9Ca(' 2C,
207 °Cr reactions, Kutschera et al® made an 8%
assignmient to the 4.744-MeV level of 5°Cr, which
decays exclusively to the 6% level via a 1581keV
gamma-ray transition. They then used this spin. in turn,
ta make still further assignments to higher-lying states.
Figure 1.85 summarizes their results. Also shown for
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Fig. 1.85. Experimental and theorctical 50Cr level scheme.
Only the yrast levels are shown.
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comparison are the calculated shell-model states as
given in ref. 5. They measured gamma-ray angular
distributions, linear polarizations (at 207 only), and
gamma-gammma coincidence relations, but did not meas-
ure DCO ratios.®>” As has been demonstrated, DCO
ratio measurements for a cascade such as that of *°Cr
(see Fig. 1.85) would provide additional bases for the
spin assignments.® -7

We measured the IDCO ratios between the 1581-keV
and subsequent 6% > 4% 4" > 2% and 2% > 07 cascade
gamma rays from °°Cr levels populated via the
0Ca(* *C 2py) reaction at 38 MeV. A typical pair of
coincidence spectra from which DCO ratios were
deduced shown in Fig. 1.86. (DCO ratios are
essentially those of corresponding gamma-ray peak
areas, 90° projection vs 0° projection, after correcting
for detection efficiency differences.) The angular dis-
tributions of relevant gamma rays were also measured at
33 MeV. The present angular distribution of the
1581-keV gamma rays is consistent with the 87
assignment, but the DCO ratios are not. The DCO ratios
from any pair of gamma rays for the 8% > 6% = 4" -
2% =07 cascade should be R = 1, whereas the observed
average value of the ratio is Rt,Xp =1.27 £ 0.07. This
rather large discrepancy warrants an alternative spin
assignment, and presently we are analyzing all available
experimental results (i.e., angular distributions, polar-
izations. and DCO ratios) hoping to find an alternative
assignment that resolves this discrepancy.

i

1. Present address: Department of Nuclear Medicine, Madigan
Army Hospital, Fort Lewis, Wash.

. Vanderbilt University, Nashville, Tenn.

. Computer Sciences Division.

. Tennessee Technological University, Cookeville, Tenn.
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HIGH-SPIN STATES IN ¢ Ge

A.P.de Lima'

B. van Nooijen'

R. M. Ronningen' J. H. Hamilton'’
W. K. Tuttle 11?

H. Kawakami' R. B. Piercey’
A.V,Ramayya'  R.L.Robinson
H.J. Xim

Recent studies of neutron-deficient nuclei in the
region Z > 28, N <50 have established band structures
and unusnal behavior in level energy spacings. Anoma-
lously low-lying 0% excited states and rotational-like
level spacings are two fascivating aspects of these
studies. (For studies on 7?8e and 7*Se see J. H.
Hamilton et al. and R.B. Piercey et al. in this same
progress report.)

The gerrmanium isotopes are interesting because in
79Ge a 0 excited state lies just above the first excited
state of 77 =2% and in 7*Ge the 0" state is the first
excited state. Thus we have done in-beam gamma-ray
spectroscopy on the more neutron-deficient *®Ge via
the 12 C(3®Ni, 22)°% Ge reaction with a beam energy of
39 MeV. Angular distributions and gamma-gamma
coincidence measurements were made.

Preliminary analysis of our coincidence data agrees
with the results of Nolte et al.? for the yrast band up to
(8"). However, we tentatively assign a 1124-keV gamma
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Fig. 1.87. Moment of inertia for the yrast states of 63 Ge.

ray for the (107) > (8") transition and a 1409-keV
gamma ray for the (12%)>(10%) transition. The
angular distribution measurements are being analyzed
to make these spin assignments definite.

The striking, behavior of the plot of 24/h vs (hw)?,
where + is the moment of inertia (sce Fig. 1.87),
indicates sharp structural changes near /™ =6" and
(107). Mean-life measurements via the analysis of line
shapes for Doppiler effects are also planned to help
elucidate our findings.

1. Vanderbilt University, Nashville, Tenn.

2. Present address: Department of Nuclear Medicine, Madigan
Army Hospital, Fort Lewis. Wash.

3. E. Nolte et al., 7. Phys. 268,267 (1974).

IN-BEAM GAMMA RAYS FROM THE
SON('2C,2p)"°Ge AND
SINi(12C,2p1)"° Ge REACTIONS

J. H. Hamilton!
G.J. Smith®

R. M. Ronningen'
J.C. Wells, Jr 2
R. O. Sayer*

R. L. Robinson
H.J. Kim

An yrast band in 7?Se with spins up to 12 was found
to have properties that could be explained in terms of
coexistence of rotational and vibrational bands; the
rotational band was built on a low-lying excited 0
state. The nucleus ”° Ge has a similar low-lying 0% state.
To determine if it too has properties attributable to a

coexistence mniodel, we have initiated an in-beam
gamma-ray study.

The reactions *Ni('2C.2p) and ® 'Ni(' *C,2pn) were
used to produce 7°Ge. Unfortunately. a large amount
of 7% As was also produced, which, because it decays
with a 33-min half-life to 7°Ge,® complicated interpre-
tation of the in-beam gamima rays of "®Ge. A prelimi-
nary level scheme obtained from a gamma-gamma
coincidence spectrum and reflecting intensities from a
singles spectrum is shown in Fig. 1.88. Intensitics have
been corrected for decay of 7®As. The levels marked
with an R in Fig. 1.88 are the ones populated by this
decay ®

Two new cascades of gamma rays arc observed, one
initiated at the 3956-keV state, the other at the
6592-keV state. The latter cascade has gamma-ray
energies suggestive of a quasi-rotational band. Interest-
ingly, it decays to the proposed third 4* state® rather
than to the usual first 47 state.

1. Vanderbilt University, Nashville, Tenn.

2. Tennessee Technological University, Cookeville, Tenn.

3. ORAU Postdoctoral Fellow. Present address: Brookhaven
National Laboratory, Upton, N.Y.

4. Computer Scicnces Division.

5. “Nuclear Level Schemes 4 = 45 throngh A4 = 257, from
Nuclear Data Sheets, ed. by Nuclear Data Group, Academic
Press, Now York, 1973.

COULGMB EXCITATION STUDIES
OF 156,1 SSDy 162,1 64El’, AAAND 168Yb
VIA THE (a,') REACTION

R.M. Ronningen'  R. B. Piercey’ H. Kawakami'
R.S. Grantham' A.V.Ramayya' C.F.Maguire'
J. H. Hamilton 8. van Nooijen!  R.S. Lee!
W. K. Dagenhart
L. L. Riedinger?
These stable rare-earth isotopes of low natural

abundance (ﬁO‘B%) are interesting because (1) they are
deformed, (2) they lie farthest from the main line of
stability, (3) their yrast bands show backbending
behavior, and (4) their low-energy-level (<2 MeV)
structures have several /™ = 2% 37 states that may be
collectively excitable.

We have obtained high-pusity (>98%) targets of thesc
isotopes from an electromagnetic isotope separator. The
(x,a') reaction was used, detecting scattered *He ions
from the ORNL tandem Van de Graaff in the focal
plane of the Enge magnetic spectrograph with a
20-cri-long proportional counter. We used energies of
12 to 16 MeV and detected the scattered ions at 150°
for 12 to 13 MeV and 90° for higher energies.
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Fig. 1.88. Levels of 7°Ge.

Our preliminary B{ZA) values are presented in Table
1.11. interesting results are evident, some of which
deviats from what we have found in our similar studies
of gadolinium and hafnivm nuclei.® Although the g-
and 7y-type vibrational states decrease in energy and
increase in strength with decreasing mass for the
rare-carth region in general, the trend for the 273,
B(£2) strength for '°°-1°5Dy is reversed from this.
Also for Y4 Er, 4 possible? fourth 2 state at 1483 keV
is nearly five times as collective as the / 7K = 210 state

at 1315 keV. Other collective states with ™ =24 or 3~
are also weakly excited in !S%Dy, 162764E: and
168 Yh.

The B(£3) strength for each nucleus is found mostly
in one state, with an average value of ~0.22 ¢* b3,
except in ' #*Er, where two 7 ™ = 37 states share nearly
that strength.

Our B{£2) and B(E3) measurements should provide
good tests of collective models for this region because
such models must aot only predict the strengths and
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Nucleus va(elicc\nl:rgy Level (f;b]j\}\))
1567y 138 2% 3.67(5)
891 2%y 0.187(11)
829 2% 0.008(5)
1367 37 0.22(7)
158y 99 2y (491)
946 2%y 0.149¢10)
1085 2% 0.051(9)
1398 3 0.25(4)
1610 25 <0.023
162pp 101 2% 4.95(3)
897 2y 0.167(8)
1166 278 0.041(6)
1351 3 0.19{(4)
(1616) 3D <0.072
todp, 91 2% 5.37(3)
860 2%y 0.146(7)
1315 2% 0.0052(34)
1434 3" 0.106(19)
1484 2" 0.025(9)
1568 37 0.065(24)
168y 88 2% 5.68(3)
984 2%y 0.131(5)
1234 2% (0.048(5)
1475 3”7 0.22(3)
1603 27,30 0.021(3) or 0.093(22)
€? b (€2 b3)

trends of 2%y, 278, and 3~ states but must describe the
other observed collective modes.

The B(£2) strengths of the 2%g states should be of
interest for experiments and calculations involving
properties of ground bands of these backbending nuclei.
Also of interest is the measure of hexadecapole defor-
mations for such neutron-deficient systems: £4
moments for these nuclei are now being extracted.

. Vanderbilt University, Nashville, Tenn.

University of Tenncssee, Knoxville.

R. M. Ronningen et al., to be published.

P. O. Tigm and B. Elbek. Nucl Phys. A107, 385 (1968).

ABSOLUTE CROSS SECTIONS FOR
THE ¢'Ni(' ©0,3n)" *Kr REACTION

1. C. Wells, Jr.! H.J. Kim
R. L. Robinson J.L.C. Ford, Jr.

In our ecarlier paper? which reporied the cross
sections for a variety of channels from the ® ! Ni(* 0 .X)
reaction, one channel, the ®'Ni('®0,31)"*Kr, stood

out in serious disagreement with calculations based on
statistical evaporation of particles from a compound
nucleus. Cross sections for this channe] were based on
in-beam intensitics of the 429- and 674-keV gamma
rays. which, according to Nolte et al..® were the 4> 2
and 2 - Q transitions of 7*Kr. However, Nolte et al.*
more recently have suggested energies of 455.7 and
5578 keV for these two transitions. Also, several
beta-decay studies®” of 7?Kr have become available
since our original work was done. Reanalyzing our data
with this new information. we obtained the limits (none
of the "*Kr inbeam or decay gamma rays were
observed) on the cross sections given in Table 1.12.
These are consistent with the calculated cross sections.

. Tennessee Technological University. Cookeville, Tenn.
J. C. Wells, Ir..etal., Phys. Rev. C 11,879 (1975).

E. Nolte et al., Phys. Lert. 33B, 294 (1970).

E. Nolte et al.. Z. Phys. 268,267 (1974).

. H. Schmeing et al., Nucl. Phys. A242,232 (1975).

Ali Coban, J. Phys. (London) A7, 1705 (1974).

L. Roeckl et al., Z. Phys. 266,65 (1974).



Table 1.12. Experimenta} and calculated cross
sections for the ©' Ni(’ ° (),3;1)74Kr reaction

Eygy, (MeV)

42 <0.15 0

44 <0.25 0

46 <(3.40 0.010
48 <G.55 0.10

S0 <0.65 0.27

HEAVY-ION NEUTRON YIELDS

J. K. Buix P. D Miller
I. Gomez del Campo' P.H.Stelson

Determinations of the total neutron yields resulting
from the '?-'*C bombardment of thin "2 3C targets
have been made. Figure 1.89 shows these data. Because,
at sufficicntly high energies, more than one neutron can
be produced per neutron-producing eveut, the vield is
plotted as v-p, where ¢ is the usual eruss section and v
is the average number of aeutrons produced per
veutron-producing event. The data shown have not
been corrected for the [.17% of '3C in the NAVC tareet
or for the 3% of '*C in ihe enviched '3C target. A
preliminary error analysis indicates that the results are
teliable to 5% (in addiiion to the errors shown in the
figure).

Similar data are now available for '3C on 1180,
Data for '*'*0 on carbon have been previously
reported.?

1. Universidad de Mexico, Mexico 20, DT,
2. ). K. Bair et al., Phys Div. Annu. Prog. Rep. Dec. 3
1972, ORNIJ. 4844 (1973),p. 45.

INTERACTION BARRIERS FOR
THE 6120 PLUS NICKEL,
COPPER, AND ZINC SYSTEMS

K. L. Robinson  J. K. Buair
The cross sections for the 38:00,61.82.04;
63*65(111, and ¢4:00,07.658.70 7, (16.180) x5y reactions

reported by Bair et al.! have been compared with the
total reaction cross section calculated with the sharp-
cuteff model and the parubolic barrier potential. To
extract the total reaction cross sections from the
experimental results, which only give cross sections for
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Fig. 1.89. Neutron yield for the indicated reactions. Targel
thicknesses were 20 to 50 up/em?.

neutron-emitting channels. we used a computer pro-
gram which assumes particles are statistically evap-
orated from a compound nucleus.?



The total reaction cross section for the sharp-cutoff
model is caleulated from the expression

VRO (1

is the distance between the centers of the
target and projectile at contact and ViR ,) is the
potential energy at that radius. A plot of o vs 1/E.
according to Eq. (1) will give a straight line with a zero
intercept at I/V(R p). An example is shown in Fig. 1.90.
The deviation of the experimental points near the

where R,

energy axis from a straight line results from penctra-
tion. an effect not covered by this simple picture. The
total reaction cross section for the parabolic-barrier
model. which does account for penetration, is given by

R ey : .
UR :_,.;‘___“_ In (l + ('2””:(‘.111. % O)hw) . (:)
—reem
ORNL-DWG 75-11847
500 T
!
160
PARABOLIC BARRIER
400 - SHARP CUTOFF
300
a
E
b
200
100
0]
0.022 0.028

(

Fig. 1.90. Experimental and calculated total reaction cross
section vs 1/E. o for 160 bombardment of SBNi.
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Fig. 1.91. Values extracted for the interaction radius +, with
the parabolic-barrier model for heavy-ion-induced reactions.

where Ry, Vy. and hwy are the radius, height, and
curvature, respectively, of the parabolic potential bar-
rier for v waves.® Nuclear deformation is included by
assuming the interaction barrier has a uniform distribu-
tion of values between Vy - A and Vg + A For the
comparison with the experimental data, A and hw were
given values of 3.0 and 4.0 McV respectively. An
example of a fit is illustrated in Fig. 1.90.

Values extracted {rom the interaction barrier for the
interaction radius

ZPZT(’2
P, -
¢ [/O(API/3 .Q,Arl/j)

for all projectile-target combinations fall in the range of
1.54 to 1.65 fm. As illustrated by Fig. 1.91. these
compare favorably with interaction radii found from
other heavy-ion-induced reactions* -

1. J. K. Bair et al.. privatc communication; Bull. Am. Phys.
Soc. 17,530 (1972).

2. R. L. Robinson., I1. J, Kim, and J.L.C. Vord, Jr., Plys.
Rev. €9,1402 (1974).

3. C. Y. Wong, Phys. Rev. Lett. 31,766 (1973).

4. L. C. Vaz and }. M. Alexander, Phiys. Rev. 10,464 (1974).

5. W.Scobel et al.. Phys. Rev. C 11,1701 (1975).



2. Nuclear Data Project

R. L. Auble!

B. Harmatz

. E. Bertrand’
F. K. McGowan'

INTROUDUCTION

This year has seen the culmination of Nuclear Data
Project (NDPY efforts in several areas. The Bvaluated
Nuclear Structuve Data File (ENSDE) has been devel-
oped o where it can serve as the focus for NPP
activities. Standard ENSDF
being used routinely to produce compiier-printed
nuclear data sheets as well as drawings. Additional
output Tormats are being developed to meet the needs
of other users. The project’s file of keyword-indexed
references fo auclear structure literature has also been
used in new ways during the year: a
cumulaicd references to the experimental nuclear strue-
ture literature (1969 to 1974) was issued as a supple-
ment to Vol. 16 of Nuclear Duia Sheets;® the contents
of the cumulated volume were also placed on the
RECON systern for direct interactive search by any
qualified user. ‘

The standard formais® developed by the NDP for the
representation of nuclear siructure data are gaining

cvaluation data seis are

volume  of

wider understanding and acceptance as the existence of
ENSDF becomes kuowu. Tape copies of data sets
containing adopted levels and decay schemes have been
sent on request to several laboratories in the United
States, Burope, and the Soviet Union. The data center
at the Leningrad Institute of Nuclear Physics (LINP)
has also nsed the standard formats to describe results of
nuclear physics expetiments.®

EVALUATED NUCLEAR STRUCTURE
DATA FILE (ENSDF)
General Description

The ENSDF was designed to organize muclear sirge-
ture nformation in standard format? into convenient
blocks and to provide tools for storing and retrieving

0. J. Horen?
Y. A. Ellis
H. I Kim'

W. B. Ewbank
D. C. Kocher!
M. J. Martin
M. R. Schmorak

the information as needed. The file is maintained in two
paris on magnetic disks at ORNL. The permanent file
(on private disk ENSDE1) is pormally off line and is
linked to the computer only when veeded. A temporary
buffer file (private disk N3DFOO, which is always
available to the IBM/360 system at ORNLY is used for
more active data sets, such as those currently being
revised, The contents of NSDEFOO can be retrieved,
cdited, and yevised remotely via the Tume-Sharing
Option (TS0) network.

tuformation in the ENSDFE is organized into “data
sels”” of three general types:
levels -

1. adopted surmnarizing  the

(energy, spin, parity, half-life, decay modes) of cach

properties

fevel known in a nucleus;
2. decay schemes — providing the best available balf-
lives, decay energies, and intensities fov the decay of
cach radioactive nucleus; and
reaction data — giving, for each nuclear reaction, the
nuelear structure  information (including spectro-

W)

scople informmation, but excluding cross seciions)
derivable from that reaction.

Current Status

At the end of 1975, the permanent file had grown to
include information on about 1200 nuclei across the
periodic table. The information is contained in the
following data setst 1170 sets of adopted levels, 850
decay schermes, and 1250 sets of reaction data. These
3270 data sets organize the information on over
120,000 punched cards into easdly retrievable blacks.
Another 35,000 cards are beld on the buffer disk during
preparation of nuclear data sheets.
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Nuclear Data Sheets from ENSDF

For several vears, the drawings in Nuclear Data Sheets
have been produced from standard ENSDF data sets.
During 1975, the NDP took steps to begin the
preparation of the printed data sheets from the data
file. A standard puage layout for presentation of tabular
data was first used for .4 = 75.° The addition of a text
editor and use ol the special 160-character print train
now produce acceptable computer-composed pages for
photoreproduction.”

The combined capability of selecting certain data
from ENSDF and preparing it in readable tabutur form
has also been used to prepare lists in response 1o a
number of special requests. Examples are:

1. a listing of all levels with known lifetimes, 4 = 45 to
Q0:

2. tabulation of halt-lives for nuclei with 4 = 80 to 100
and A = 140 1o 150:

3. tabulations of levels and gamma rays observed in
(H.1. xry) reactions. 4 = 140 10 190;
4. K = 0bands in even nuclei, 4 = 140 1o 190,

Decay Radiations from ENSDF

One additional output formart tor information from
ENSDYE has been tested. The MEDLIST program, which
calculates absolute intensities Tor both atomic and
nuclear radiations following radivactive decay, normally
prepares o tabular format for photoreproduction (e.g..
sce publication ORNL-5114). The program was ¢x-
tended in 1975 1o provide a list ot these radiations in
card-image format, easily readable by FORTRAN pro-
grams. Many conventions of the ENDF/B-1V tupes were
adopted to tacilitate inclusion ot ENSDF data in some
future version of ENDF. Radiutions from 191 radio-
active nuclei were written onto a tape. which has been
sent to several users for testing. A copy is also availuble
on data cell for testing by ORNL users of radioactivity
data.

NUCLEAR STRUCTURE REFERENCES
General Description

In support of its data evaluation program, the NDP
conducts a scarch of the world’s scientific literature for
reports of nuclear structure results. All relevant work,
whether published., preprint, luboratory or
abstract, is tagged with keywords that describe the
appropriate nuclei, reactions, measured data types, and
deduced nuclear properties. The keywords are entered

report,

into a nuclear structure reference file, which is cumu-
lated at intervals so that an up-to-date tabulation of
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refevant articles on a subject is always available at the
NDP. During 1975, 3000 published articles and 2000
preliminary reports were tagged and added to the
master reference file, which now includes some 55,000
entries.

“Recent References” Cumulation

At four-month intervals, newly published experi-
mental articles are selected from the reterence tile and
published as a “Recent References™ issue of Nuclear
Duata Sheets. The complete file is also used 1o fulfill
requests tor references on special topics. During 1975,
the contents of 18 issues of “"Recent References™ were
cumulated and reorganized into a volume titled Nuclear
Structure References, 19691974, which was published
as u supplement to Nuclear Data Sheets.”?

Nuclear Structure £eferences on RECON

In early 1975, the cumulated file of nuclear structure
references for 1969 1o 1974 was prepared for inclusion
among the reference files available for searching from
the RECON
keyword descriptions and references on nuclear strue-
ture topics from any of 27 directly connected RECON
sites within the United States. Since the introduction in
nid-1975 of a dial-up version of RECON, any ERDA-
approved user can search the files trom any telephone.
The RECON version of the NDP refercnce file does not
take full advantage of the keyword structure, but it

network. The file can be scarched for

does provide an interactive scarch capability that can
include combinations of key terms (isotope, reaction,
cte.). The RECON file cun also be used to search on
author or publication year, and can provide printed
references if needed.

PUBLICATIONS

During 1975 the NDP prepared nine A-chain issues
for publication in Nwclear Data Sheets. as well as two
issues of “Recent References™ and the cumulation of
1969 to 1974,
scribed above. The A-chain issues contain complete
data sheets for 46 mass values,
Fitteen of these involved a Nuclear Information Re-
search Associates (NIRA) author or coauthor. Twenty-
three ol the revised A chains were prepared entirely by
computer ENSDEF. The numerical information
contained in all revised A4 chains is included in ENSDF.

Photoready copy for an appendix to NBS Handbook
80, 4 Manual of Radioactivity Procedures, was pre-
pared by the MEDLIST program from standard ENSDF

nuclear structure relerences for de-

revisions ol nuclear

from



data sets. The tables of radiations (atomic and nuclear)
from 191 radioactive isotopes have also been collected
in slightly different format as a laboratory report.®

SPECIAL SERVICES

The NDP has responded to special requests for
nuclear structure information on the average of once a
week during 1975, The requests range from the small
(precision of the '?°Ce half-life) to the average
[biblivgraphy to the (n,y) reaction] to the exteusive
(magnetic tape .containing adopted levels and level
properties for all nuclei). Simple requests can often be
answered from existing compilations or from indexed
reference listings contained in the NDP library. Most
special responses involve a mixture of data printouts
from ENSDF and reference lists from the nuclear
stoucture reference file, For users of large quantities of

data, a number of special subsets of ENSDF have been
prepared on magnetic tape, and these tapes are copied
for distribution.

1. Part-time assignment to Nuclear Data Project.

2. Nuclear Data Project Director, January —November 1975.

3. W. B. Ewbank et al., “Nuclear Structure References,
1969 --1974.” Nucl. Data Sheets 16, suppl. (1975).

4. W. B. Ewbank et al., Nuclear Structure Data File - a
Manual for Preparation of Data Sets, ORNL-5054 (June 1975).

5. 1. A. Kondurov and Yu. V. Sergeenkov, Bulletin of the
LINP Data Center, No. 2, Leningrad Institute of Nucdleas
Physics, U.8.8.R., September 1975, p. 3.

6. D. 5. Horen and M. B. Lewis, Nucl. Data Sheets 16, 25
(1975).

7. Nucl. Data Sheets 16(3) was prepared entirely by com-
puter from ENSDF.

8. M. J. Martin, Ed., Nuclear Decay Data for Selected
Radionuclides, ORNL-5114 (March 1976).



3. Experimental Atomic Physics

ATOMIC STRUCTURE AND COLLISION

EXPERIMENTS
I. A. Sellin® K. H. Liao! R.S. Thoe!
S. B. Elston' D.J. Pegg! H. C. Hayden?
J.P. Forester’  R.S.Peterson’ P. M. Griffin

Our principal research activity concerns the atomic
structure and collision phenomena of highly stripped

ions in the range Z = 10 to 35. The primary objective of

our research is the study of atomic structure of highly
ionized heavy ions and their modes of formation and
destruction in collisions. The decay of excited states of
these ions, by radiative and also by electron emission
processes, is the phenomenon we study in carrying out
these experiments. Qur major tools are the various
heavy-jon accelerators at ORNL; x-ray. soft-x-ray. and

extreme-ultraviolet  spectrometers; electron  spec-
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trometers: and a variety of peripheral equipment
associated with these devices.
Our main experimental activities of the past year are

summarized in the succeeding paragraphs.

Characterisiic and Noncharacteristic X-Ray
Emission Produced by Heavy-lon Impact

We have continued the study of the production of
both characteristic (CR) and noncharacteristic (NCR) x
rays in symmetric ion-atom collisions at medium
projectile energies. The NCR angular distribution
measurements planned a year ago on the C-C, O-C,

AL-AL and  Si-Al  collision  systems have yiclded
corresponding NCR x-ray polarizations that are very
large - typically in the range 0.5 to 1.0 - and are

sensitively dependent both on x-ray photon energy and

ORNL CW
oy
472 Mev

1 2 3 4 5 6 7 8

Fig. 3.1. Plots of the polarization g vs photon energy E for NCR x rays emitted in ALAl gollmons at various incident aluminum
beam energies. Smoothed semilogarithmic plots of the x-ray intensity in counts observed at 90° 1o the be am are also shown, after
absorption in a 12+ detector window and a 50-p¢ Mylar absarber. Positions of the characteristic, united-atom, and REC x rays are
noted.

a2



ORNL- DWG 75-13237

il
0% = S ] T |
(. o0 # Si(40 Mev)—+ Al
- 0 $i{40 MeV) -~ SiH, ]
~ {
i ]

,’ ] REC J
109 ?:r,:.‘0~'*-§" ***** ﬂ 4444444444
e ] R
=2 LA 3

& g oe
. o, R |

P e

10

NORMALIZED TOUNTS

103 =
M: %(% .ﬁ..
— %

102 o 2 " e
= g ]
- &0 o b
Rep e
. By £
o )

2 3 4 5 3 7

PHOTON ENERGY (keV)

Fig. 3.2. X-ray specira for 8i°" (40 MeV) on Al and SiHy. The
x-ray spectra have been normalized to the silicon K x-ray lines.
Impurity peaks at 3.7, 5.4, and 6.4 keV in the solid aluminum
target are probably due to K x rays of calcium, chromium, and
iron. The peak at 3.1 keV is due to REC in the solid target and
argon K X rays in the gas target.

on projectile beam energy.”™® Some of the results aie
shiown in Figs. 3.1 and 3.2.

A principal motivation for these experiments is the
possibility of access to the spectroscopy of superheavy
atoms and molecules and, through them, to the
quantum electrodynamics of strong, so-called super-
critical fields. Recently, Muller, Smith, and Greiner?
predicted a unique signature for melecular K x rays in
the form of a directional anisotropy in their emission,
peaked at 90” to the beam direction and largest near
the limiting combined-atom x-ray energy. Alignment
corresponding to anisotropic o- vs 7-state production
can also lead to asymmetry of this forn, and the size of
the asymmelry observed in the present experiments
seems to imply considerable alignment. Hence, the
uniqueness of the proposed induced-radiation signature
now seems in doubt.

Bevond confirming the existence of directional
anisotropies in NCR emission, the present work raises

important questions concerning the role of alignment in
producing the anisotropies of the observed magnitude
and in the validity of the induced-radiation theory.

Such angular distribution measurements have been
extended for Al-Al collisions to higher beam energies at
ORIC. Qur motivation was to see at what level and at
what beam energy the measured polarization near the
united-atom limit would peak. We anticipated a decline
at higher beam energies. as was apparent from the C-C
and O-C data. As Fig. 3.1 shows, the new polarization
data (closed circles) saturate as a function of beam
energy near the united-atom limit, indicated by the
symbol Fe K, and approaches unity at the variable
position of a peak (labeled REC) in the intensity
spectra (solid lines). This REC peak, which grows
rapidly in intensity with beam energy, is due 1o
radiative electron capture, in which, for example, a
loosely bound target electron fills a vacancy in the
onrushing projectiles, energy and momentum being
balanced by an emitted x-ray photon. The interpreta-
tion of the saturating polarization and the analysis of
cross sections for both REC and other continuum x-ray
production are activities presently under way and will
continue.

A more recent set of experiments coficerts new
experimental results of Bell et al.® for 55-MeV S -~ Al
and 48-MeV § - Ne collisions, which indicated that the
production of NCR radiation was similar for gas and
solid targets when nonmalized to the characteristic line
of the projectile ion. Such a result would indicate that a
one-collision mechanism for NCR production, in which
a vacancy in the K shell is produced and filled during
the collision, is as.important as the two-collision model
proposed by Saris and colleagues. Our new experiments
concern more nearly symmetric collision partners, and
we have found that the yield of x rays near the
combined-atom K x-ray limit (£,) for 40-MeV
Si®* - SiH, is significantly smaller than the vield of
NCR for 40-MeV Si®* - Al® Figure 3.2 provides
comparative raw data from 40-MeV aluminum ions in
silicon and SiH,. Since analyses of present results and
more experimentation are contemplated for the coming
year, further discussion will be deferred to a subsequent
report.

Electron Spectroscopy on Core-Excited States
of the Alkalis and on More Highly Ionized
Lithium-Like, Beryilium-Like,
and Boron-Like lons

Atoms and ions may frequently be excited to states
that, in turn, spontaneously decay by electron rather



than photon emission. Such a radiationless transition is
called autoionization. For this process to be energeti-
cally possible, the excited state must be degenerate in
energy with a state in some ijonization continuum; that
is. the excitation energy of the state must bc greater
than the energy required to liberate a single outer-shell
electron. The simultaneous excitation of two loosely
bound outer-shell electrons or the excitation of a more
tightly bound inner-shell electron to a higher orbital
will satisfy this energy requirement. It is the latter
process, known as core excitation, that has been studied
in our recent experiments on the alkalis.

The literature concerning photoelectron, electron-
impact, and ion-impact spectroscopy of autoionizing
states of the permanent gases is extensive. Similar
results on the equally fundamental alkali metals had,
until our recent work, been comparatively rare and
usually of lesser accuracy, especially in the case of
optically forbidden states. In the past year we have
finished the analysis and published the first data on a
number of optically forbidden core-excited states of Li,
Na, Mg®, and K; we have also published pertinent
details of a method (projectile electron spectroscopy)
that allows ready access to large numbers of such levels
in many alkali and alkali-like systems.!®™'* We note
that the data have attracted attention from investigators
in Berlin (Stolterfoht and colleagues at the Hahn-
Meitner Institute) and in Freiburg, West Germany
(Mehlhorn and colleagues at the University of Frei-
burg), who have subsequently developed similar experi-
ments on the alkalis and alkaline earths.

A comparison of our results with theory and with
other available data has been published.!! It can be
seen that, where available, excellent agreement with
other experiments is obtained, that experimental accu-
racy exceeds that provided by current theoretical
techniques, and that a substantial number of previously
unknown levels have been discovered and their energies
established.

The spectrum of the autoionizing decay of core-
excited states of potassium following the passage of a
70-keV K* beam through a helium-gas target cell was
also studied. The lines present in the spectrum represent
the autoionizing decay of states formed from core-
excited configurations of the type 3p°4snl (n=>3),
3p*3dnl (n > 3), 3p%4pnl (n = 3), etc. The energy scale
chosen was based upon the likely supposition that two
prominent peaks are associated with the J =% and %
levels of the optically allowed term (3p54s2)2P°, which
had been observed in earlier photoabsorption work.!3
The fine-structure splitting between these two levels in
our spectrum is in good agreement with the photo-
absorption data.
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Higher resolution measurements of projectile electron
spectra froim metastable and intermediate-lived states of
lithium-like, beryllium-like, and boron-like states of
oxygen, fluorine, and silicon jons and sodium-like
chlorine ions than had been carried out previously have
also been made. An example is provided in Fig. 3.3,
which depicts the lowestlying features of electron
spectra from three-, four-, and five-electron excited
states of fluorine with one K vacancy (the inset shows
the previous lower-resolution data). In the figure,
electrons are observed at an average time delay of a few
tenths of a nanosecond following excitation, a delay
that is long on the time scale of allowed autoionization
processes.

ORNL-DWG 75-2698

T \
6.75 MeV FLUORINE BEAM |

ELECTRON COUNTS

540 560 580
ELECTRON ENERGY (eV)

Fig. 3.3. Spectra of autoionizing electrons from highly
ionized fluorine undergoning decay in flight, plotted in rest
frame of emitting ton. The continuous curve is drawn to aid the
eye, The inset shows previous lower resolution specirum over
the sarne energy range.

Extreme-Ultraviolet Spectra and Lifetimes
of Multiply Ionized Metal Ions

The sputter ion source in use at the ORNL tandem
accelerator is ideal for producing beams of metal ions
such as silicon, iron, nickel, etc., at energies of ~1 MeV
per nucleon. Stripping at these energies produces
moderate to high degrees of ionization of ions in this Z
range in the L and M shells. In collaboration with
S. Bashkin {University of Arizona), T. Kruse (Rutgers
University), and K. Jones and D. Pisano (Brookhaven
National Laboratory), we have very recently begun
investigating the spectra and lifetimes of An =0 L-shell
resonance transitions in beryllium-like, boron-like, and



carbon-like silicon transitions and An = 0 M-shell reso-
nance transitions in magnesiumlike iron. A typical
specirum is shown in Fig. 3.4,

Many lines of other stages of jonization of both
siticon and iron (e.g., Si VI to Si XII) have also been
observed in the range 100 to 400 A (ref. 16), and, as
usual, many previously unknown and yet to be identi-
fied transitions have been observed. The An =0 reso-
nance transitions, for example, 25% —2y2p transitions in
beryllium-ike silicon or 3s*-3s3p transitions in
magnesium-like iron, are particularly interesting to
study for a number of reasons. First, such transitions
often have lifetimes in the accessible 10- to 100-psec
range, making reasonably accurate lifetime measure-
ments feasible despite limited beam intensities and
spatial resolution. Second, apart from our measure-
ments, there seem to be no other L- or M-shell
resonance transition probability measurements beyond
Z =10, and theoretical values for 4 (the Einstein 4
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coefficient) often have uncertainties approaching 50%.
Third, such 4 values have high astrophysical signifi-
cance. Fourth, such lines oceur profusely in plasmas
whose vacuum enclosure walls contain such mertallic
elements, so that Jine identification and A-value meas-
urements have considerable plasma diagnostic value.

Atomic Collision Experiments Using the ORNL
Multiply Charged fon Source Facility

An investigation of electron-capture processes using
B4 (g =1 to 4) incident on thin H,, He, and Ar targets
in the projectile energy range ~5 to 60 keV has been
made. The use of an atomic hydrogen target will be
undertaken scon. Interesting enhancements of electron-
capture cross sections by incident B*" beams vs B
beams have been observed. This work has been done in
collaboration with J.E. Bayfield, L. Gardner, und

ORNL-DWG 75-12237
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P.Koch of Yale University and D.H. Crandall and
M. L Mallory of ORNL.

Preliminary measurements have been made of the
projectile charge-state dependence of neon K x-ray
production in Ne?* on neon collisions at keV energies,
in which the Fano-Lichten molecular promotion model
is generally thought to be approximately valid. Con-
version ot the data to absolute cross-section data awaits
a calibration experiment with Ne ™ beams. Neon K x-1ay
production by incident 3+, 4+, and 5+ ions at 60 keV
has been found to scale approximately as 1:1.7:4.2.
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CHARGE-TRANSFER MEASUREMENTS

. H. Crandall D.C. Kocher

A number of atomic physics experiments are in
progress using the heavy-ion-source test stand as
source of slow multicharged ions.! Experiments to
measure  charge-transfer sections for ions of
carbon. nitrogen, and oxygen in varions gases were
started in March 19757 At velocities below 4 X 10%
cm/sec, charge transfer is the dominant inelastic process
in collisions of muliicharged ions with atoms or

d

Cross

%6

molecnles, thus playing an important role in many
physical phenomena, especially in high-temperature
plasmas found in fusion research and astrophysics. Due
to the difficulty in obtaining usable fluxes of multi-
charged ions at low velocities, only a small amount of
experimental work has been done®* Some of the
relevant cross sections, including electron capture and
electron ionization and excitation, have been com-
puted, particularly by astrophiysicists.

As a first step in the systematic study of these
collisions the electron-capture cross section of multi-
charged ions of carbon, nitrogen, and oxygen have been
measured in H, gas in the energy range 10 to 110 keV.
The single-electron-capture cross sections for oxygen
ions from charge state 3 to charge state 6 as a function
of ion velocity or energy are shown in Fig. 3.5. Of
considerable interest in collisions of multicharged ions
is the question of how the cross section should scale as
the charge state g. For high energies, where the Born
approximation is applicable, computations suggest that
the cross section should scale as ¢%. Referring to Fig.
3.5, one can see that this scating is not verified in the
low-energy region. The cross section g42 (going from
charge state 4 to charge state 3) is approximately three
times 03, . For initial charge state 5, the cross section is
smaller than that for charge state 4. which is a
consequence of potential curve crossing in the near-
adiabatic energy region.®
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An interesting feature of these data is that the cross
sections do not decrease at the lowest energies, indi-
cating that potential interaction at fairly large intec-
puclear separation is the prmary source of electron
transfer. This in turn implies that the electrons are
transferred into excifed states of the ioa, since the
potential curves of the excited states are the ones that
cross at large nuclear separations.

Data similar to the O cross sections have been
obtained for O and 0™ in H,. These measurements
are being extended to hydrogen atom targets.

From both theoretical and experimental cousidera-
tions, single- and double-electron-captuce cross sections
of the reaction C* +He are particularly interesting.
Double-electron-capture cross sections have usually
been observed to be one to two orders of magnitude
less than the single-electron-capture cross section. Re-
sults for both single and double electron capture of cv
in He are shown in Fig. 3.6. For energies of 5 to 10 keV
the measured cross sections are approximately equal,
with double capture increasing at lower energics.
Theoretical results are also shown for the two cases.
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Extremely good agreement between theory and exped-
ment was found for the double electron capture, but
agreement to within a factor of 2 was found for single
capture.
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3, H. J. Zwally and D. W. Koopman, Phys. Rev. 4 2, 1851
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FLECTRONIMPACT EXCITATION
AND IONIZATION CROSS SECTIONS

13 H. Crandall R, N. Phaneuf’
P.O. Taylor!

For modeling plasma behavior and interpreting line
radiation from a plasma, the electron-impact excitation
and ionization cross sections are ceucial data. Aa
experiment has been designed and an apparatus fabri-
cated to measure the excitation of beryllium- and
lithium-ike jons and the ionization of charge states 3 to
6. A multicharged ion beam from the heavy-ion-source
facility will be crossed ai right angles with a modulated
electron beam in a chamber whose base pressuce is 107
1o 107t? 1orr. With this residual pressure, the signal-to-
noise ratio is approximately 102 necessitating the use
of beam-modulation fechniques. Measurements are
under way.

1. Participants, Joint Insitute Laboratory Astrophysics,

Boulder, Colo.

MULTIPLE-ELECTRON-LOSS CROSS
SECTIONS FOR 60-MeV 1'%*

IN SINGLE COLLISIONS
WITH XENON
L. B. Bridwell® G.D. Alton P D. Millex
J. A Biggerstaff  C.M.Jones Q. Kessel?

B. W. Wehring®

The production of highly ionized beams of heavy ions
has been a subject of intensive investigation in several
laboratories during the last decade. The resulting
technology provides the basis on which many high-
energy heavy-ion accelerators operate. Along the path
of an ion as it traverses a stripping medium, the charge



state of a particular ion may fluctuate many times. The
charge-state distribution of such a beam of particles
reaches equilibrium after traversing a certain thickness
of the stripping medium. A recent survey shows that
extensive information has been accumulated concerning
charge-state distributions of heavy ions as they emerge
from both solid and gaseous targets.* Most of these,
however, have been obtained with experimental ap-
paratus that confines the emerging beam within a very
small solid angle in the forward direction. The work by
Kessel shows that the emerging charge-state distri-
butions produced in single-event scattering depend
strongly on the distance of closest approach.® We have
previously reported a series of experiments in which
absolute yields of highly charged jons were obiained
from high-atomic-number stripping gases at target thick-
nesses somewhat above that of single-collision processes
but somewhat less than equilibrium thickness.®+? That
work was performed specifically for determining design
parameters for a terminal stripper in a large tandem
accelerator. The present results were obtained using the
same apparatus but with a smaller target thickness to
examine single scattering events and to obtain cross
sections for the loss of several electrons in a single
collision.

The experimental apparatus is virtually identical to
that reported earlier®>7 A momentum-analyzed beam
of 60MeV 1'% jons was produced in the ORNL
tandem accelerator. The exit apertures of the differ-
entially pumped target-gas cell were slotted to permit
measurements at scattering angles through 3°.

Charged particles scattered at a given angle were
analyzed with an electrostatic charge-state analyzer that
has been described previously.® The charge-state resolu-
tion was determined by a 1.03-mm-high vertical
collimator positioned at the entrance to the analyzer.
The angular resolution was determined by a slot in a
4.1-mm-wide mask positioned directly in front of the
detector, which was 429 c¢m from the center of the
target. The resulting angular resolution was A8 = 0.054°
and the solid angle was AQ =29 X 1077 sr. Pressures in
the flight tube before and after the target cell were
approximately 2X 107¢ torr throughout the measure-
ments. Target-gas pressures were 5.1X 1073 and
11.9 X 1073 torr, and the scattering angles were 0.05°,
0.10°, and 0.20°.

Figure 3.7 shows the charge.state distribution
measured at xenon pressures of 5.1 X 1073 and
119X 107 torr at a scattering angle of 0.2°. The
similarity in shape suggests that these target thicknesses
are essentially in the single-collision region, although
there is some evidence of electron pickup at the higher
pressure.
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Fig. 3.7. Charge-state distributions for 60-MeV I! % on xenon
at a scattering angle of 6 = 0.2°.

Figure 3.8 shows the differential scaitering cross
section plotted against the number of electrons re-
moved for the three scattering angles observed. For a
Ag of 15, the last N-shell electron must be removed in
the collision. At a scattering angle of ¢ =0.05°, the
range of 6 actually extends from 0.025° to 0.075°, so
that the distance of closest approach, r,, varies from
0.17 to 0.26 A. Self-consistent-field calculations®:1©
show that the radii of maximum radial charge density
are approximately 0.13 A for the M shell and 0.42 A
for the N shell in iodine or xenon. At the minimum
distance of closest approach within the allowed range
for 0 = 0.05°, the M-shell electrons of the iodine-xenon
system are just beginning to merge during the collision.
This may result in the excitation or removal of one or
more of the M-shell electrons, which then leads to ioni-
zation cascades where all of the electrons inthe N shell
are removed. The much higher probability of removing
10 to 12 electrons probably results from similar
processes but with the initial electron excitation or
removal occurring in the NV shell. At § = 0.10° the range
of r, extends from 0.13 to 0.17 A. In this case, the
merging of the M shells within the iodine-xenon system
is substantial; therefore, M-shell electron excitations are
more probable. Finally, at#=0.2" the interpenetration



of the M shells is complete, with r, extending from
0.09 to 0.11 A. The probability of removing all N-shell
electrons relative to other processes then becomes
greater. At these selected scattering angles, L-shell
interpenctration did not ocecur; thus very little M-shell
ionization was observed. Numerical integration of the
differential cross sections for the removal of 11, 12, 13,
and 14 electrons over the angular range observed yields
the results shown in Table 3.1.
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Fig. 3.8. Ditferential scattering cross sections for the removal
of Aq electrons in a single collision between 60-MeV 1'% and
xenon at angles of 0.05°, 0.10°, and 0.20°.

Table 3.1. Total removal cross sections for Ag electrons
tfrom 60-MeV I' % when scattered by xenon 238
in single collisions

Aq Total o (10718 cm?)
11 164

12 87+ 0.9

13 23405

14 1.9 0.3
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From these data and those reported earlier,®>® it is

clear that very high charge-state ions are produced in
single collisions with the target atoms. With the large
magnitude of the cross sections for these events, it is
possible to make experimentally useful bearns of such
ions with a relatively simple gas cell, provided that a
sutficiently large acceptance solid angle is employed.

1. Murray State University, Murray, Ky.
2. University of Connecticut, Storrs.
3. University of [linois, Urbana.
4. H. D. Betz, Rev. Mod. Phys. 44, 465 (1972).
5. Q. Kessel, Phys. Rev. A 2, 1881 (1970).

6. G. D. Alton et al., IEEE Trans. Nucl. Sci. WS-22, 1685
(1975).

7. P. 1. Miller et al., Phys. Div. Annu. Prog. Rep. Dec. 31,
1974, ORNL-5025 (1974), p. 178,

8. C. D. Mouak et al., Pays. Rev. 176,426 (1968).

9. F. Herman and S. Skillman, Atomic Structure Calcula-
tions, Prentice-Hall, Inc., Englewood Cliffs, N.J., 1963.

10, J.°U. Waber and D. 1. Cromer, J. Chem. Phys. 42, 4116
(1965).

SCREENING BY BOUND K ELECTRONS
IN ELECTRONIC STOPPING

S. Daiz J. Gomez del Campo?®
P. F. Dittner! P. D. Miller
J. A. Biggerstaff

In previous studies on the motion of fast ions passing
through crystal -channels it was established that (1)
wellchanneled ions interact only with relatively slow
conduction and- valence electrons that simulate an
electron gas; (2) a considerable fraction of oxygen ions
(g = 6+, 7T+, B+) at ~2 MeV/amu pass through channels
(up to 1 um thick) with no charge-changing collisions
and (3) the stopping power for these ions is closely
proportional to ¢?, implying that bound electrons
screened the nuclear charge by one unit each.® A
quantitative test of this latter point has been made by
measuting the stopping power for channeled B,
CSH0 NS#6T 708 and F7555% 4t 2 MeV/amu.
For one-electron systems the screening ranged from
0.91 for carbon to 0.97 for fluorine, whereas for the
two-electron systems the screening per electron was
approximately 0.92. A comparison of channeled-ion
stopping powers for bare nuclei (Z=5 to 9) with
proton stopping in the same medium also permits the
extraction of higher-order Z effects® (Z,? and Z,*) on
electronic stopping over a much larger range than has



been investigated heretofore (Z =1, 2). The data have
been accumulated and the treatment is proceeding.

. Chemistry Division.

. University of Mexico. Mexico City.

. S. Datz et al., Radiat. Eff. 12,163 (1972).
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PLANAR CHANNELING AND
HYPERQUCHANNELING CF CHARGESTATE-
SELECTED 27.5-MeV OXYGEN IONS IN SILVER

S. Datz B. R. Appleton’
C.D.Moak  J. A. Biggerstaff
T.S. Noggle!

The trajectories of ions penetrating crystal channels
are controlled by the interaction between the charged
paiticle and a continuum potential made up of an
orderly sum of the atoms in crystal rows or planes, For
most ions. charge capture and loss probabilities are so
large that the formal charge on the projectile must be
treated as a statistical average over a distribution.
However, in some cases. charge-changing probabilities
can be strongly suppressed. and one objective of the
present work was to ascertain whether the change in
restoring force due to different ion charge state could
be measured. Previously we reported that 20- to
40-MeV 073 jons channeled in gold and silver have
electron capture and loss cross sections such that {1)
crystals up to ~5000 A thick are “thin targets” for
charge exchange and, hence, capture and loss cross
sections may be mecasured? and (2) the energy loss of
transmitted particles that had not undergone charge
exchange were accurately proportional to the square of
the ion's charge, that is, the nuclear charge minus the
number of bound electrons ®+*

We therefore measured channeled-ion energy loss
spectra for 27.5-MeV oxygen ions in silver (4150 A
thick) as a function of input (7+ or 8+) and exit (7+ or
8+) charge state. For both planar channeling and
hyperchanneling, the charge-state effect on stopping
power is seen for the minimum energy-loss portion but
decreases rapidly with increasing transverse energy,
indicating a rapid rise in charge-changing probability
with increasing amplitude. Although the effect of ion
charge on restoring force could not be determined, two
new aspects of channeling were disclosed. These are (1)
equilibrium charge distributions as a function of ampli-
tude and (2) the observation of a peak in the exit
energy distribution at a greater than random energy loss

100

when the crystal was tilted into a planar blocking
direction.

An additional observation was the appearance of two
peaks in the energy loss spectrum measured for 8+ in,
7+ out, corresponding to electron capture at the exit
and entrance surfaces of the crystal.

lid State Division.
Datz et al., Radiat. £ff. 12, 163 (1972).
Datz et al., p. 63 in Aromic Collisions in Solids, Plenum
Piess, New York, 1975.
4. C. D. Moak et al., Phys. Rev, B 10, 2681 (1974).
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ELECTRON EMISSION FROM FAST OXYGEN
AND COPPER IONS EMERGING FROM THIN
GOLD CRYSTALS IN CHANNELED

A

AND RANDOM DIRECTIONS

S. Datz I. A. Biggerstaff
B. R. Appleton' 1. S. Noggle!
H. Verbeek?

The spectrum and yield of electrons accompatying
the emergence of a fast ion from a solid contain
information relating to the excitation state of the ion
inside the solid and the nature of the response of the
electron plasma to the moving projectile. We have
measured vyields, encrgy distributions, and angular
distributions of electrons emitted by 27.5-MeV oxygen
and 20- and 30-MeV copper ions emerging froim a thin
(3000-A) gold crystal in both channeled (110) and
random directions. In the case of oxygen we concen-
trated attention on the clectrons observed in a peak
with velocities closely corresponding to the emergent-
ion velocity® (~900-eV clectrons). Under channeling
conditions the yield of these electrons was lower than
for random orientation, and, morcover, the yield for
channeled ions depciided on the charge state of the
entering ion (6+ or 8+). For entering charge state 6+,
the ratio of the random yield to the channeled yield
was 2.0, and for 8+ cntrance charge it was 3.0. Because
the electrons are cmitted from exiting ions, the de-
pendence of yield on input charge simply reflects the
dependence of exit charge on input charge and the lack
of charge equilibrium for channeled ions.* The exit
charge distributions were measured and found to be 0.2
(6+), 0.5 (7+), and 0.27 (8+) for random cimergence and
also closely the same for channeled ions with initial
charge state 6+. {Note: This does not mean equilibrium
is achieved.) For initial charge state 8+, the exit charge
fractions were 0.12 (6t), 0.35 (7+), and 0.53 (8+). The
ratio of emergent ions that retain electrons (i.e., non-8+
ions) for 6+ in to those for 8+ in (0.7/0.47 = 1.5) is



thus identical to the ratio of the electron yields. This
observation implies that the totally stripped 8+ ions do
not contribute to this peak and that the electrons in
this peak do not, in this case, arise from capture to
continuum states. Instead, in agreement with Burch,®
who measwred clectrons lost in single collisions of
oxygen ions at these energies, we propose that they are
clectrons removed from the moving ion in the last
ionizing collision. The fact that the random yield is
higher by a factor of 2 than for the 6+ channeled-ion
yield is explained by the larger ionization probability in
random collisions.

For the copper ions, where charge equilibrium should
be rapid and charge-changing cross sections higher, no
sensible difference in the yield of electrons traveling at
the ion’s velocity is observed for channeled and random
20:MeV copper, but for 30-MeV copper the channeled
gave greater yields than the random. The absolute yields
here are in the order of 2 X 107 electron per ion.

The vields of higher energy electrons, arising from
violent collisions with electrons in the medium, are
reduced for channeled ions because of the lower
electron density penetrated. The total yield of electrons
with energies from ~100 to 1200 eV integrated over
~15” of forward scattering angle was no greater than
~).5 electron per ion. For copper lons at 30 MeV, for
example, differences in charge-state distributioos from
gases (7= 9.3) and solids (§ = 13.6) are anticipated.’
The theory of Betz and Grodzins’ concerning the
excitation states of heavy ions in solids would predict
the loss of about four Auger electrons per ion upon
emergence fromr the solid. The 3p3d3d Auger electron
energies, for example, should be ~50 eV, which,
trandated to the laboratory sysiem, corresponds to
energies of ~500 eV for forward scattering. The
observed spectra show no departure from the smooth
distribution anticipated from electron collision theory,
and no evidence for the presence of Auger electrons
could be adduced.
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SPATIAL YION TEMPERATURE MEASUREMENTS

D. P. Hutchinson K. Vaoder Sluis
J. Waldman!

Spatial electron and ion plasina teroperatuges can be
measured using coherent Thomson scattedng. Analysis
of the spectrum of scattered photons from a plasma
provides the electron feinperature if the wavelength of
the incident laser bean is less than 1 uot for a scattering
angle of a few degrees. Increasing the incident wave-
length to 200--500 pin results in the scatteced spectrum
containing ion temperature infonmation.

Feasibility studics have shown that spatial tempera-
tures in a plasma whose density is 10** om™ can'be
determined from a 1-MW CH3F laser operating at a
wavelength of 496 um. Present technology indicates
that a 1-MW CH, F laser can be obtained when optically
pwaped by a 150-J CO, laser operating at a wavelength
of 9,55 wm rather than the normal 10.6-um wavelength.
Commercial CQ, tunable lasers are niot available at this
power level. To force the £0, lager to oscillate at 9.55
pm, a 25-cm SFy gas cell has been placed in the £0,
taser optical cavity. The 5F strongly absorbs and
suppresses the 10wum band lines but has high trans-
mission for the 9qum band lines. A few milliwatts of
9.55-um radiation from an idler cw laser, which has a
diffraction grating as one of the optical elements, is
injected into the CO, laser cavity through a Q.5-nun
hole in the gold-coated back reflector of the O, laser.
This cw signal overrides the spontaneous emission that
normally starts the laser oscillating and locks the CO,
oscillator 1o the injection frequency. Using this methed
a 10-8, normal 10.6-um, CO, pulsed laser has produced
10 J of 9.55um energy. The next step in the
development of 1" MW of 496-um power will be 1o
modify a commercial CO, laser to operate in the
9.55-um mode, which will pump a CHF laser using
either waveguide or unstable resonator techoiques.

A 30W cw €O, tunable laser has been used to
optically pump a cw waveguide-resonator CHy F laser.
Sufficient power has been obtained to use the 496-um
radiation as an interferometer source to measure
electron line density in present toroidal machines and as
a local oscillator for a far-infrared heterodyne receiver
peeded in the Thomson scattering experiment. The
system is now undergoing upgrading by replacing the
optics and increasing the CO, pump power to provide
100 W at 496 um.

1. Consultant, Lowell Institute, Lowell, Masg,



STARK MEASUREMENTS OF ELECTRIC
FIELDS IN ORMAK

K. Vander Sluis  P. M. Bakshi'

Previous investigation of the intensity profile of the
hydrogen Ralmer lines radiated by the ORMAK plasma
indicated satellite structurc due to static and dynamic
electric fields. Analysis of the spacing of the harmonics
suggests electric fields of 5§ X 10% V/ecm existing in the
plasma. Since electric fields of this magnitude are not
expected in the apparently stable plasma, an intensive
effort has been made to validate these measurements.
By appropriate changes in the detector system, the
signal-to-noise ratio has been increased by a factor of
10. Since a computer is used in the signal analysis, a
systeinatic study has been made to climinate the
computer as a source of the harmonic signals. Corre-
lation of the satellite lines with plasma impurity-line
radiation revealed that lines of N 11I coincided with the
shifted hydrogen & line. At the present time, the
statistics of the line shape for a single time interval
during a pulse are so poor that reliable electric field
strengths are not obtainable. On averaging many sets of
data, the lines are broadened, presumably from the
electric field fluctuating from pulse to pulse. Measure-
ments are now being conducted to detect forbidden
transitions of helium when small quantities of helium
are added as plasma contaminanis.

Theoretical studies have been pursued to determine
the feasibility of using the Stark shift of impurity-line
radiation in measuring electric fields. One disadvantage
of hydrogen Balmer-series line radiation is that the
radiation originates at the plasma periphery. By nsing
impurity radiation, the plasma center is accessible for
study. Of most interest is the manner in which the
wavelength and the required resolution scales with Z.
The hydrogen Lyman-alpha equivalent wavelength for C
VI, N VI, and O VIII are 34, 25, and 19 A respectively.
For these ions the wavelength scales as Z ™% and the
Stark displacement as Z !, which results in an effective
scaling of Z . Resolutions of the order of 1075 are
required, which for O VIII would result in a resolution
of 3.4 X 107" A. These resolutions are not obtainable
by known techniques. Thus Lyman or Balmer series line
studies are impossible.

Another possibility exists in going to higher principal
quantum numbers #. As r increases, the wavelength
increases and also Stark splitting increases as n(n — 1).
This scaling imaplies that electric fields in the plasma
center are amenable to mcasurement by using O VIII
lines from states n 2> 8. Present plans are to investigate
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the spectra of lines being emitted by the ORMAK
plasma to determine if lines that originate from high
terins are present.

1. Consultant, Boston College, Brighton, Mass.

ENERGY-MOMENTUM NEUTRAL-PARTICLI,
ANALYZER

J.A.Ray C.F. Barnett

A velocity-energy analyzer has been designed and
fabricated for the ELMO Bumpy Torus (EBT) experi-
ment to determine whether neutral impurities escaping
the plasma are influencing ion temperatures as meas-
ured by the present energy analyzer. The components
of the analyzer include an N, gas stripping cell to
convert the nentrals to ions, a Wien velocity filter, a 45°
parabolic single-channel cnergy analyzer, and a channel
electron-multiplier detector. Since the EBT plasma is
continuous in time, the spectrum will be scanned by
programming both the Wien filter and encrgy analyzer
to a step change in electrode voltage. A major require-
ment of the EBT analyzer is the ability to measure the
flux of particles for energies less than 100 eV. Difficul-
ties are encountered in this encrgy range due to both
the extremely low efficiency (~107) of the stripping
cell to convert neutrals to ions and the inability to
determine neutral-particle fluxes. Recent measurements
have shown that when neutral particles are incident on
a surface, up to 70—90% of the particles are reflected as
neutrals, which also results in an energy reflection
coefficient from 0.1 to 0.5. Thus, large errors are
introduced when thermal detectors, which are now
relied on, are used to measure absolute neutral-particle
fluxes. To overcome these difficulties, design studies are
in progress to replace the N, gas cell with a cesium heat
pipe and to design a thermal detector in which reflected
particles are intercepted by the sensitive detector walls.

EXCITED ELECTRONIC STATES OF
HYDRCGEN MOLECULES

C. F. Barnett  T.J. Morgan'
J. A Ray

Previous observations of Rydberg or highly excited
electronic states of H, and D, have failed to confirm
the quantum-mechanical calculations of level popula-
tion, lifetimes, and observed quantum beats.> Recent
theoretical resulis of A. Russek of the University of
Connecticut suggest that upper electronic levels
(n > 10) of the molecules are being populated from



lower levels (1 ~4) by ovedap of the vibrational states.
To verify this hypothesis, an H, ¥ beam was accelerated
1o encrgies of 100 to 400 keV and passed through an
H, gas cell, where electron capture collisions formed
energetic Hy ¥ molecules in all states of excitation. The
excited H,* molecules were passed through an intense
tongitudinal electric field, which ionized all states
n> 10. Following the field jonizer was a 30-cm drift
region in which the lower vibrational levels would have
sufficient time to repopulate the n 2 10 levels. By
passing the ,* beam through an identical second
electric tield it was found that the n 2 10 levels were
repopulated as predicted by theory. However, on
performing the same experiment with H* atoms, we
also found the n 2 10 levels repopujated. This observa-
tion suggests that the levels n 2 10 are not being
completely ionized by the first ionizer because the
transit time through the electric field is approximately
the same as the mean lifetime for fonization. Another
explanation for the H* repopulation is the mixing of
the n =9 with the n=10 level through overap of
angular-momentum states. Work is continuing to eluci-
date the H* observations and to attempt to devise an
experiment to overcome this difficulty.

1. Consultant, Wesleyan University, Middleton, Conn.
2. €. F. Barnett, J. A, Ruay, and A. Russek, Phys. Rev. 4 5,
2110 (1972).

NEUTRAL-PARTICLE REFLECTION
E. Ricei

Measurements:of the reflection coefficients for 0.3- to
5-keV HY incident on copper, stainless steel, and gold
have been principally concerned with characterizing the
surface condition. Measurements with helium-ion back-
scattering indicated that after any surface-cleaning
procedure the swfaces become contaminated in a few
minutes. Experiments with cleaning surfaces by unltra-
violet radiation in the presence of approximately 1 mm
of oxygen indicate that carbon and other contaminants
can be readily removed from a surface but that an O,
contaminant remains on the surface. Presumably, the
cleaning action is the result of chemically active Oj
reacting with the surface impurities. To provide clean
surfaces for a longer period of time, the base pressure in
the system has been decreased to 107 torr. To increase
the reliability of the data at low energies the apparatus
has been moved to a low-energy ion source where the
beam intensity is one or two orders of magnitude
greater than previously available.
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ABSOLUTE X-RAY-PRODUCTION CROSS
SECTIONS FOR HEAVY IONS INCIDENT
ON A WIDE VARIETY OF TARGETS

P. D. Miller R. P. Chaturvedi®
G. D. Alton R. M. Wheeler®
J. L. Duggan’ F. Elliot®

F.D. McDaniel' K. A. Kuenhold?
R. Mehta' J. McCoy?
G. Monigold" L. A. Rayburn®
J. Tricomi' S. J. Cipolla®
G. Pepper’ A. Zander®

§. Lin”

For the past three years a large group consisting of
the above authors has been investigating the systematic
behiavior of x-ray production by heavy ions. A Si(Li)
detector with approximately 170-eV resolution has
been used, and absolute cross sections have been
determined by detecting Rutherford scattered particles.
The absolute efficiency and energy calibration of the
x-ray detector are determined by a series of precisely
calibrated sources. The bombarding particles used have
been: boron, carbon, oxygen, fluorine, and chlorine. In
each case the energy range covered has been from 0.5 to
3.0 MeV/amu. Some of the authors have participated in
supplementary measurernents using proton, helium, and
lithiwm beams (these measurements have been made at
North Texas State University and Florida State Univer-
sity).

In the K shell, most elements for which it is possible
to prepare thin solid targets on carbon-foil backings
have been investigated in the target atomic number
range from Z =20 fthrough Z =47 In each case
absolute Ko and K production cross sections have been
determined, and the corresponding energy shifts, re-
flecting multiple ionization of the target atom, have
been determined. Errors in the cross sections are
typically of the order of 10%, and the energy-shift
measurements are accurate to about 10 eV. Typical
examples of the cross-section data are shown in Fig.
3.9, where total K x-ray-production cross sections are
plotted for nitrogen ions incident on a series of the
heavier targets. The significance of the various theo-
retical curves is as follows: BEA - binary encounter
approximation® PWBA — plane-wave Bom approxi-
mation;? BE — corrected for the effect of increased
binding of the electron in the target nucleus due to the
close passage of the positive bombarding particle;'®
CD - corrected for the effect of Coulomb deflection of
the incident ion;'® POL — corrected for the effect of
the polarization of the target electronic wave function
due to the passage of the incident ion;'? and



REL - corrected for relativistic corrections to the
target wave function.'? For each of the theoretical
curves, the calculated ionization cross section has been
multiplied by the single-vacancy fluorescence yields
given by Bambynek et al.'® The principal uncertainty
in the comparison of theory with experiment is these
fluorescence yields, since the energy shifts of the K x
rays indicate that there is multiple ionization of the L
shell present, and there is no detailed theory of
fluorescence yields of multiply ionized atoms. Figure
3.10 shows typical energy-shift data for carbon ions on
four of the lighter K-shell targets. The abscissa is the
square of the ratio of the velocity of the bombarding
ion to the average velocity of the L-shell electrons. In
geneval, the peak energy shifts occur for this ratio in the
neighborhood of 1; however, for heavier targets there is
a significant shift toward a lower value of the ratio at
which the energy shifts peak.

The L-shell x rays were investigated for the same
incident ions and energy range for an assortment of
targets ranging from Z =50 to Z = 82. Absolute cross
sections were deduced for all of the resolvable satellites.
These data are being analyzed. More detailed de-
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Fig. 3.9. Experimental '%N ion-induced x-ray-production
cross sections compared with various theoretical predictions
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scriptions of the experiments and their analyses are
given in refs. 14 21,

. North Texas State University, Denton.

State University of New York College at Cortland.

. Univeisity of Tulsa, Tulsa, Okla.

. University of Texas, Arlington.

. Creighton University, Omaha, Neb.

. East Texas State University, Commerce.

. Tennessee Technological University, Cookeville, Tenn.

. J. H. McGuire and K. Omidvar, Phys. Rev. 4 10, 182
(1974).

9. E. Merzbacher and . Lewis, p. 166 in Encyclopedia of
Physics, S. Flugge, Ed., vol. 34, Springer-Verlag, Berlin, 1958.

10. G. Basbas, W. Brandt, and R. Laubert, Phys. Rev. A 7,
983 (1973).

11. K. W. Hill and E. Merzbacher, Phys. Rev. A 9, 156
(1974).

12. An approximate correction is given by J. S. Hansen, Phys.
Rev. 4 8,822 (1973).

13. W. Bambynek et al,, Rev. Mod. Phys. 44, 716 (1972).

14. R. M. Wheeler et al., “K X-Ray Production Cross Sections
for Fourteen Elements from Calcium to Palladium for Incident
Carbon Ions,” to be published in Physical Review A, Maich
1976.

15. J. Tricomi et al., “K Shell X-Ray Production in Ge, Rb,
Y, Z1, and Ag by 14N Ion Impact,” submitted for publication
in Physical Review A.

16. F. D. McBanicl and J. L. Duggan in Proceedings of the
Fourth International Conference on Beam Foil Spectroscopy
and Heavy-Ion Atomic Physics, Gatlinburg, Tenn., Sept. 15—19,
1975, Plenum Press, New York, 1976.
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17. J. Tricomi et al., “X X-Ray Production Cross Sections for
Elements of Z =20 to 37 by Incident Cl fons of 16--43 MeV
Energy,” paper presented at the Fall Meetling of the Texas
Section of the American Association of Physics Teachers,
Midwestern University, Wichita Falls, Tex., Nov. 1-2,1974.

18. J. Tricomi et al., “funer Shell lonizations Produced by
Fast Chlorine JIons,” paper oresented at the 78th Texas
Academy of Science Meeting, Sam Houston State University,
Huntsville, Tex., Mar. 20--22, 1975,

19. R. Menta et al., Buldl Am. Phys. Soc. 21, 33 (1976).

20. F. D. McDaniel et al., “A Systematic Study of K-Shell X
Rays from Ti and Rb for Incident lons lH, g’He, 71,1’., ! 2C, MN,
191’, 2SSi, and 25C1 in the Range from 1-3 MeV/amu,”
abstract submitted to the Tucson Meeting of the Amertican
Physical Sooiety, Dec. 3--6, 1975, )

21. Y. Triconi et al., “K Shell X-Ray Production by '*N Ions
Incident on Thin Targets of Ge, Rb, Y, Zr, and Ag,” abstract
submitted to the Tucson Meeting of the American Physical
Society, Dec. 3-6, 1975,

CONTROLLED FUSION ATOMIC DATA
CENTER

C. F. Barnett M. L. Wilker

In view of delays caused by updating and insufficient
manpower, the compilation Cross Sections of Interest
to Thermonuclear Research has been rescheduled for
publication in April 1976. The compilation has grown
to approximately 800 pages with 2500 data sets. In
cooperation with the Afornic Trassition Probabilities
Data Center of the National Bureau of Standards, a
bimonthly publication entitled Atomic Datg for Fusion
was started 10 Januvary 1975, One of the major
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objectives of the newsletter has been to place in the
hands of fusion researchers tabulated nuwmerical data
pertinent to high-temperature plasmas many months
before the data appear in the published literature.
Because the data have not gone through the referecing
process, the data center staff makes an attempt to
evaluate data before placing them into the newsletter.
Topics covered by the newsletter include atomic struc-
ture, atomic transition probabilities, particle inter-
actions with surfaces, and atomic collision cross sec-
tions.

Searching and evaluation of the current published
literature has continued with the bibliograpbical data
eatered into the computer storage file. A small effort
was begun to transform tabulated cross-section data
into reaction-rate data for both Maxwelliao-Maxwelliao
and beam-Maxwellian distributions. Future plans in-
clude storing cross sections, reaction rates, and analyti-
cal expressions for reaction rates in the CTR Livermore
computer for on-ine retrieval.

During the past year, discussions have been beld with
the International Atomic Buergy Agency (IAEA), Neu-
tron Data Section, in regard to the participation of the
JAEA in data compilation and analysis in the field of
atomic data for controlled fusion. Approval has been
granted for the TAEA to start a small two-year test
program in January 1977. The exact role that the JAEA
will perform is unclear, but it scems probable that they
will have as a major task the coordination of the efforts
in many countries.
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HEAVY-ION LABORATORY

HEAVY-ION FACILITY PROJECT

J. B. Ball J. W. Johnson
J. A. Martin R. . King*

I. A. Biggerstaff ~ J. D. Larson®
R. S. Lord M. L. Mallory
C. M. Jones J. E. Mann

R. L. Robinson G. S. McNeilly?
J. K. Bai W. T. Milner
R. M. Buckers S. W. Mosko
E. Eichler? J. A, Murray!
K. N. Fischer? J. D. Rylander’
J.L.C. Ford, Jr. R. O. Sayer?
C.D. Goodman  J. A. Steed'

E. D. Hudson N. F. Ziegler

Activity on the new Heavy-lon Facility project which
began last year has continued on schedule this year, the
major concentration of effort being on design. The
elevation view in Fig. 4.1 illustrates the major features
of the project: the 25-MV folded tandem electrostatic
accelerator, injection of beams from the tandem accel-
erator into ORIC for energy boosting, and a building to
house the tander, its injector, and auxiliary equipment.
Also included in the building addition are two experi-
mental areas for use of beams directly from the tandem
accelerator.

Detailed design of the building addition was provided
by the architect-engineering firm of Chas. T. Main, Inc.
This work, begun in late December 1974, was finished
in December 1975. The drawing and specification
package will be issued to prospective building con-
tractors early in 1976 with bids due in mid-February.
An architectural rendition of the final design is shown
in Fig. 4.2.

Site preparation for the building addition was started
in late July and was 65% complete by the end of the
year. A view of this activity is shown in Fig. 4.3. This

work is expected to be completed by mid-February
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1976, about one month prior to the scheduled start of
building construction. .

On the basis of competitive bids, National Electro-
statics Corporation {(NEC) was selected to build the
tandem electrostatic accelerator. Final approval by the
Energy Research and Development Administration
(ERDA) of the contract with NEC was received in May.
The accelerator system to be supplied and installed
under this contract is shown schematically in Fig. 4.4.
The system comprises all of the components shown,
including the high-voltage generator, the pressure vessel,
the injector platform with ion source, and the inter-
connecting beam transport and vacuum components.
Also included, but not shown in the figure, are a
computer-based control system and a complete gas-
handling system with liquid-storage vessels. The com-
plete technical specifications on which the accelerator
system is based are available as an ORNL technical
memorandum (ORNIL/TM-4942). For specific details
about the system the reader is refeired to these
specifications and to the Heavy-lon Laboratory News-
letters which are published quarterly.

The design of the ORIC modifications required to
adapt the cyclotron for use as an energy booster is
proceeding on schedule with 50 of 192 projected design
drawings completed. Included in this portion of the
project are all components of the injection-transfer
beam line connecting the tandem accelerator to the
ORIC. Fabrication of some of the components has now
begun with the first package of modifications scheduled
to be installed in ORIC late in 1976.

Formal ground-breaking ceremonies for the project
took place on April 5, 1975, About 125 people were in
attendance to hear a talk by ERDA Administrator
Robert Seamans and temarks by ERDA Assistant
Administrator John Teem, U.S. Congresswoiman
Marilyn Lloyd, University of Tennessee Chancellor Jack
Reese, and ORNL Director Herman Postma.

Overall completion of the facility is still projected for
late 1978 with initial testing scheduled for early 1979.
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Fig. 4.2. Artist’s conception of the ORIC building with the addition of the tower for the “folded” tandem.

PHOTO 0286 76

Fig. 4.3. Site preparation activities behind the ORIC buildin
house the SI'g compressors and storage vessels.

g. The area at the right of the photograph is for a small building to
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Fig. 4.4. Schematic of the 25-MV tandem accelerator system.
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A users’ organization for the facility became func-
tional this year with the first annual meeting held in
October. About 70 people from outside ORNL and 58
ORNL staff scientists met to ratify the charter pro-
posed for the group by a six-member executive com-
mittee.

1. UCC-ND Engineering.
2. Chemistry Division.
3. UCC-ND Computer Sciences.
4, Consultant.
HEAVY ION FACILITY —
PHASE 11 PROPOSAL
J. B. Ball J. E.Mann
J. A. Martin G. S. McNeilly'
J. A. Biggerstaff S. W. Mosko
E. D. Hudson J. A. Murray?
R. S. Lord R. L. Robinson

Phase II of the expansion of facilities for research
with heavy ions is being planned to extend the range of
beams useful for nuclear research to include the full
range of atomic masses and to significantly increase the
maximum energy available for the lighter heavy ions. A
new K = 300 to 400 separated-orbit cyclotron will serve
as an energy booster for beams from either the 25-MV
tandem or the ORIC, and additional experimental areas
which can be served by beams from either the 25-MV
tandem or the new cyclotron are to be provided. The
separated-sector cyclotron (SSC) will accelerate heavy
ions to at least 10 MeV per nucleon for the full range of
masses through uranium and will provide light ions in
the range through A = 40 with energies up to about 75
MeV per nucleon. The range of performance in energy
vs ion mass is seen in Fig. 4.5.

The arrangement of the facility (Fig. 4.6) was planned
so that construction of the project would not interfere
significantly with the continuing research programs of
the phase I project; the plan will also allow changes at a
later time to transport beams from either the SSC or
25-MV tandem to existing ORIC experimental areas,
including the UNISOR facility. The new building will
be a high-bay structure adjacent to the phase [ facility
and to the existing ORIC facilities, The addition will be
approximately 190 ft long, 60 ft wide, and 47 ft high.
A 35-ton bridge crane is provided to handle cyclotron
components, experimental equipment, and movable
shielding.

The new experimental areas will provide 6000 ft* of
additional space, arranged in two large rooms. Each of
these spaces will be served with three beam lines. The
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Fig. 4.5. Ion energy vs ion mass for the K = 300 SSC with ion
injection from the 25-MV tandem. This is for the case of gas
stripping in the tandem terminal with foil stripping before
injection into the SSC. Also shown are curves for the tandem
plus ORIC (phase I) and the tandem alone.

larger of the two rooms is envisioned as providing space
for a large spectrometer to be added later.

A plan-section drawing of the SSC (Fig. 4.7) illus-
trates the main features of the design. The principal
characteristics of the cyclotron are given in Table 4.1.
Two of the opposing spaces between the sector magnets
contain rf cavities. The others will contain beam-
injection and -extraction equipment and diagnostic
probes. The ion-injection system is adjustable in radius
to meet the requirements of different beams from the
tandem and the matching requirements for beams from
ORIC.

The magnet sector angle is 52°, a choice that gives
strong axial and radial ion focusing well away from
resonances due either to magnet imperfections or to the
fourfold magnet periodicity. Additional details of
magnet design and its ion-focusing characteristics are
given in another section of this report.’

The cyclotron rf system consists of quarter-wave
coaxial resonators. The dees and respective ground
planes are cone-shaped structures. Smaller resonators



operating at twice the main rf frequency are mounted
within the main resonators. These harmonic resonators
serve to effectively ““flattop™ the accelerating voltage
waveform to increase the phase acceptance. The system
is expected to increase the phase acceptance for the
0.1%-energy-spread output beam from *3° to +10°.
This feature eases bunching requirements for tandem
beams and provides better phase matching for beams
from ORIC.

The vacuum systern for the cyclotron will be designed
to provide a base operating pressure of 1 X 1077 torr to
avoid significant losses from charge-changing processes.
The system volume of approximately 100,000 liters is
to be pumped by a system of helium-cooled cryopumps
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aided by small oil-diffusion pumps for noncondensable
gases. The system will provide a pumping speed of
140,000 liters/sec for air and 10° liters/sec for water
vapor. Pump-down time is estimated to be 15 hr.
During the past year a formal preconceptual design
study was completed to define the scope and cost of
the proposed addition. A conceptual design study to
further refine the project design is authorized for 1976.
Some changes in the design are being reviewed. Among
the modifications being considered are an increase in
the size of the cyclotron to K = 400, a change to a
vertical half-wave resonator system possibly without
second-harmonic resonators, and a change in rf range to
increase the upper frequency limit to approximately 20

QRN ~-CWG 75-2812

Fig. 4.6. First-floor plan view of the Heavy-lon Laboratory; the phase I addition is shown at the bottom.
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Fig. 4.7, Plan view of the separated-sector cyclotron.

Table 4.1. Characteristics of the separated-sector cyclotron

General

Maximum energy? (MeV/4)

Uranjum, 23843 10
Carbon, 12064 75
Maximum Bp? (kG-cm) 2540
Energy constantd K (E = Kg*/A4) 310
Maximum magnetic field (kG) 15
Extraction mean radius (m) 2.83
Injection radius (i) 0.73-1.07
Magnet system
Nurnber of sectors 4
Sector angle (deg) 52
Gap (cm) 10
Steel weight (metric tons) 1450
Main coil powesr (kW) 300
Trimming coil power (kW) 300
Radio-frequency system
Main/harmonic
cavities
Number of cavities 2/2
Frequency range (MHz) 6—14/12-28
Rf voltage, peak (kV) 250/100
Maximum 1f excitation power (kW) 200/50
Amplitude stability 1:10%
Phase stability (deg) 0.1

®With higher magnet power the design is capable of B,y =
17.32 kG, Bp = 2930 kG-~<m, and K = 400 and corresponding
higher energies.

MHz to better match the requirements for high-energy
ions.

1. UCC-ND Computer Sciences.

2. UCC-ND Engineering.

3. See this report, E. D, Hudson et al.,, “Magnet-Model
Studies for Separated-Sector Heavy-lon Cyclotrons.”

BEAM-BUNCHER TEST PRGGRAM

W.T.Milner N.F. Ziegler
S.W.Mosko R.F, King!

The optimum injection of beams from the 25-MW
tandem accelerator into ORIC requires that the incident
beam be bunched into 6° or less of the cyclotron f
period. The double-drift harmonic beam-bunching
system®™* is especially attractive for this application
because of its theoretical capability to bunch a large
fraction of the electrostatic accelerator dc beam into
the required pulses. A program to install and evaluate a
prototype double-drift harmonic beam-bunching system
on the EN tandem accelerator is under way. A portion
of the EN tandem injection beam line has been
redesigned to accommodate this equipment, and design
of the bunching system is in progress. This program will
include not only bunching-system evaluation but also
the development of beamn-pulse detection equipment
and a CAMAC-based control system.
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Fig. 4.8. A and B define the regions of 90 and 80% voltage
efficiency about line I (Le., at 450-keV ion energy) for a
buncher whose first-harmonic element is 6 cm long. Corre-
sponding regions about line II (for 150-keV ion energy) will
have the same width, on this scale, as those about line 1.

A study has been carried out in which the probable
range of ORIC operating parameters was determined for
a number of ions in the mass range of 12 to 238 amu. A
consi leration of the range of orbit frequencies that
might be required for these ions shows that buncher
elements of fixed length (6 and 3 cm for the first- and
second-harmonic elements respectively) can be used to
cover the entire range of operating frequencies. Figure
4.8 shows the frequency range that can be covered by a
fixed-length buncher system operating on 450-keV ions.
The region below mass 60 can be accormmodated easily
by reducing the ion-injection energy. For example,
carbon ions wilt require injection energies of around
200 keV or less. Note that a frequency range of 1.8 to
1.0 can be attained, at fixed ion epnergy and buncher
length, with only 10% loss in buncher voltage effi-
ciency.

1. Consultant.

2. Phys. Div. Annu. Prog. Rep. Dec. 31, 1974, ORNL-5025
(1975), p. 155.

3, W. T. Milner et al., ITEEE Trans. Nucl Sci. N8-22, 1697
(1975).

4, R. Emigh, p. 338 in Proceedings of the 1966 Linear
Accelerator Conference, Los Alamos Laboratory Report
LA-3609, 1966.
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DEPENDENCE OF '2C AND 190 CHARGE-3TATE
YIELDS ON STRIPPER-GAS FLOW

R.0O.Sayer'  E.G. Richardson

In contrast to the more typical emphasis on high
charge states, successful injection of '2C and '¢0
beams from the 25-MV folded tandem Van de Graaff
into ORIC will require acceleration of charges 3 and 4,
respectively, at relatively high terminal voltage, V;. To
investigate the intensities expected for these beams we
have measured chargestate yields as a function of
stripper-gas flow in the ORNL EN tandem. Typical
results for analyzed beam current as a function of
pressure in the high-energy tube are shown in Figs. 4.9
and 4.10. These data indicate that ample charge 3 and 4
intensities at V, = 6 MV can be achieved at reduced gas
pressures.

With regard to yields at higher V;, the '2C data at 6
MYV show that, by a suitable reduction in gas flow, cne
can move 2 units away from equilibrium to charge 2
while suffering only about a 40% loss in intensity. At
V; = 15 MV the most probable charge is about 5, so
that an adequate intensity for '*C* with optimum
gas flow can be expected. A similar argnment can be
made in the '¢Q case. Therefore it seems likely that
sufficiently intense low-charge beams of '2C and 60
at moderately high V; will be available for injection
into ORIC. Nonetheless, measurements in the 15 to 25
MV range are desirable.

We are indebted to Art McDonald and G. F. Wells for
helpful discussions.

1. Computer Sciences Division.

MAGNET-MODEL STUDIES FOR
SEPARATED-SECTOR HEAVY-ION CYCLOTRONS

E. D. Hudson G. S. McNeilly

R.8.Lord S. W. Mosko
L. L. Riedinger! M. A. Barre®
J. A. Martin M. P. Bourgarel?
F. frwin T.T. Luong®

M. Chayon?

A foursector model of a 2200-metric-ton K = 440
separated-sector cyclotron (SSC) magnet has been built
to 0.15 scale. Magnetic field measurements have been
made using a single [all-effect element that was
positioned by a high-precision nuaerically controlled
table. A list of full-scale characteristics is given in Table
4.2. The SSC is proposed as the second-stage accelerator
to follow the 25-MV tandem electrostatic accelerator.
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Fig. 4.9. Analyzed current in pnA for charge 2,3,4,and 5 120 beams vs high-energy tube pressure at V, = 6.0 MV.

These measurements were also made to provide mag-
netic field design information for the GANIL project.
Four members of the GANIL project (Fig. 4.11) spent
several weeks during May, June, and July at ORNL
taking data on the maodel.

The magnetic field profile of the model was experi-
mentally mapped at excitation levels of 5, 8, 12, 14, 16,
and 18 kG. Figure 4.12 displays a normalized compari-
son of the average magnetic field as a function of radius
for 8 and 16 kG. This average at each point has been
calculated along a path of constant radius rather than
along the particle path. The average is smooth to within
0.01% of the maximum field, that is, 1 or 2 G ont of 16
kG. Between the limits of the injection and extraction
radii, the 8- and 16-kG fields are similar in shape to
within 0.5%. The near absence of saturation effects at
16 kG, the operating point of the full-scale magnet,

leads to very nearly the same dynamics of particle
orbits at low and high field levels.

The effective magnetic angles at several radii are in
very good agreement with the calculated values and the
design value of 52°, demonstrating that the steps
around the pole edge provide an excellent approxi-
mation of the desired Rogowski profile. The constancy
of the magnetic angle as a function of radius also
demonstrates the success of the pole-edge design. We
find, in addition, that the magnetic angle at a given
radius is constant to within 0.5° from 8 to 16 kG. This
once again shows the near absence of saturation effects
over this important range.

The results of General Orbit Code calculations with
12C% and 238U injected into the 16-kG field are
graphed in Fig. 4.13. Here the orbits at successive radii
were isochronized by adjusting the field level as a
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T o L IL H | A furnished by trimming coils. This resonance diagram
e S O Jj demonstrates the operating region of the proposed

l ) | ‘ 1 l cyclotron and shows that with the 52° sector we will be

200 =7 v VﬁHT I free of instabilities caused by the essential resonances.
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100 |—— | L 477‘ HL Table 4.2. Characteristics of the full-scale
§ e o - ‘;")T DeameOE separated-sector cyclotron magnet
a R S {7 L
= | ji%grfq 1y T \;j; TIT] Energy constant, K (MeV) 440
W 50 i ’T’lﬁ I | i s o
o S A ISR Energy gain 9-19
= L S i Magnetic field (kG) 16
= [ T ‘\ ‘f I Number of sectors 4
L.)ij 20— — — ‘L _ | ,ig S SO 1l h Sector angle of magnet (deg) 52
= I I \ l [ ] || Gap (cm) 10.2
= ‘ e ‘ | Pole radius, min (¢m) 40.6
fore—— - ° " JE Pole radius, max (cm) 358.0
S S A T Yoke radius, max (cm) 572.8
S| S I Ar GAS STRIPPER ' '[] T : by
S - IMAGE SLITS=0400 in. TOTAL - Yoke width {em) =32,
Gl L EXTRACT.=21 kv . Yoke height (¢cm) 553.7
NI L L ACCEL.=79 kV Jl Sector weight (tons) 600
o 747 gt LLH#J SO R *‘1 11 Sector wcightA (metri‘c tons) 540
‘\ |9 | ' | | [ l ‘ Beam extraction radius (¢m) 3289
2 L | o at injection, min (cm) 432
107 2 5 108 2 5 1072 p at injection, max (cm) 63
H.E. PRESSURE (Torr) p at extraction {cm) 188.7
Ampere turns per sector at 16 kG 148,000
Fig. 4.10. Analyzed current in pnA for charge 2, 3,4, 5, and Power per sector (kW) 100

6 10 beams vs high-energy tube pressure at V', = 6.5 MV.

Fig. 4.11. Members of the GANIL project (France) working with the 0.15-scale model of a 2200-metric-ton cyclotron magnet

PHOTO 2286-75

are, from left, Maurice Ohayon, Thanh-Tam Luong, Michele Barre, and Marie-Paule Bourgarel.
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The range of v, and v, values is quite satisfactory for
the successtul operation of a four-sector cyclotron.

1. University of Tennessee, Knoxville.
2. Project GANIL, France.

INGRID PROPOSAL
M. J. Saltmarsh R. E. Worsham

Some of the major technological difficulties that will
be encountered in the search for commercial fusion
power are associated with the radiation damage to
structural materials caused by the 14-MeV neutrons
emitted from a d-T plasma. Investigation of this effect
is severely hampered by the lack of suitably intense
sources of energetic neutrons that are capable of
simulating the spectrum expected at the first wall of a
fusion reactor,

In response to this need a proposal has been prepared
and submitted to the ERDA Division of Controlled
Thermonuclear Research for the construction of an
intense neutron generator for radiation-induced damage
(INGRID).! The proposal represents a collaborative
effort involving several ORNL divisions (Metals and
Ceramics, Physics, Reactor, Solid State, and Thermo-
nuclear) and staff from the Accelerator Division at the
Fermi National Accelerator Laboratory.

The INGRID facility is based on the d-Li concept,
which also forms the basis of similar proposals by
Brookhaven National Laboratory (BNL)? and Hanford
Engineering Development Laboratory (HEDL).? A
100-mA 40-MeV beam of deuterons produced by a
linac with a 100% duty factor would be used to
bombard a 2.5-cm-thick jet of liquid lithium (Fig.
4.14). Neutrons are produced mainly in the forward
direction, providing an experimental volume of several
hundred cubic centimeters at fluxes <10'* neutrons
cm 2 sec™!, equivalent to the flux on the first wall of a
fusion device operating at a wall loading of 1 MW/m?.



117

DEUTERON el

B8EAM I ——

HEATED VACUUM
PIPE o

AN

ORNI-OWG 76 ~2551

TRANSITION
REGION

-~ NOZILE
-NEUTRON FLUX CONTOURS
3.0

1.0 0.5

80cm3 400cm® 1200:m

~—2.5%10cm LITHIUM STREAM
VELOCITY = {5 m /sec

- ASPIRATOR

TRANSITION
REGION

(8] 10
| SR SOOI |
CENTIMETERS
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) and their associated experimental volumes correspond to a 100-mA 40-MeV deuteron beam with a

circular beam spot. The intensity profile was assumed to be Gaussian with a diameter of 2 cm (FWHM).

Analysis of the effects of the resultant neutron energy
spectrum shows them to be very similar to the effects
expected from a fusion spectrum, in terms of both
atomic displacement and nuclear transmutation rates.

A plan view of the facility is shown in Fig. 4.15. The
major components are the following.

1. The ion source and high-voltage column, capable of
producihg a 200-m0A dc beam of 350-keV d* ions.

2. A H60-MHz cw linac, approximately 45 m long, to
accelerate 100 to 150 mA of the injected beam to
energieg of 20 to 40 MeV.

3. A beamLtransport system to send the beam through
+45° to'one of the two irradiation cells.

4, A lithium circuit that pumps liquid lithium to one of

the two lithium targets, each of which consists of a
10- by 2.5-cm jet of lithium moving at 15 m/sec
across the end window of the beam-pipe vacuum

system. The one free surface of the jot is exposed to
the vacuum to eliminate the need for a window. The
4 MW of beam power dissipated in the lithium
circuit is transferred to a secondary heat-transfer
fluid, tentatively chosen to be Dowtherm.

. The irradiation facilities, consisting of the heavily
shielded irradiation cells containing the lithium
target, the probes that hold the samaples to be
irradiated and carry the experimental services
through the shielding, and the hot-cell facilities used
for disruantling ot repairing experiments.

The facility must be conservatively engineered be-
cause irradiation times of a few days to years will be
needed.

The overall cost, including some prototype develop-
ment work, is estimated to be ~$70 million assuming
INGRID to be an FY 1978 project. The time required
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for construction is estimated at approximately four
years.

I. M, ]. Salimarsh and R. E. Worsham, Eds., INGRID, a
Proposal for an Intense Neutron Generator for Radiation
Induced Danage Studies in the CTR Materials Program,
ORNL/TM-5233 (Januasy 1976).

2. P. Grand, Ed., Proposal for an Accelerator-Based Neutron
Generator, BNL-20159, Brookhaven National Laboratory,
Upton, N.Y., July 1975.

3. CTR Materials Irradiation Testing Facility (CMIT) Pro-
posal, Hanford Engineering Development Laboratory, Richland,
Wash., November 1975.

ORIC OPERATIONS

C. A. Ludemann  G. A. Palmer
M. B. Marshall J. W. Hale

H. L. Dickerson ~ N. R. Johnson'
C. L. Viar A. D. Higgins®
H. D. Hackler E. W. Sparks®
C. L. Haley R. C. Cooper*

The ORIC operated on a 15-shift-per-week schedule
essentially throughout CY 1975, Table 4.3 shows a time

analysis for the year. With ORNL’s engineering staff
concentrating on the new Heavy-lon Facility project,
scheduled downtime was devoted primarily to repairs
and preventive maintenance. Our limited means arc
being used to improve the operation and reliability of
existing systems rather than to expand the research
capabilities of ORIC.

A comparison with statistics for the previous year
shows that ORIC was operable 1017 hr more in 1975
than in 1974. A 26 to 35% improvement was ex-
perienced in unscheduled outage, depending on how
one interprets the figures. The success of the program is
the direct result of the hard work performed by the
cyclotron operators.

Table 4.4 is a summary of the research bombardments
for the year. It illustrates the broad nature of the
research activity as well as the breadth of collaboration.
It should be noted also that ~19% of the bombard-
ments were for materials research and the production of
plutonium isotopes for environmental research.

Table 4.5 summarizes beam use by type of particle,
Approximately 80% of the research was conducted with
projectiles heavier than helium. The state of radiation



Table 4.3. Time analysis of ORIC operations for CY 1975

Hours Percent
Beam on target 3038 48.3
Beam adjustment 349 5.5
Taiget setup 112 1.8
Startup and machine shutdown 579 9.2
Machine research 384 6.1
Total machine-operable time 4462 709
Source change 418 6.6
Vacuum outage 76 1.2
Rf outage 78 1.2
Powes supply outage 162 2.6
Electrical-component outage 183 2.9
Mechanical-component outage 6 0.1
Water-leak outage 168 2.7
Radiation ontage 0 0.0
Total unscheduled outage 1091 17.3
Scheduled maintenance 671 10.7
Scheduled engineering 72 1.1
Total scheduled downtime 743 11.8
Total time available 6296 100
Total research experiments 39254 ~62

“Includes 640 hr for materials research and 88 hr for
plutonium isotope production.

safety at ORIC during 1975 remained good. There were
no personnel exposures beyond permissible limits, and
there were no radioactivity releases resulting in a spread
of contamination beyond zoned areas. The maximum
integrated dose received by any individual associated
with cyclotron operations was 0.58 rem, the average for
the group being 151 millirems. The cyclotron operators,
who receive the highest exposures, had doses that
averaged 405 millivems, the highest single exposure
being that indicated above. No responses significantly
above background variance were observed by con-
tinuously operating air monitors in and around the
facility, indicating effective containment of particulate
radioactive materials.

Three major scheduled shutdowns will considerably
reduce ORIC research time in 1976. The shutdowns are
for (1) the removal of the “fringe-field concentrator”
and installation of a new vertical positioning magnet,
(2) the complete mapping of the cyclotron’s magnetic
field, and (3) the installation of a new dee. All three
projects are being undertaken in preparation for ORIC’s
role as the energy booster for the 25-MV tandem,

. Chemistry Division.

. Plant and Equipment Division,

. Instrumentation and Controls Division,
. Health Physics Division.

W R
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ORIC DEVELOPMENT

E. D. Hudson
R.S. Lord
J. E. Mann

C. A. Ludemann
S. W. Mosko
E. E. Gross

As previously mentioned, our limited engineering
resources were expended in improving the operation
and reliability of existing systems at the cyclotron, not
for expanding its research capabilities.

In the area of the rf system, a new screen-bypass
capacitor for the power amplifier was installed and the
germanium transistor servo-drivers were upgraded to use
silicon transistors. In the area of vacuum improvements,
a 60-W (at 15°K) helium refrigerator was installed to
supply coolant for the machine’s cryopanels. Vacuum
monitoring equipment has been fabricated for all beam
lines and will be installed in early 1976.

Beam current monitoring was improved by the
replacement of the two tube-type integrators with two
NiM-based units and the addition of two nano-
ammeters. Design of the new power-supply regulators
for the trim and harmonic coils was completed and the
first unit was being installed at the end of the year. The
control computer was tested by using it to operate 19
power supplies during five weeks of routine cyclotron
operation. These tests were successful and the computer
control of all magnet systems is expected to be
completed by mid-1976.

The 153° analyzing magnet was recalibrated. Since
the original calibration, the slit mechanisms have been
replaced and the nuclear fluxmeter location has been
slightly changed. To recalibrate the system at low field
(about 2 k(G), a 1-mm-wide ***Cm alpha source’ was
placed at the entrance slit location, and the image of
this source was viewed with a solid-state position-
sensitive detector at the exit slit location. The magnetic
field at the nuclear fluxmeter location required to bend
the 5.805-MeV alpha particles along the beam orbit was
found to be reproducible to 0.5 G in 2 kG provided the
magnet was taken to saturation for about 30 min before
making the measurements.

The absolute calibration was extended in the same
way to ~4 kG by observing singly charged 5.805-MeV
alpha particles from the source. The remaining calibra-
tion was accomplished by extracting a ~74-MeV
20Ne* beam from the cyclotron and recording the
magnetic fields (at the nuclear fluxmeter location)
required to bend the 5+, 6+, 7+, and 8+ beams to the
exit slit location. These beams result from stripping by
residual gas in the ORIC beam piping (~1 X 107° torr).
The magnetic rigidity of 74-MeV *°Ne®" is very close to
that of 5.8-MeV *He'", and we need only to assume
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TYable 4.4, Research bombardments at ORIC in 1975

Research activity

Investigators

(8-hr shifts)

UNISOR?
Heavy-ion fusion, fission, and transfess

Materials research

Accelerator development
Doppler-shift lifetime measurements

Coulomb-nuclear intertference

237 236Pu

Production of Pu and
Identical-particle scattering
Excitation of giant resonances

Atomic physics
Backbending of rotational bands

S{ i-induced reactions
Transplutonium chemistry

Heavy-ion transfer reactions

Proportional-counter tests and
miscellaneous experiments

Spectroscopy of ?2Mo and 2°%Pb

Transfer-reaction studies with recoil
nuclei

Properties of elements 104, 105, 106

High-spin states in medinm-mass
nuclei

(p,1) Reactions of germanium isotopes
Deep inelastic scattering

Limits on fusion cioss sections

Search for short-lived isomers
Multiplicity measurements

Isospin nonconservation

Spejewski, Mlekodaj, Carter, Schmidt, Robinson, et al.
Plasil, Ferguson, Pleasonton, Hahn, Obenshain, Snell, Hubertb

Horak, Saltmarsh, Smith, Wiftfen, Bloom, Washburn, {Jllmaier,
Jenkins, Noggle, Reiley, Auble, Ludemann

Ludemann, Mallory, Hudson, Lord, Martin, Hale

Johnson, Eichler, Huben,b Yates,c Sarantites, Lindblad,d Urbon®

Hillis,f Gross, Riedinger.fC. Bingham,fHalbert, Hensley, Scott®
Martin,h Baker?

Mackey, Ottinger, Ratledge, Gross, Ludemann, Johnson

Halbert, Stelson, Snell, Fulimer. Raiman, Stokstad, Hensley

Bertrand, Kocher, Gross, Goodman, Auble

Sellin, Mowatt,f Pegg ,f Griffin, Haselton,f Peterson;f Laubcrt,f

Datz. Thoe!

Riedinger,f Stelson, Hensley, Robinson, Johnson, Sayer, Smith,
Eichler

H. Bingham, Halbeit, Hensley, Goodman. Wharton.i Debeved
Silva, Peterson,f Tarrant, Dittner. Hunt, Case, Meyer, Niedhartk

Ford, Toth, Hensley, Thornton,[ Gross, Ball. Gustat'son.l Riley,m
Snell

Hensley, Gross, Hillis,f Stokstad, Snell

Scott 8 Baker® Wiggins®
Hahn, Dittner, Voth, Hubert?

Bemis, Silva, Hensley, Dittner, Keller, Hahn, Tarrant, Hunt

Robinson, Kim, Halbert, Wells,” Sayer, Rester © Hamilton,”
Ronningen

Rester,o Rao,o Rohrer,o Wood,o Auble

Stokstad, Hensley, [albert

Stokstad, Biggerstaff, Snell, Stelson

Gross, Cleary, Hensley, Toth, Hungerford,p C. Binghamf

Sarantites,e Gronemeyer,” Barker,? Halbert, Eichler, Johnson,
Hensley

Goodman, Hensley, Stokstad

80
44
80

34
19
28

11
11

5
16

14

21

25
53

10

18
14

2UNISOR is a consortium of 12 universities, Oak Ridge National Laboratory, and QOak Ridge Associated Universities.

University of Bordeaux, France.
cUniversity of Kentucky, Lexington.

dResearch Institute for Physics, Stockholm, Sweden.

eWashington University, St. Louis, Mo.

fUniversity of Tennessee, Knoxville.
ZUniversity of Georgia, Athens.

éVanderbﬂt University, Nashville, Tenn.

fRutgers University, New Brunswick, N.J.
]Argonne National Laboratory, Aigonne, 1L
k'l‘echnische Hochschule, Darmstadt, Germany,

University of Virginia, Charlottesville.

F . N - .
University of Texas, Austin.

"Tennessee Technological University, Cookeville.

Emory Univessity, Atlanta, Ga.

PyUniversity of Houston, Houston, Tex.

9st. Louis University, St. Louis, Mo.



Table 4.5. Analysis of ORIC beam use by type of particle

- Energy Total hours ]
Particle (MeV) assigned Percent
Nuclear research
Lithium 2561 192 4.9
Boron 67---86 36 0.9
Carbon 41180 527 134
Nitrogen 43-160 602 154
Oxygen 100--140 520 13.3
Neon 52--173 898 229
Aluminum 40--90 96 2.5
Argon 145 --165 172 4.4
Nickel 76 32 0.8
Total, heavy-ion 3075 78.5
experiments
Protons 30-61 96 2.4
Deuterons 23-40 96 24
3 e 70 40 1.0
Alphas 32-60 618 15.7
Total, light-ion 850 21.5
experiments
Total, nuclear research 3925 100.0
experiments
Machine research
Heavy ions 248 926.9
Light ions 8 3.1
Total 256 1000

that the radius of curvature does not change in a few
gauss variation near 4 X 10® G. The main lmitation of
this method is the error associated with determining the
peak intemsity point of a broad energy spread. The
better the resolution of the primary beam, the easier it
is to determine the peak location. Within this limita-
tion, the method appears to be a quick and easy way of
obtaining an absolute calibration for heavy-ion beam-
analysis systems.

1. Made by C. E. Bemis of the Chemistry Division using an
isstope separator.

ORIC DATA-ACQUISITION SYSTEM
DEVELOPMENT

D. C. Hensley

More than an order of magnitude improvement in
throughput capability for data acquisition into large
two-dimensional arrays has been achieved with the
development of a quasj-listing program.

Many of the “two-dimensional” experimenis at ORIC
were increasingly restricted by the limited throughput
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capability of the existing data-acquisition programs.
These programs handled the necessary large two-
dimensional arrays but had a maximum throughput
capability of only ~400 events/sec. This capability
decreased as the size of the array was increased or as the
distribution of counis throughout the array became
more random. More and more of our experiments
required larger arrays with a more random distribution
of counts and, at the same time, needed greater
throughput capability.

A program has been developed which uses the
excellent buffer /O capability of disk storage units and
which has achieved actual throughput rates of ~4 kHz
(it has a theoretical capability for many cases of ~8
kHz). The conceptual form of the program is similar to
that for the combined MEGASTRIP and PUSSE pro-
grams developed by W. T. Milner. Basically, the
program does a presorting ot all input data and lists
them into an atay on disk. When the list array fills, the
program begins both to list into a second dedicated
array and to update the experimenters’ two-dimensional
array from the first list array. Much effort has been
expended to ensure that the use of all disk I/O activity
and interrupts is optimized. The program is limited to 1
million channels by the size and capability of the
present ORIC computer system, although the actual
throughput capability of the program should be largely
independent of the actual array size. As long as the
input rate stays below the maximum throughput
capability of the program, the front-end deadtime is
scarcely affected by the overall computer activity.

Our charged-particle experiments now routinely
handle event rates of 1 kHz into 500,000 channels, and
gamma-ray multiplicity experiments use an event rate
of 4 kHz into 128,000 channels. The program has been
adapted to off-line processing of list-mode data siored
on magnetic tape and may be extended io handle
multiscaling of either charged particles or gamma rays.

DEVELOPMENT OF A GAS-JET-TO-TAPE

TRANSPORT SYSTEM
H. K. Carter? E. H. Spejewski’
J. L. Wood? K.S. Toth
R. L. Mlekodaj®  R.J.Silva®

A helium gasdet transport system® has been used
extensively for radioactive decay work at ORIC for
several years. With expanded use it became apparent
that the collection chamber needed to be redesigned to
increase its flexibility and to make more efficient use of
cyclotron time. Therefore, some means of automating
sample collection and data acquisition needed to be



developed. To accomplish these objectives we have
connected a copy of the original reaction chamber® to
the UNISOR tape transport system® by a 1.3-mm-ID,
13-m Teflon capillary. The activity in the gas jet is
deposited on the Mylar tape at the first port and can be
moved to either of the other two detector stations. The
configuration of the tape transport allows a much
greater variety of experiments to be performed as well
as allowing a second experiment to be set up while
another js being run. The tape motion and data
collection are controlled by the PDP-11-based data-
acquisition system, thus providing full automation.

We have found the operating parameters of this
systemn to compare favorably with the older (shorter
capillary) system. It is quite easy to run at efficiencies
(vis-a-vis a direct-catch measurement) of 20%. Standard
cluster-generation techniques® were used primarily.
However, it appears that passing the helium over heated
NH,Cl increases the efficiency by about a factor of 2.
The transport time has not been measured accurately;
however, we detected a 3-sec activity but did not detect
a 0.1-sec activity. To illustrate the usefulness of this
system we have obtained excellent coincidence data in
2 to 4 hr on previously unstudied decay schemes far
from the line of stability, for example, ' 2™ Au.

To be able to do alpha or electron spectroscopy it will
be necessary to move the source from the high-pressure
region into a vacuwm region. We have tested an
adaptation of a vacuum tape seal’ and found that less
than 20% of the gasjet-deposited activity is wiped off
in passing through the seal. Work is continuing on this
aspect of the problem.

1. UNISOR, Oak Ridge Associated Universities, Oak Ridge,
Tenn.

2. Georgia Institute of Technology, Atlanta.

3. Chemistry Division.

4. W-D. Schmidt-Ott and K. S. Toth, Nucl. Instrum. Methods
121,97 (1974).

5. K. S. Toth et al., Phys. Rev. C 2, 1480 (1970).

6. H. K. Carter et al., Phys. Div. Annu. Prog. Rep. Dec. 31,
1972, ORNL 4844 (1973), p. 142.

7. H. K. Carter and R, L. Mlekodaj, Nucl. Instrum. Methods
128,611 (1975).

ORIC HARMONIC-BEAM SPACE-CHARGE EFFECT

M. L. Mallory K.N.Fischer E.D. Hudson

We have experimentally detected a heavy-ion beam
loss when two harmonic beams are simultaneously
accelerated from the ion source in ORIC. This loss is
dependent upon the pressure in the cyclotron accelera-
tion chamber. Two helium-cooled cryopanels were
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installed in the ORIC magnet gap, resulting in lower
pressure in the acceleration chamber. In beam-
transmission experiments with helium-cooled cryo-
panels, an argon beam increased in intensity, as ex-
pected for the lower pressure. Therefore, use of the
cryopanels was recommended for beams limited by
accelerator intensity, such as O°".

The cryopanels were first used with an '®0®" beam
during a two-week period in July 1974. A third week of
running without the cryopanels followed, and the
experimenter reported that operation with the cryo-
paniels resulted in a decrease of the oxygen-beam
intensity. In March 1975, a series of measurements was
made of the oxygen-beam intensity with the cryopanels
at room temperature and at 20°K which verified the
difference. Results of these measurements are presented
in Fig. 4.16. In Fig. 4.16, ORIC beam intensity is
plotted as a function of the square of the radius from
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Fig. 4.16. The beam intensity vs probe position squared as
measured from the center of ORIC for an extracted (fiast
harmonic) 1605 beam. The large step in the intensity at ~58
cm is identified as the maximum radius for the (fifth harmonic)
160™ beam. The iwo curves were obtained for room-
temperature and 20°K cryopanels (better vacuurn) with the
same operating conditions of the cyclotron and ion source. The
intensity of the beam at 76 c¢cm unexpectedly decreased for the
better vacuum conditions. The dashed lines are projections of
the 140> and 190" beams.
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(a) (6)

(c) - (d)

Fig. 4.17. The phase bursts for 160%™ and 1%0% for one complete rf oscillation are shown. Each figure is ~1/4 cycle from-the
preceding figure. The main significance is that the 10> phase bursts, which extend from 2.5- to 76-cm radius, pass through the five
ot phase bursts. This overlap between the 160" and '%0% phase bursts results in a space-charge beam loss. The decelerating
phase bursts of '®0™ have been deleted for clarity and are expected to contribute little to the space-charge loss because their
intensity is reduced by self-space-charge and charge-transfer loss processes in the outgoing beam.



the cyclotron center both when the cryopanels are at
20°K and at room temperature. The beam intensity
extracted from the cyclotron is directly proportional to
the intensity measured at 76 cm and is less for the beam
with the helium-cooled cryopanels. The other signifi-
cant feature in Fig. 4.16 is the beam loss that occurs at
~58 cm; this is identified as the maximum radius for
the harmonic beam 0. Figure 4.17a—d illustrates
the computed phase-acceleration histories of ' *O"* and
16 O5* beam bursts for one rf cycle at intervals of ~%
tf cycle. The !¢ 0% beam (extending from 2.54 to 76
cm) was assumed to have an acceptance phase width of
48°. The five “buckets” of the accelerated beam of
160! are also shown. The significant feature of Fig.
4.17a—d is that the '®0%" beam bursts are passing
through the high-intensity beam buckets of Q' as
they are being accelerated to full radius. This is due to
the difference in angular rotation frequency of '¢Q%*
and 160",

For the harmonic-beam conditions described above,
the axial force balance must be integrated over the time
that the beams overlap in &; this is shown by

d*z, zm
" 2+m1w121}§lz, - g, f E,,d0, =0, (1)
1
61=0

where the subscripts 1 and 2 refer to the different
harmonic beams, rm is the particle mass, w is the angular
rotation frequency, v, is the axial betatron frequency, z
is the particle distance from the median plane, q is the
particle charge, E, is the beam-burst electric field, and 6
is the particle azimuthal position in the cyclotron. The
average beam current () limit for no focusing of the
higher harmonic beam can be shown to be

_ 2601);‘21 Vzwl
(h2 — hy]

where €q is the dielectric constant of free space, V is
thejvoltage gain per turn, and #4 is the harmonic number.

The results of Eq. (2) lead one to conclude that the
space-charge force from high-intensity beams must be
considered for beam losses of accompanying low-
intensity harmonic beams.

Only a small number of ORIC beams are affected by
space-charge forces. The principal beams thus affected
are listed in Table 4.6.

The trajectories of ' ® 0 and ' ® 0" starting from the
ion source are shown in Fig. 4.18. The ¢ 0% beam was
started at an 1f phase of 20°, dee voltage of 70 kV, and
a magnetic field of 18.4 kG. The 60" starting phase
was assumed to be 70°. The orbits do not continuously
overlap, suggesting that a beam interceptor can be

12 ’ (2)
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Table 4.6. Simultaneously accelerated

beams in ORIC
High-charge- Low-charge-
h h
state beam state beam
S 1 514t 3
125+ 1 12404 5
126+ 1 1202+ 3
145+ 1 1a 5
16 05+ 1 16 01+ 5
166+ 1 162+ 3
185+ 1 181+ 5
196+ 1 192+ 3
20)5,6* 1 20,2 3
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Fig.f 4.18. The central-region orbit trajectories of 140 and
16¢ startin% from the ion source. The starting phases are 70°
and 20° for '°0™ and %0 respectively. An ideal location for
a low-charge beam interceptor is shown in the dee. Its position
should be variable for the different mass beams and cyclotron
settings.

installed so that the undesirable harmonic beam can be
dumped. An ideal location for the beam interceptor is
indicated in Fig. 4.18.

ION-SOURCE-DEVELOPMENT PROGRAM

NEGATIVE-ION-SOURCE TEST FACILITY
G.D. Alton

The negative-ion-source test facility, previously de-
scribed,! has operated almost flawlessly since startup



and is presently being used to test and evaluate a new
negative-ion source based on the sputtecng principle? -3
and to study the negative surface jonization of heavy
molecular jons such as UF¢ by heated platinum metal.
All aspects of the facility have met expectations -
including the special compression leus employed to
maximize the beam transmission through the limited
direction of the magnet chamber (1.59 cm, acceptance
~147 c¢cm-milliradians). The effect .of the lens on the
ion beam improves the transmission through the system
by a factor of ~2. Preliminary measurements for
low-atomic-weight ions such as carbon indicate a
transmission efficiency of ~90%. However, it is ex-
pected that the efficiency will be somewhat lower for
heavier ions. During the next calendar year, the facility
will be used principally for negative-ion-source develop-
ment, and an effort will be made to incorporate
additional jon-source diagnostic equipment such as
emittance-measuring and energy -analyzing devices.

1. G. D. Alton et al., Phys. Div. Annu. Prog. Rep. Dec. 31,
1974, GRNL-5025 (1975), p. 194.

2. G.D. Alton, IEEE Trans. Nucl. Sci. NS8-23,223 (1976).

3. See this report, G. D, Alton, “Preliminary Evaluation of
Mueiler-Hortig Geometry Negative-lon Source.”

NEGATIVE-ION-SOURCE DEVELOPMENT
G.D. Alton

The Middleton-Adams Sputter Source'

As indicated in last year’s report? several major
difficulties were experienced with the vendorsupplied
sputier source which seriously affected its performance.
Almost without exception, the difficulties were asso-
ciated with the surface jonization source; consequently,
the source was totally redesigned (Fig. 4.19) in an
effort to eliminate or reduce the problems. The
previously reported modifications? were incorporated
in the design and have since been thoroughly evaluated.

The ionizer and vacuum-seal designs have worked
perfectly without failure or vacuum leaks during the
past calendar year. During this period, a single ionizer
has been employed, and it is still in use. Although the
ionizer heater-assembly modifications (described ear-
lier?) reduced the number of heater failures due to
burnout and mechanical breakage, the burnout problem
persisted even after redesign. Another heater-assembly
design has been incorporated which has proved to be
more reliable and less expensive. The new design has
virtually eliminated the heater element problem.

The heating elements are now wound at our labora-
tory from molybdenum or tungsten wire in the form of
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(@ SOROUS TUNGSTEN IONIZER

Fig. 4.19. The ORNL surface jonization source.

a spiral. Molybdenum is preferred because of crystalli-
zation problems that occur whenever tungsten is heated
to high temperatures. After winding, the element is
uniformly coated with aluminum oxide to provide
electrical insulation. Since incorporation of this design,
only one heater has been burned out and that because
of overdriving with the power supply. The cost of a
heating element has been reduced by a factor of ~5
over those commercially procured.

By incorporating the indicated modifications, the
original problems associated with the Middleton-Adams
soutce' have been eliminated, and the source now
operates very stably over periods of time approaching
1000 hr between major cleaning operations.

Charge-Exchange Source

The problem of a continuous instability in the
charge-exchange source was diagnosed. The instability
was produced by the incorrect polarity of the einzel-
lens coolant lines with respect to their surrounding
electrostatic shield. A Penning ionization gage (PIG)
configuration resulted which led to periodic loading and
unloading of the lens and negative-ion-extraction power
supplies. The problem was eliminated by feeding the
coolant lines through the vacuum housing at another
point.

Coolant was added to the magnet of the duoplasma-
tron, allowing the use of solid wire tantalum filaments
instead of the conventional oxide-coated platinum
gauze. The length of uninterrupted run time has been
increased to more than one week and the anode lifetime
has been increased by several times as a direct conse-



quence of the added coolant. The mass spectrum
emitted by the source is also much cleaner with the
solid wire filament than it is with the oxide-coated
filament.

These improvements have led to significantly more
stable operation and longer lifetime for the charge-
exchange source.

i. R. Middleton and C. T. Adams, Nucl. Instrum. Methods
118,329 (1974).

2. G. D. Alton, Phys. Div. Annmu. Prog. Rep. Dec. 31, 1974,
ORNL-5025 (1975), p. 194.

PRELIMINARY EVALUATION OF
MUELLER-HORTIG GEOCMETRY
NEGATIVE-ION SOURCE

G. D. Alton

Introduction

Since the discovery by Krohn,' in 1962, that yields
of negative ions are greatly enhanced by sputtering in
the presence of alkali metals, several negative-ion
sources utilizing this principle have been developed.>”®
In recent months, a sputter source based on the
Mueller-Hortig source has been designed and is pres-
ently being developed at ORNL at the negative-ion-
source test facility.”

The original ion source of Mueller and Hortig clearly
demonstrated the wide range of ions and high-intensity
capabilities of a source that incorporates simultancous
sputtering and cesium surface activation. However, the
design, although possessing the same potential, lacked
the flexibility, versatility, and long lifetime demon-
strated by the later Middleton-Adams source.> The
source geometry, however. has the following desirable
aspects:

1. Negative ions are generated over a planar area,
permitting the design of an ion-extraction system
with good optical properties.

2. Quantitatively one can argue that the emittance may
be lower than the conventional conical geometry
because of the direction with which the particles
leave the sample surface with respect to the ex-
traction direction.

The important features of a modified Mueller-Hortig
source recently designed and constructed at ORNL are
described below.
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Description of the Source

The ion source, shown schematically in Fig. 4.20,
utilizes the surface ionization source® to produce a 1-
to 8-mA beam of Cs* ions. The ions are accelerated to
energies between 20 and 30 keV and focused onto the
sample surface by an einzel lens which will be described
later. The incorporation of the surface ionization source
extends the source lifetime to >500 hr.

The einzel lens used to focus the ion beam onto the
sample surface is designed to compress the beam more
strongly in the horizontal than in the vertical direction
to partially compensate for the oblique angle of
incidence (10°) and to produce a more circular beam
image as viewed along the negative-ion-extraction axis.
Observation of the wear and deposits patterns on the
negative-ion-extraction electrodes indicates that the
shape is almost circular.

The sample wheel contains 18 samples in a circular
arrangement around the wheel, a particular sample may
be selected by indexing into the beam position. The
sample wheel may also be moved in and out to
compensate for misalignment or beam steering by the
positive-ion lens. The results given here were obtained
without coolant on the wheel, which may affect the
negative-ion yields; the coolant will be added later to
evaluate the effect.

A gridded electrode, biased 1.5 kV positive with
respect to the generation surface, is used initially to
accelerate the negative-ion beam. The ions are then
further accelerated by the anode electrode at housing
potential. The special einzel lens and negative-ion-
extraction systems were designed by using the
Herrmannsfeldt computer code.’

1-EGEND CRNI. - CWG 75- §0B2R2
(I} SURFACE 10NIZATION SOURCE
(@) POSITIVE 10N EXTRACTION ELECTRODE
(3 EINZEL LENS
(@) samPLE
(5) EXTRACTICN ELECTROCE
(€) ACCELERATION ELECTRODE b

Fig. 4.20. The ORNL negative sputter source.



Source Operation

The source has thus far exhibited excellent opera-
tional characteristics. The surface ionizer is heated to
~1100°C by an annular cylindrical heater that sur-
rounds the ionizer; the cesium oven is operated typi-
cally at ~230°C. The dependence of the negative-ion
yield on positive-ion lens voltage is shown in Fig. 4.21.
As anticipated, the current is strongly dependent on
how well the beam is focused on the sample surface.

Negative-lon Yields

A partial list of the negative-ion species that have
been produced to date is shown in Table 4.7. The
source s seen to be a good producer of many
elemental and molecular ions and is an excellent
producer of ions from high-electron-affinity, high-
vapor-pressure materials.

ORNL-DWG 75-15435R

.

P

w

g_ (XY o '

S / ‘\

(&) O\

2z 0.8 ()

&

= N\

S osf- N

= /o \o

w oal °

> yd

p

S 0.2 p~

W

« ! [ | ) 1 L )
2 4q ] 8 10 12 14 13 1.}

POSITIVE ION LENS VOLTAGE (kV)

Fig, 4.21. Dependence of the negative-ion yield on positive-
ion lens voltage.
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The source is equipped with a gas feed system from
which high-vapor-pressure materials can be fed. The
sample surface, onto which the material is fed, may be
selected by the indexing mechanism. The effect of the
sample surface on the generation rates of several ions is
shown in Table 4.8. The yield of a particular negative
ion is seen to be dependent on the chemical properties
of the sample surface.

Discussion

The results just described are preliminary, and during
the next calendar year the source will be evaluated
further. In particular, attempts will be made to maxi-
mize the negative-ion yields by incorporation of coolant
on the sample wheel and investigation of the effects
produced by using an oven for vaporizing additional
surface cesium. With the incorporation of these fea-
tures, along with the optimization of the negative-ion-

Table 4.7. Partial list of negative ions
generated in the ORNL sputter source

Ton Ton
Ton current (uA) fon current (uA)

Al 0.2 I 26
AlQ~ 3 Ni~ ~{).2
Ag~ 0.250 NiQ ™ ~03
Ag™® 1.2 Pb~ 0.03
An~ 6 PbO,~ 0.48
(ol 25 Pt~ 3.0
Cy 20 S” 44
cl” 100 Ta 0.03
Cu” 0.5 Ta®y~ 2.0
CuO~ 0.8 TaQ3" 0.6
F 40 Ti~ 0.04
Fe™ 0.1 TiO™ 0.200
FeQ 0.8 OTiOy 0.07

“Sintered silver powder saturated with cesium.

Table 4.8. Influence of the positive-ion impact surface on
the rate of negative-ion generation

fon current (uA) from ion generation surface of -

Ton Feed

species  materal Al Ag Au ¢ Cu Ye Ni Po Ta Ti Pt
c” CCl, 100 57 24 27 40 40 30 11 42 40 14
F- SFg 25 6 5 85 15 17 12 9 35 40 3
1~ CH; 1 26 7 48 16 13 13 15 10 4 23 9
0- 0, 300 1.5 35 7 7 20 15 3 10 20 1
S~ CS, 44 47 23 20 16 19 13 21 18 35 34
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extraction system, the source is expected to reach
maximum potential.

1. V.E.Krohn, J. Appl Phys. 33,3523 (1962).

2. M. Mueller and G. Hortig, JEFKF Trens. Nucl. Sci. NS-16,
38 (1969).

3. R. Middleton and C. T. Adams, Nucl. Instrum, Methods
118, 329 (1974).

4. P. Tykesson, H. H. Andersen, and J. Heinemeier, IKEE
Trans. Nucl, Sci. N§-23(2) (1976).

5. K. R. Chapman, IEEE Trans. Nucl. Sci. NS§-23(2) (1976).

6. H. V. Smith, Jr., and . T. Richards, Nucl. Instrum.
Methods 125,497 (1975).

7. G. D. Alton, IEEF Trans. Nucl. Sci. N§-23(2) (1976).

8. See this report, G. D. Alton, “Negative-lon-Source Devel-
opment.”

9., W, B. Herrmannsfeldt, SLAC report 166, Stanford Uni-
versity, Stanford, Calif., 1973.

VAN DE GRAAFF LABORATORY

TANDEM VAN DE GRAAFF OPERATIONS

G. D. Alton J. W. Johnson
R. P. Cumby E. G. Richardson
J.LC. Ford,Jr. N.F. Ziegler

The research activities on the tandem for the year
1975, together with the principal ions accelerated and
approxirnate beam-time utilization for each activity, are
listed in Table 4.9. The research time was equally
divided between nuclear physics research and atomic
physics or solid-state research. The experimental pro-
gram on the accelerator is largely devoted to heavy-ion
research.

Finances have made it necessary to limit the opera-
tions of the tandem. From January until May the
accelerator ran half time {one week on, one week off).
Since May, however, the scheduled operation of the
machine has been increased to about two-thirds of the
available time. Despite these restrictions, the accelerator
was used for approximately 4000 hr of research time
(including hours between 4:30 PM and 8:00 AM and on
weekends, during which the research groups operated
the machine).

Difficulties with the ion sources required an amount
of time equal to about 10% of the total research hours.
Most of this lost time was in the first part of the year
and was due to sparking in the charge-exchange source.
However, this problem was solved by relocating the
high-voltage feedthrough for the first einzel lens of the
source. Since that time both the charge-exchange
duoplasmatron and Middleton-type sputter source have
given routine and reliable operation.

The principal downtimes of the Van de Graaff
accelerator itself were three days required to replace
resistors and springs in the column and four days to
replace the drive motor and terminal alternator. The
actual failure in the second downtime was in the
bearing of the terminal alternator, but both it and the
drive motor were replaced because both had operated
for a total of 11,810 hr. They bad been installed in
October 1972 and were replaced in December 1975.

The atomic physics and solid-state physics programs
on the tandem are expected to increase in the future.
These efforts will probably require new beam lines
dedicated to new and specialized instruments for the
anticipated research. Furtherimore, these atomic physics
and solid-state physics applications, as well as the
heavy-ion nuclear research, will require an improved
high vacuum from the high-energy end of the acceler-
ator tank out to the experimental stations. The neces-
sary improvements to the existing beam lines and
additional beam lines are being planned.

CN VAN DE GRAAFY CPERATIONS

F.K.McGowan G.F. Wells

M. R. Lewis! F. A. DiCarlo

M.I. Saltmarsh  R.P. Cumby?

C. H. Johnson Martha loman
N. H. Packan'

The 5.5-MV accelerator is now used routinely for
heavy-iondnduced radiation-damage studies® by the
Radiation Fffects Group of the Metals and Ceramics
Division. During CY 1975, the 4-MeV *®Ni ion beam
was used to irradiate 140 samples requiring 356 hr of
ion beam on taiget. The heavy-ion-induced radiation
damage ranged from 1 to 350 dpa per sample. The
average irradiation per sample corresponded to a dose
of 90 dpa, which, on the average, was produced at a
rate of 35 dpathr (70 dpa is equivalent to a fluence
~10%3 neutrons/cm?). In the present arrangement of
the radiation-damage facility, the effective sample area,
produced by the 10- by 10-mm beain defining aperture
upstreamn from the damage chamber, is 1.11 cm?.
Therefore, a dose of 1 dpa requires 300 uC of *8Ni**
ions incident on target, and the average rate of 35
dpa/br corresponds to 3.0 pA of 2+ ions spread
uniformly over the 10- by 10-mun aperture. Several
samples have been irradiated at a dose rate of 50 dpa/hr
(4.2 uA of 2+ ions).

The Danfysik ion source was refurbished 18 times
duging 1975. With an initial charge of 200 mg of *®Ni
in the ion source, the average useful lifetime is about 80
hr when operating with a normal beam of 1.5 particle-



129

Table 4.9. Research activities on the tandem Van de Graaff accelerator

Approximate
o . ercent of
Projectile tigators perc
Type ojectile Investigators utilized
beam time
Atomic physics R 12(?, ]60, wP‘, 27Al, Se]]i.n,” Elston,a Pegg,” Thoe? Peterson,” 12
28g; 3501, 514, " Ope Hayden,? Griffin, Forester @ Laubert¢
Atomic collisions in solids 126 14y, 160,530, 127 Datz, Biggerstatf, Miller, Verbeck  Appleton 12
Noggle 2 Dittner,f Gomez del Campof
¥Enge-magnet heavy-ion lOB, 15N, 165 Ford, Gomez del Campo £ Miller, Stelson, 12
reaction studies Robinson, Thornton’
Coulomb excitation o, 1 6O Milner, Robinson, Stelson, Raman, Dagenhmt,i i 10
Tuttle?
X-ray studies 10B, 12(3, 14y Duggan,j Qhatuw_cdi,k Gray,k Kauffman,l 10
Pepper/ Light/ E. Robinson,” Miller, McCoy "
Carlton,? Alton
Beam-foil spectroscopy 288.’1, 56Fe, %3Cu Bashkin 2 Jones,? Pisano 9 Seltin? Pege,” 9
Griffin
Coulorab excitation and o, 160 Hamilton,F Ronningen,” Garcia-Bernudez,” 7
lifetime measurements Ramayya,” Riedinger? Sayer
In-beam gamma-ray studies 6714, 12C Robinson, Sayer, Smith,® Milner, Lin,® Wells,” 7
Hamilton,” Ronningen,” Ramayya”
Heavy-ion-produced neutron 12,1 3C, 166 Bair, Stelson, Miller 7
cross sections
(*N @) 1eaction 15N Gomez del Campo £ Andrade# Dacal £ Ortiz$ 4
Ford
High-charge-state stripping 56Fe, 1271 Miller, Biggerstaff, Alton, Jones, Kessel,? 4
studies Bridwell ¥ Wehring”
Fission 3501, 8y, 127 Pleasonton, Ferguson,f Obenshain, Snell, Hubert"
Oxygen diffusion in Zircaloy r Saltmarsh, Bertrand, Perkins®
Radiation damage studics Chen,® Abraham® 1

Hniversity of Tennessee, Knoxville,
b’University of Connecticut, Storrs.
“New York University, New York City.

Max-Planck-Institut fiir Plasmaphysik, Garching, Germany.

?8olid State Division,
Chemistry Division.

EUniversity of Mexico, Mexico City.
'flUniversiLy of Virginia, Charlottesville.

*Isotopes Division.

INorth Texas State University, Denton.

state University of New York College at Cortland.
"Kansas State University of Agriculture and Applied Science, Manhattan,
™M University of Alabama, Tuscaloosa.

" University of Tulsa, Tulsa, Okla.

9 Middle Tennessee State University, Muxtreesboro.
PUniversity of Arizona, Tucson.

9Brookhaven National Laboratory, Upton, N.Y.
FVanderbilt University, Nashville, Tenn.

SORAU Postdoctoral Fellow, Oak Ridge, Tenn.
“Tennessee Technological University, Cookeville,
“Murray State University, Murray, Ky.

Viniversity of Iflinois, Urbana.

Wentre d’Ftudes Nucléaires de Bordeaux-Gradignan, France.

*Metals and Ceramics Division.
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MA on target (during 1450 hr of operation the lifetimes
have ranged between 60 and 113 hr). A summary of the
use of the 3®Ni ion beam is given in Table 4.10.
Approximately one-third of the beam time is not used
effectively while loading and removing samples from
the present radiation-damage chamber. With the imple-
mentation of the new radiation-darnage chamber, 50%
use of the beam time for irradiation of samples should
be achieved easily.

In addition to irradiation of samples, a major part of
the year has been devoted to (1) developing a moni-
toring system to measure both the on-line intensity and
uniformity of the heavy-ion beam and (2) preparations
for upgrading the performance of the terminal. The
heavy-on beam requirements for radiation-damage
bombardments are rather severe; a large area of 1 cm?
must be uniformly irradiated without rastering and with
large intensity. This is accomplished with a ring lens*
which focuses the positive-ion beam onto the 10- by
10-mm entrance aperture to the radiation-damage target
chamber. A beam profilometer (Physicon model
MS-10), located between the aperture and target
chamber, scans the beam at a rate of 10 Hz with iwo
vanes sweeping nearly parallel to the X and Y axis
respectively. A block diagram of the monitoring system
is shown in Fig. 4.22. The current loop to the digitizer
is calibrated and checked periodically by replacing the
target assembly with a Faraday cup.

The profilometer output signals are also monitored by
oscilloscope displays and a signal-averager analyzer to

Table 4.10. Use of the °3Ni ion beam in 1975

Activity Total Percent
hours

Irradiation of 140 samples (12,545 dpa or 356 25
35 dpa/hr)

Loading and removing samples from damage 488 35
chamber (~3.5 hr per sample)

Calibration of beam profile monitor to 190 13
provide the total ion flux incident on
the target (~100 calibrations)

Microaperture scan of the beasn profile 30 2
at the target position

Accelerator startup time and preparation 140 10
of the ion beam for an irradiation
(1 hr per sample)

Startup time after refurbishing the ion source 216 15
(12 hr)

Total 1420 100

ORNL-DWG 75-44602

ﬁ FARADAY CUP

S

BEAM =
SCANNER

CONTROLLER

47M

+

CURRENT
AMPLIFIER

A4TM

TARGET AREA
CONSOLE AREA

10uf
-E_. }_’d
/> CURRENT CURRENT
DIGITIZER DIGITIZER
10k
1 TIMER
SCALER
OSCILLOSCOPE [
| SIGNAL |
L ANALYZER [SCALE.R] [SCALER SCALER

Fig. 4.22. Block diagram of heavy-ion beam monitoring
system.

assist the Van de Graaff operator in preparing a uni-
form beam profile at the target, that is, adjustment
of extractor, einzel lens, crossed-field analyzer, gap lens,
beam steering, and ring lens. The usual oscilloscope
display of the beam profile is not ideal because plasma
oscillations in the ion source give rise to smail oscilla-
tions on each observed profile. The oscilloscope display
associated with the signal averager solves this problem
by time averaging. Therefore, the signal averager pro-
vides more detail of the beam profile for the operator.
The signai-averager analyzer also provides the experi-
menter with a digitized accumulation of the scans of
the beam profile for an irradiation.

A second beam profilometer is located upstream of
the ring lens. This profilometer display assists the
operator in preparing an ion beam emanating from the
crossover, formed near the focal point of the 90°
analyzing magnet, with axial symmetry and with
approximately Gaussian divergence.

1. Metals and Ceramics Division.
2. Instrumentation and Controls Division.



3. M, B. Lewis et al., p. 15 in Proceedings of a Symposium on
Experimental Methods for Charged-Particle Irradiations, Gatlin-
burg, Tenn., Sept. 30, 1975, CONF 75-0947, ERDA Technical
Information Center, Qak Ridge, Tenn., 1975.

4. C. H. Johnson, Nucl. Instrum. Methods 127, 163 (1975).

OAK RIDGE ELECTRON LINEAR
ACCELERATOR

J. A Harvey!  T. A. Lewis?
H. A. Todd? 1. G. Craven®
The Qak Ridge Electron Linear Accelerator (ORELA)

was operated for neutron experiments for 5138 hy
during 1975. Operation was reduced from six days per
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week to five days per week in May and to a conservative
manner to reduce operating expenses. At high powers
(540 kW) the clectron beam is swept vertically to
decrease local heating and the possibility of burning out
the tantalum targets. A larger heat exchanger was added
to the target cooling-water system to allow the target to
dissipate 75 kW average power while keeping the
cooling-water temperature below 100°F,

The research activities at ORELA in 1975 are Hsted in
Table 4.11. Because experiments can be operated on
several flight paths simultaneously the total number of
experimenter hours shown for the various activities is
much larger than the 5138 hr of accelerator operation.

Table 4.11. Neutron expetiments performed at ORELA in 1975

Neutron Beam
Type of ; . . R . .
experiment Elements, isotopes, etc. cflergles Experimenters time
B (min, max) (hr)
Total cross C,¥,Na, Mg, Fe,Cu, Y, 6’7Li, 0.005eV,40MeV  Auchampaugh ? Benjamin,? Fowler, Gargf 4,200
sections §81e, 58,59,60,61,62 B4, Gwin, Harvey, Hill, Ingle, Johnson, Larson,
63,65y, 64.66,67.,68 1070, Le Rigoleur,’j Olsen, Perey, Perez, Raman,
100y, 208py 233 238y, Todd, Weigmann®
240Pu, 249Bk
Capture cross Mg, Cr, Fe, Zr, Mo, 3%:56.57F2 0.01 eV, 2 MeV All(:n,f deSaussure, Rarle 8 Garg £ Hill, Halperin, 2,300
sections 28gj 58,5960y, 140(,‘@, le Rigolcur,d Macklin, Pandey ,© Perey, Perez,
2327p, 235 U, 240 7242{’11, Todd, Weigmann,® Weston, Winters!
241am
Fission cross 2327h, 235,238, 239.240p, - .01 &V, 14 MeV  Dabbs, deSaussure, Difilippo,’ Fetvinci/ Gwin, 3,400
sections 243,245y il Ingle, Luers,j Melkonian/ Perez, Raman,
Todd, Weston
(1,7) spectra V, Ta, Au, 199Mo, 04eV,20MeV  Carlton X Chapman, Gwin, Hill, Ingle, McClure! 5,200
118,122,124, 14473 Morgan, Newman, Raman, Slaughter,
173yp,206,207p, Weigmann,? Wellg?
Other experi- (n,x7), V, Cr, Nb, Mo, Au; 0.01eV,20MeV  Chapman, Gwin, Halperin, Hayvey, Hill, Ingle, 4,200
ments 52Ni(n, @), (0, 235U, Morgan, Newman, Raman, Spencer, Todd,
239py 252(F; integral Weston
neutron scattering, Al, SiO5; P,
fission chamber efficiencies, 19,300

235,238y 2520, neutron
flux measurements; response,
NE-213; calibrations, Fe, Ta

?Los Alamos Scientific Laboratory, Los Alamos, N.M.
Savannah River Laboratory, Aiken, S.C.

“State University of New York College at Cortland.

dCentre d’Ftudes Nucldaires, Bruyere-le-Chatel, France.

eiBureau Central de Mesures d’Nucléaires, Geel, Belgium.

Australian Atomic Energy Commission, Lucas Heights, Australia.
3Chalk River Nuclear Laboratories, Chalk River, Ontario, Canada.

" Denison University, Granville, Ohio.
*Comision Nacional de Energia Atomica, Argentina.
TColumbia University, New York City.
Middle Tennessee State University, Murfreesboro.
Georgia Institute of Technology, Atlanta.
M rennessee Technological University, Cookeville.



During the year another flight path was instrumented
with collimators, a shadow bar, a vacuum valve, and a
beam stop to accommodate experimenters from the
Solid State Division and various outside users.

The program for greatly improving the performance
of ORELA for short-pulse (3 to 5 nsec) operation (by
velocity modulation with time-dependent voltage gaps
and drift/spacers) is progressing favorably within the
constraints imposed by the limited roanpower and
funds available. Calculations have been made by R. G.
Alsmiller, Jr., F. S. Alsmiller, and J. Barrish of the
Neutron Physics Division and are favorable for a
one-dimensional approximation model. These calcula-
tions are being expanded to more dimensions to better
determine the magnetic field and gap-field effects. The
tests of certain critical items of hardware being con-
ducted by D. W. Bible, T. A. Lewis, and J. H. Todd are
progressing favorably and are sufficiently far along to
anticipate the completion of all necessary prototype
systemns within the next year.

More memory has been approved for the three SEL
data-acquisition computers to enable each system to
handle four simultaneous experiments. Increased func-
tions of the system during data taking had resulted in
insufficient core to perform tasks at the required time
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when four experiments were running. A 1.5-million-
word removable disk has been added to the peripheral-
equipment controller (PEC) to be used by the PEC and
connecting computers. On the PEC the disk will be used
for storage of programs, local spooling of data to the
line printer or Calcomp, and storage of local collected
data for display and manipulations.

A PDP-15 display has been connected to the PEC, and
an operating system has been written using the PEC
disk. Programs and data files can easily be transferred
between the PEC and PDP-10 disk. In addition to
providing many features of the PDP-10/PDP-15 display
system, the PEC/PDP-15 display system has a fast scan
capability of data stored on the PEC disk. The PDP-15
displays are being modified to allow the central PDF-10
computer to control the display teletype as a normal
time-sharing teletype. This modification increases tele-
type transmission from 800 to 1200 baud and elimi-
nates all known problems that result in terminal
hangups.

1. Co-Director of ORELA (with R. W. Peelle, Neutron
Physics Division).

2. Instrumentation and Contrals Division.

3. Computer Sciences Division.



5. Theoretical Physics
INTRODUCTION

G. R, Satchler

The year 1975 saw the nuclear theory efforts dominated by heavy-ion physics. Some
exciting advances have been made in developing theoretical and computational tools for
handling the complex problems posed by the collision of two nuclei. From studyiog these
we hope to learn about the more general problem of large-amplitude collective motions of
a quantal fluid. At one level (the “macroscopic” one), we regard the collision as a
problem in fluid dynamics, the collision of two fluid drops. At another level (the
“microscopic” one), we atterupt to undecstand the process in tevms of the motions of the
individual nucleons and their forces; time-dependent Harteee-Fock theory is the tool here.
At the same time, theoretical links are being forged between the microscopic and
macroscopic levels. In the high-energy limit, where the individual nucleon motions are
all-important, a classical approximation is also being studied, rather like the collision of
two clusters of billiard balls. In addition to these new ventures, work continues on more
conveniional nuclear reaction and structure models, in close collaboration with the
experimental effort at ORNL. One common theme runs through all these projects: the
need for sophisticated and expensive computational machinery. Only through its use can
the phenomena of interest be studied.

As the lists of authors of the various contdbutions testify, we continue to enjoy
valuable collaboration and interaction with other nuclear theorists from many institutions
outside ORNL. (In addition to numerous informal visits, a very productive four-day
workshop on time-dependent Hartree-Fock theory was held in December.)) Locally, we
have seven staff members (of whom J. B. McGrory has been on loan to the Long-Range
Planning Group since September 1, 1975) and two temporary appointees. In addition, we
have benefited from two guest assignees, V. Maruhn-Rezwani and, since August, H.
Feldmeier.

MACROSCOPIC NUCLEAR DYNAMICS AND
HEAVY-ION COLLISIONS

J. I. Griffin? J. A, Maruhn
J A McDonald®> €. G. Trahem?®
T. A. Welton C.Y. Wong

In the discussion of puclear phenomena, it is con-
venient to introduce the concept of a nuclear fluid and
to treat finite nuclei as small quantities of it. The
dynamics of this fluid are then described by the time
variations of the density field n{x, #), the velocity field
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u(r, 1), and the entropy field ofr, £). Our knowledge of
the static and dynamic properties of the fluid is as yet
incomplete. (For example, although its equilibdum
density is known, its compressibility is uncertain. The
novel capabilities of the new heavy-ion accelerators may
lead to the systematic elucidation of these fluid
properties.) In focusing our attention on a macroscopic
description we hope to learn about the bulk properties
of the nuclear fluid so as to enhance our understanding
of complex nuclear phenomena. Furthermore, a mac-
toscopic description is appropriate for the collisions of



heavy nuclei, where the complexity of the problem as
yet precludes a fully microscopic description. Even
though three-dimensional time-dependent Hartree-Fock
(TDHF) calculations are possible, the assumptions
required to make such a treatment feasible may
preclude any dependable description of real nuclei. It is
then quite possible that a theory of classical form, with
constants adjusted for best fit to experiment, may
survive as the method of choice for the description of a
wide range of heavy-ion phenomena.

1. University of Maryland; presently on leave at Justus Liebig
Universitit, Giessen, West Germany.

2. Student from Princeton University, summer 1975, under
the Exceptional Student Program.

3. Student from Rice University, summer 1975, under the
Exceptional Student Programi.

BASIS FOR A MACROSCOPIC DESCRIPTION

C.Y.Wong
J. A Maruhn

T. A. Welton
J. A. McDonald!

The theoretical foundation for a macroscopic de-
scription is sought by starting with the more funda-
mental microscopic theories, We can show, as previ-
ously with the time-dependent Hartree-Fock approxi-
mation,® or more recently with the exact many-body
Schrodinger equation,® that one can define unambigu-
ously the macroscopic variables of density field, veloc-
ity field, and the total kinetic energy field (or equiva-
lently, the entropy field). Furthermore, the equations
of motion for these variables turn out to be analogous
to the equations of motion in classical fluid dynamics.
A completely macroscopic fluid-dynamical description
requires, however, that the stress tensor and the heat
flux be expressed as simple functions of the basic
macroscopic variables n, ¥, and 0. The conditions under
which such a completely macroscopic description can
be a good one are examined by comparing the length
and time scales for microscopic and macroscopic
relaxations.* We find that in the collision, for example,
of two similar nuclei of mass 4/2, a macroscopic
description should be reasonably valid for A > 40 at
nonrelativistic energies, except for those collisions in a
nearly grazing impact, and we can therefore be confi-
dent of a useful range of application for such a
description. What is not known well are the detailed
expressions for quantitics like the stress tensor and the
heat flux in terms of the basic macroscopic variables
such as density and the fluid velocity components.
These can only be parameterized at present in reason-
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ably standard form (the Navier-Stokes form of the
stress tensor and a heat flux proportional to tempera-
ture gradient being simple illustrations). We hope that
the important parameters in such expressions can be
determined when we confront theoretical predictions
with experiment and that, in fact, the functional forms
of these expressions can be refined as new phenomena
appear.

1. Student from Princeton University, summer 1975, under
the Exceptional Student Program.

2. C. Y. Wong, J. A. Maruhn, and 1. A. Welton, Nucl. Phys.
A253,469 (1975). .

3. C. Y. Wong and J. A. McDonald, to be published.

4. C. Y. Wong, T. A. Welton, and J. A. Maruhn, to be
published.

NUMERICAL SOLUTION OF THE
FLUID-DYNAMICAL EQUATIONS

J. A Maruhn  T.A.Welton C.Y.Wong

At the time of writing, we do not have results to
report for a fully three-dimensional calculation al-
though such calculations are well under way and results
are expected in the near future. Meanwhile, collisions in
one dimension have been studied, partly to gain
experience with the computational aspects of the
problem and partly because we believe we can learn
about some features of more realistic collisions in this
way.

The equations used were:

mass conservation,

0 ]
—n+-"—(nv)=0; (1
o  ox
momentum conservation,
2 (nv) + ° (nv*)
—{(nv) + — (nv
ot 0x
) oV, o ov
e
ox o0x  9x\ 1y Ox,
and energy conservation,
0 3 YAY
— (W) + — (aW'Dv) =) —) - 3)
ot ox ox,



The internal energy per particle is given by the equation
of state,

W(n) = bon?!3 + byn+bynt3

1/4m\?13 2m% (kT)?
+b3ns/a+_(1 2 (KT)*
AN 1 23

\

(4)

where the coefficients have heen chosen to yield an
equilibriuen  density of 0.17 nucleon/fm®, 2 corre-
sponding binding energy of 16 MeV, and a compressi-
bility of 134 MeV. The pressure is 2 = n? oW/an,
evaluated at a constant entropy. The thermal part of
the internal energy, W/ ), is defined as the last term on
the right-hand side of Eq. (4). 1t is convenient to write
the equation of energy conservation in terms of W(’),
instead of the total energy density, because it is a small
quantity compared to kinetic and total internal energy
and would not be obtained accurately from the total
energy density.

The long-range potential ¥; was assumed to be given
by

3 v
: dxlz(x) ~a® Vi(x) = -4nB n(x), )

so that it is of Yukawa type. We used § = 280 MeV
and o = 2.1 fm ™. The Yukawa potential produces an
additional binding energy linear in n in the nuclear
matter limit, which has to be subtracted from the linear
term in Eg. (4) to preserve the limiting properties of
W(n). A Coulomb potential was not included because of
its sifigular behavior in the one-dimensional case.

We used an explicit Eulerian flux-corrected transport
algorithm,! which ensures stability in the presence of
extreme density or velocity gradients or even discon-
tinuities, such as occur in the neighborhood of shocks.
Although thus able to describe shock fronts only a few
mesh-points wide, Eq. (3) does not then give the correct
heating in the front because the derivation of Eq. (3)
from the conservation equation for the total energy

density assumes continuity of n and v. The resulting

loss of total energy can be made rather small, however,
by choosing the mesh sufficiently small, so that shocks
extend over a larger number of mesh points. For the
256 mesh points actually used, the energy loss was less
than 10 MeV during a collision.

Figure 5.1 shows a few sample results for the collision
of two slabs with widths about equal to the diameter of
208 Pb.

In fig. 5.1a the initial lab energy is 18.8 MeV per
nucleon. This corresponds to a relative speed of about
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1.7 times the velocity of sound in nuclear matter for
the equation of state assumed, so that the collision is
supersonic and compression is expected to be impor-
tant. The viscosity was set zero in this case. A zone of
strong compression forms in the center with near-zero
velocity; the remainder of the two slabs still stream in
from the side. The maximum density reached is large
because of the low incompressibility assumed. At time
125 fm/c a compressed composite system has been
formed with almost no internal motion. The high
pressure in the compressed state then causes gradual
expansion, and the density slowly goes down to the
equilibrium value at time ~210 fm/c, but internal
motion has been built up to such an extent that it
cannot be stable and starts tissioning at 286 fm/e.

Figure 5.1» shows a nonviscous collision with an
initial energy of 752 MeV per nucleon. The main
difference is the much stronger compression ratio of
more than 2.5 Such strong compressions are not
expected in a three-dimensional situation since then
matter can flow out to the sides. The density becomes
more stretched out before it starts to fission. Equation
(4) favors fission as soon as the density goes below 0.11
fm ™ since then the lowering of the density becomes
even more favorable energetically.

At very low energies there is the possibility of fusion;
this has also been observed in the calculations. Figures
S.1c and d show the effects of viscosity on a collision
with an initial energy of 18.8 MeV per nucleon.

Viscosity tends to smooth the density throughout the
entire collision. The short-range oscillations in the
density have vanished and the corresponding energy has
been dissipated into heating. Viscosity also lowers the
overall compression, because at the collision zone,
kinetic energy is converted into heat as well as into
compression. The third effect is a direct consequence of
this heating: Because of the equation of state, a heated
zone also has a higher pressure than the surroundings.
Because we do not yet include thermal conductivity,
the generated heat stays at the center of the collision
(there is little convective motion in this region). Thus
the heated region must have a lower density to be in
pressure equilibrium with the surroundings. This is the
physical explanation for the pronounced central dip
seen in Fig. 5.1¢ and d. This dip later develops directly
into the fission breakup in Fig. 5.1c, which thus
proceeds mote rapidly than in the inviscid case.

The collision in Fig, 5.1d, on the other hand, is so
strongly damped that the central compression zone
does not engulf the whole system, but the outer peaks
survive and are pushed outward again, forming small

~ fragments in the final breakup.
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It is clear that merely by varying the one parameter of
nuclear viscosity, a wide range of collision phenomena
can be obtained. This could provide a means of learning
about a realistic nuclear viscosity coefficient by com-
paring results of a full three-dimensional calculation
with experireent,

1. J. P. Boris and D. L. Book, .J. Comput. Phys. 11,38 (1973).

SPIN AND ISOSPIN DYNAMICS OF
NUCLEAR FLUID

C.Y.Wong T.A. Welton J.A. Maruhn

We have considered the effects of the spin and isospin
degrees of freedom on the dynamics of the nuclear
fluid; we expect them to allow new kinds of sound
wave to occur. To investigate these we start with the
time-dependent Hartree-Fock (TDHF) equation with
spin- and isospin-dependent central interactions. We
then cast the TDHF equation into a set of conservation
equations of the classical type, coupling the spin and
isospin densities. With simple zero-range density-
dependent interactions, we obtain the normal modes
for the propagation of density variations and the
corresponding sound speeds. In addition to the normal
sound waves, in which the total density varies with
space and time, there are the spin sound waves, in
which the difference of the spin-up and spin-down
densities varies with space and time; the isospin sound
waves, in which the difference of neutron and proton
densities varies with space and time; and finally, the
spin-isospin sound waves, in which the difference of the
“parallel” spin and isospin densities and the “antipar-
allel” spin and isospin densities varies with space and
time.

A HAMILTONIAN FORMULATION FOR
EULERIAN HYDRODYNAMICS

T.A. Welton  C.G. Trahern?

Current efforts to formalize a classical hydrodynam-
ical description of heavy-ion collisions usually depend
heavily on the use of the Eulerian description of the
flow. The fixed coordinate mesh in this method is
particularly convenient in view of the large deforma-
tions to be expected. The Eulerian equations, in spite of
their apparent convenience, suffer from some serious
disadvantages, among these being the problem of fluid
surfaces. In order to achieve numerical stability, some
artificial dissipation, explicit or implicit, must be
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introduced. In this way, a conservative theory is
converted into a theory with uncontrolled dissipation,
with considerable attendant difficulty of interpretation.
From another viewpoint, we may regard nuclear hy-
drodynamics as a considerable generalization of the
familiar concept of collective motions. The Eulerian
equations at best allow a purely classical description of
these collective motions, but we may expect that a
quantum treatment of the collective motions will, in
fact, be required. Thus, a Hamiltonian theory that is
equivalent to the Fulerian equations will permit such
quantization by generally familiar methods.

To proceed, we first restrict our attention to one-
dimensional flows. Note that the Lagrangian (mesh
moving with fluid) description allows directly a
Lagrangian (8 [ L dt = 0) formulation. We write

oo (2 =)0
L= fao {2 polQ) (at >Q @y Kanb ’

(1

where

x{(Q, 1) =coordinate at the time ¢ of the fluid element
which was at position @ at the starting time,

po(Q) = mass of fluid per unit range of starting
position,

ox
(”) =l = velocity of the tluid element currently
9t Q atx,

ox
<--> = fractional compression of the fluid element
¢

at x, compared with its starting density,

ox
U <;Q‘>: specific enthalpy of compression.

[sentropic flow has been assumed; otherwise the system
is certainly not conservative.

A Hamiltonian and appropriate canonical momenta
can be derived from Eq. (1) by familiar manipulations,
but the resulting formalism has current fluid position as
a coordinate, whereas the independent integration
variable ¢J is a label that identifies a particular fluid
element. We now make a transformation (which appears
to be novel) in which label and coordinate are simply
interchanged. That is, we write

e () (1) |}

@



where we hold in abeyance the question of the meaning
of the new coordinate Q(x, ¢). We complete the
transformation by use of two familiar identities:

) )12

o)y (30/ax)  a0fex '
Finally,
)2
L= fax po(Q)<2~QQ—, -0 U(Q')>, (4

where O = 3Q/dr and Q' = 3Q/x.

This Lagrangian has precisely the form of a aonlinear
field theory for a single field variable (), which is a
function of x and ¢. The resulting field equations are
precisely equivalent to the desired Eulerian equations,
but we now have a significant advantage. The above
integral can be directly replaced by a sum over discrete
cells. The Lagrangian form is fully retained, as is the
positive definite character of the resulting Hamiltonian.
Instability is then possible only if the method for
numerical integration of the coupled equations of
motion is a poor approximation.

The extension to two dimensions is not completely
trivial, because we now have @, and @,, which may
each be differentiated with respect to x or y. The
correct formalisin is

2

(=

27 ax
‘?QZ i 2 _a__Q_‘\z <?Q}>2 .2

+<ax> @ +K,ax) "\ 0.

_ZC’,%EQE+EQ13Q2

3% 9x ay %;>Q1Q2} ~ JUpeJ) |,

L= [ax [ dy po(Q1i,02)

where J = (8Q; /ox)¥3Q, /3y) — (30,/3)(30Q, /ox) =
Jacobian of transformation @, @» > x, y.

The Hamiltonian and the equations of motion are
easily obtained, and the extension to three dimensions
is now obvious. Extensive numerical testing of this
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promising formulation has been started, and some ideas
for approximate quantization have been devised.

1. Student irom Rice University, summer 1975, under the
Exceptional Student Program.

SIMPLE HY DRODYNAMICS IN
DROPLET COLLISIONS

C.Y.Wong I.J. Griffin'

The motions of the nuclear fluid in a heavy-ion
reaction occur on a large spatial scale. The associated
time scales can be made small or large, depending on
the initial conditions. If the flow is mostly subsonic, a
description based on the dynamics of an incompres-
sible, sometimes viscous, fluid (hydrodynamics) can be
used. We have initiated a program®~# to study colli-

ORNL-DWG 75-16843

b. 00

< fM o 0.0
C T o
— B
C - MM) 0.59
{M i} 0.88
T 1.17
\MM-M? 1.u6
-
)
, 2.05

Fig. 5.2. Motion of a chargeless droplet stretched to the
shape of a spheroid with an aspect ratio of 6. The numbers are
the times, in units of \/ES(O)/nRoz, where ES(O) is the surface

energy of a spherical drop of radius Ry with the same volume.



sions between droplets of nuclear fluid in these terms.
In our simple treatment, we represent the surface in
termns of spherical harmonics and assume a linearized
hydrodynamics for which solutions are already known.
Simple hydrodynamics reproduces many experimental
features such as (1) the rapid formation of a neck,
{2) focusing of surface waves, (3) the formation of a
toroidal-shaped droplet at the end point of maximal
compression, and (4) shape of the neck for a non-head-
on collision. However, hydrodynamics linearized for
expansion with respect to a sphere cannot adequately
describe the disintegration of a droplet. Accordingly,
we investigated hydrodynamics linearized for a shape
expanded with respect to spheroids of large aspect ratio
and obtained the corresponding normal modes. This is
particularly appropriate for the shape of the composite
droplet at the end point of its maximal stretching in a
head-on collision. We show in Fig. 5.2 the motion of
such a droplet, which initially is a spheroid with an
aspect ratio of 6. The droplet breaks into three pieces as
it disintegrates. Instability of this kind is conveniently
called *“necklace™ instability because disintegration
results in a line of drops of similar sizes. We find that
the greater the aspect ratio, the larger the number of
drops created. For the collision of two equal drops of
radius R and in the absence of viscosity, the number of
drops should increase with un/R, where 1 is the relative
velocity. Because the presence of charge enhances
necklace instability, experimental search for the occur-
rence of such phenomena with heavy nuclear projectiles
will be of interest.

1. University of Maryland, presently on leave at Justus Liebig
Universitat, Giessen, West Germany.

2. 1. 1. Griffin and K. K. Kan, Colliding Heavy Tons: Nuclei as
Dynamical Fluids, OR0Q-4856-3, University of Marvland, Col-
lege Park, 1975.

3. C. Y. Wong, Selecred Topics in Heavy-Ion Reactions,
ORNL/TM-5000, 1975.

4. J. ). Griffin and C. Y. Wong, Bull. Am. Phys. Soc. If 20,
1158 (1975).

MICROSCOPIC MODELS OF NUCLEI AND
HEAVY-ION COLLISIONS

S. E. Koonin®
8. J. Krieger®
J. A. Maruhn
V. Maruhn-Rezwani’
J. W. Negele®
P. J. Siemens*

J.P. Bondort?
R. Y. Cusson?
KR, Davies
H. T. Feldmeier®
S. Garpman®?

E. C. Halbert

ecently there huas been renewed interest in the
derivation and application of microscopic theories of
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nuclear collective motion, especially because of heavy-
ion reaction experiments that probe previously un-
explored areas of nuclear dynamics. New approaches
are currently being examined; the aim is to obtain a
unified microscopic description of the statics and
dynamics of a wide range of physical phenomena,
including large-amplitude collective oscillations, fission,
fusion, compound-nucleus formation, deep-inelastic
scattering, and fragmentation. A microscopic approach
may describe just the statics of the systen:, or it may
aim to describe the full dynamics of collective motion.
Both aspects are being studied with independent-parti-
cle theories, based on some form of the Hartree-Fock
approximation. Static calculations use self-consistent
copstrained Hartree-Fock models, from which one
obtains quantities appropriate to slow adiabatic motion.
The dynamical calculations rely on time-dependent
Hartree-Fock methods to provide detailed information
on the time evolution of nuclear processes such as
fission or heavy-ion reactions. In addition, a simplified
approach is being used which treats the individual
nueleon-nucleon collisions classically.
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ADIABATIC MODEL
R. Y. Cusson’

The density-dependent self-consistent single-particle
potential developed recently? has been used to give a
microscopic description of several kinds of fission and
heavy-ion properties. We have obtained heavy-ion in-
teraction potentials for a number of systems.? For
example, the case of *2C + '2C is shown in Fig. 5.3.
The calculated adiabatic cluster potential energy ¥V is
plotted vs R = +/Q,%/2u, which is a measure of the
separation between the ions. The experimental poten-
tial was obtained from the analyses of ORNL data on
L12¢ + '2¢ scattering described elsewhere in this
report.® (The scattering is only sensitive to the poten-
tial beyond 3 or 4 fm.) The calculated potential has too
large a radius; this arises because the radius of the
density of '?C is calculated to be 0.4 fm larger than the
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one obtained from electron scattering. This discrepancy
could easily be remedied by readjusting the parameters
of the calculation. In the internal region the potential
has its minimum at a value of 0,°, the total mass
quadrupole moment, that is consistent with the ground
state properties of the compound system, 24Mg. The
minimum is also in reasonable agreement with the
experimental binding energy of 2*Mg. Thus we see that
there does seem to exist a single microscopic, albeit
semiphenomenological, energy operator, ¥y, which can
simultaneously give the correct potential in the asymp-
totic limit of large separation as well as in the fused
compound-nuclear region.

Further calculations were made for the heavy-ion-
induced fission reaction S®Ni + 2°Ne - 78Sr > 4, +
A,, which is being studied experimentally at ORNL.
Because the compound system, ’°Sr, has a fissility
below the Businaro-Gallone critical value of 0.396 for
zero angular momentum, the pure liquid-drop model
predicts asymmetric fission. A cluster potential energy
curve for 78Sr > 3%K + 3°K, similar to Fig. 5.3, was
first obtained. From this curve it was possible to
confirm that for such a light fissioning system, the top
of the fission barrier still occurs in the strong absorp-
tion region, as it does for other light systems. This
simplifies the calculation of the absolute energy of the
fission barrier because the shell structure of the
compound system does not contribute to the barrier
energy. For such a light system, sections of the
potential-energy suifaces along the fission and fusion
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valleys are similar and are shown in Fig. 5.4; the
Coulomb energy is also shown. The potential energy
corresponding to a nonzero value of the total angular
momentum L was obtained by using the rigid-body
values of the moments of inertia. Experimentally, it
seems likely that much of the fission takes place from a
compound nucleus with angular momenta in the
neighborhiood of 50. Figure 5.4 shows that the lowest
barrier appears near 4, 2= 26 (or 52), in agreement with
preliminary experimental results showing a peak in the
iass distribution near 4, = 29. Thus the shell structure
of the compound system does not appear to influence
the fission systematics in this region of the periodic
table as it does for heavy nuclei.

1. Consultant to ORNL from Duke University, Durham, N.C.
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DYNAMICS AND THE TDHF THEORY

S.J. Krieger?
J. A Mamhn
V. Maruhn-Rezwani®
J. W Negele®

R.Y. Cusson?
K.T.R. Davies
H. T. Feldmeier®
S. E. Koonin®

New expenmental results with beavy ions have
prompted many questions concerning colliding droplets
of nuclear fluid. For example, the simple process of
converting the collective kinetic energy of a cluster into
disordered heat energy might proceed, if it is analogous
to its well-known classical counterpart, by particle-
particle scattering due to the residual interaction.
However, there are other possibilities. It is known that
if a set of particles move in a highly time-dependent
single-particle potential, the collective coherence of the
maotion may be converted into random motion. This is
but one example where nuclear tluid dynamics may
exhibit degrees of freedom not encountered in other
types of fluid flow.

The ultimate explanation of nuclear collective dy-
namics must come from a microscopic description
based on a realistic nucleon-nucleon force. An obvious
approach is the time-dependent Hartree-Fock (TDHF)
approximation, which was first proposed by Dirac
nearly 50 years ago and is now becoming feasible with
large computers. There are many motivations for
applying TDHF to nuclei. TDHF is a truly microscopic
theory, which requires as input only the nucleon-
nucleon force: it is unnecessary to make an assumption
as to the relevant collective coordinates. Moreover,
although it is a fully quantal theory, its independent-
particle nature permits a semiclassical interpretation,
which offen provides insights not obtainable in calcula-
tlons that make use of much more complicated wave
functions. We are encouraged by the significant suc-
cesses that the static Hartree-Fock theory has had in
providing descriptions of the energies and charge
densities of nuclei. Finally, TDHF studies are expected
to lead to a better understanding of existing approxi-
mation methods that are based on it, such as the
random-phase approximation and adiabatic TDHF.

The numerical feasibility of TDHF calculations has
been demonstrated recently for a one-dimensional
system.” These calculations, which describe collisions
between slabs of nuclear matter in which the trangverse
degrees of freedom are frozen, resulted in a somewhat
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unexpected richness of solutions corresponding to
compound-nucleus  formation, resonances, deep-in-
elastic processes, and fragmentation. Encouraged by
this, we are applying the theory to more realistic two-
and three-dimensional systems, including collisions of
ions with unequal masses. More realistic nuclear forces
are being included together with the effects of pairing.
Some early results are reported in the following articles.
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12¢ + 12C AND THE TDHF MODEL

R.Y.Cusson'  J. A. Maruhn

The same realistic single-particle potential that was
used with the adiabatic model described in the
preceding article was used to do a TDHF calculation?
of the head-on collision of *2C on '*C. A harmonic
oscillator basis was used. Figure 5.5 shows the resulting
mass current distributions for several values of the time.
Direct and exchange Coulomb forces as well as spin-
orbit forces were included, and neutrons and protons
were treated separately. The first time frame, at £ =35
fm/c, shows an early step in the collision where the
system develops a stationary compression region in the
center. The next stage, at ¢+ = 44 fm/c, shows that, as a
reaction to the compression, the matter begins to flow
radially ocutwards and back toward the initial position.
This radial motion is short-lived, however, and quickly
reverses itself. At r = 85 fifc the two 2 clusters are
moving away from each other and would permanently
separate if a substantial amount of collective kinetic
energy had not already been lost to random motion.
Thus atr = 110 fm/c the current distribution is in the
process of reversing itself again. For this particular
bombarding energy, the energy loss has not been high
enough to allow the system to fall back towards the
24Mg compound state. Thus in the fifth frame at ¢
165 fin/c we can observe a metastable molecular state
with a complicated internal oscillatory mode of the
clusters. These oscillations continue while the system
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Fig. 5.5. Cumrent distributions for head-on collisions of
12¢ +12C at 6.4 MeV/4 (c.m.) for the following times, from
left to right, starting at the top and going down: ¢ = 110, 35,
165, 44, 321, and 85 fm/c.

slowly drifts apart, as shown in the last frame, at ¢ =
321 fm/c.

1. Consultant to ORNL from Duke University, Durham, N.C.

2. R. Y. Cusson and J. A. Maruhn, to be published in Physics
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TWO-DIMENSIONAL TDHF CALCULATIONS

K.T.R. Davies S. E. Koonin?
H. T. Feldmeier'  S.J.Krieger®
V. Maruhn-Rezwani*

Time-dependent Hartree-Fock (TDHF) calculations
have also been performed in a two-dimensional coordi-
nate space where it is assumed that the nuclear system
is axially symmetric. The effective interaction used
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consists of zero-range two- and three-body forces of the
Skyime type and a finite-range Yukawa force. Coulomb
terms (except for exchange contributions) were in-
cluded. This potential reproduces reasonably well the
binding energies, radii, and densities of 190 and *°Ca.
An effective charge was used in the calculations to
avoid treating neutrons and protons separately, an
approximation which should be valid for light systems.
The head-on collision of 10 + 60 at a laboratory
energy of 8.0 MeV per nucleon was studied previously .

However, in order to compare TDHF results with
experimental data, nonzero angular momenta (or im-
pact parameters) must be studied. In a rigorous treat-
ment, such systems would entail fully three-dimensional
numerical calculations. While this is not impossible for
the 60 + '6Q system, such an approach becomes
increasingly prohibitive for larger systems in terms of
computing costs. Therefore we must consider how the
effects of finite impact parameters may be treated
without sacrificing the numerical simplicity of two-
dimensional coordinate-space calculations. Therefore
we consider an approximation in which the effect of
the relative orbital angular momentum is accounted for
by imagining the collision to occur in a frame rotating
about an axis perpendicular to the scattering plane,
while the system is assumed to remain axially sym-
metric about an axis in the scattering plane. The
orientation of the z axis in real three-dimensional space
is specified by the angle @, whose time rate of change w
is given by

w = L[I(p), (1)

where L is the relative orbital angnlar momentum and /
is the instantancous moment of inertia about the
rotation axis. The total energy of the system is then
modified as follows:

H->H+L*2(p). 2)

The moment of inertia J{p) is a functional of the
density and depends on whether or not clutching of the
ions due to tangential friction has occurred.

In Fig. 5.6 we show a polar plot of the trajectories for
160 + 150 at 8.0 MeV per nucleon. On the graph, 7 is
the center-of-mass separation of the ions. Whereas the
grazing partial waves (/ > 35) suffer some small inward
deflection due to the attractive tail of the nuclear
potential, the influence of the strong interaction is most
evident for 7/ < 30. Head-on collisions (! = C) penetrate
deepest toward the compound system and bounce
strongly with large energy loss. With increasing angular
momentum (/! = 10 to 25) the trajectory takes on a
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Fig, 5.6. r-0 trajectories for 60+ %0 at a c.m. energy of
8.0 MeV per nucleon. For each partial wave, we list 8,., the
scattering angle for a noninieracting-point Coulomb trajectory;
0, the scattering angle from the TDHI calculation; and Ey, the
final center-of-mass relative fragment kinetic cnergy, in MeV.
Tick marks indicate time intervals of 10722 sec; the dots
delineate times during which the ions “clutch.” The dashed
circle at » = 2.8 fm is the sharp-surface liquid-drop value for the
compound system >28.

skimming characteristic under the influence of Cou-
lomb, centrifugal, and nuclear forces. Because penetra-
tion s not as strong, the energy loss is less severe. In
addition, the scission configuration becomes less elon-
gated with increasing [. The [ = 30 trajectory is of an
orbiting type, just at the top of the “fusion” barrier.
This interpretation is supported by the change in the
initial curvature of the trajectory at [ = 30.

In Fig. 5.7 we show the density at various times ¢ for
a TDHF calculation of 4°Ca + *°Ca at 12.0 MeV per
nucleon and / = 20. (The apparent deformation per-
pendicular 1o the direction of motion is simply due to a
choice of unequal length scales for the plots.) The ions
begin to clutch at ¢ = 0.16, and at ¢ = (.32 they form a
compound system. After various internal shape changes
the system eventually begins to. break apart, and
scission occurs at ¢ = 0.9. These qualitative pictures give
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Fig. 5.7. Densily distribution pictures for the reaction
40Ca + 400y at 2.0 MeV per nucleon and / = 20, The time is in
units of 107! sec.

some idea of the richness of the structure involved in
the shape changes obtained from a TDHF calculation.
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THREE-DIMENSIONAL TDH¥F CALCULATIONS
J. A.Maruhn  R.Y. Cusson'

The assumptions made in the two-dimensional model
discussed in the preceding article must be tested by
exact calculations. With this in mind, we have devel-



oped a fully three-dimensional TDHF code. In the
interest of computing speed, we have incorporated
further simplifications of the Skyrme interaction and a
combined coordinate-momentum space basis. With the
present budgetary limitations, we expect to be re-
stricted to studying systciis no heavier than. say,
Ni + Ni. Preliminary calculations for o+« at 16 MeV
per nucleon and impact parameters b= 1, 2, 3,4, 4.5,
and 5 fm have been made. We find: (1) in the region
b=2 to 4 fm, the collective kinetic energy loss is
considerably larger than for a head-on collision; this
occurs via the formation of a molecular state that may
perform several rotations while losing collective
kinetic energy by radial oscillations before coming
apart; (2) the two clusters tend to interpenetrate each
other as in a two-fluid model with the result that the
moment of inertia shows large deviations from the
rigid-body value; and (3) for certain values of the
tmpact parameter, the outgoing determinantal wave
function factors, as it did before the collision, into two
separate determinants representing the two clusters.
Calculations for '®0 +'%0 and *°Ca + *°Ca are under
way.

1. Consultant, Duke University, Durham, N.C,

CLASSICAL MICRCSCOPIC DESCRIPTION
OF HEAVY-ION COLLISIONS

J.P. Bondorf!  H. T. Feldmeier?
E. C. Halbert

S. Garpman®
P.J. Siemens!

In heavy-ion collisions, bombarding energies of a few
hundred MeV per nucleon seem most favorable for
producing shock zones of compressed nuclear matter.
As an alternative to hydrodynamic ways of treating
such collisions, we are investigating a microscopic
description in which the classical paths of individual
nucleons are followed. One aim is to make qualitative,
rapid {and therefore economical) calculations of how
the shock-zone characteristics and emergent-particle
angular distributions depend upon the initial nuclear
masses, the bombarding energy, and the nucleus-nucleus
impact parameter.

Our present computer program, called SIMCN, is a
simple simulation code. Each run simulates one nucleus-
nucleus collision, involving many nucleon-nucleon scat-
terings. Monte Carlo methods are used to determine the
initial nucleon positions and velocities within the two
separated nuclei. Nucleon-nucleon interactions are
taken into account via cross sections rather than via
explicit forces. Each nucleon’s motion is approximated

A

as uniform in velocity, except for abrupt changes when
nucleon-nucleon scatterings occur. The occurrence of
each scatiering and its exact time are determined by
simple geomeiric considerations such as cross section,
nucleon-nucleon impact parameter, and, sometimes,
nucleonic hard-core radius. (There are alternative
options available in SIMON.) The two new nucleon
velocities, after each scaitering, are determined by the
impact parameter and/or by Monte Carlo methods.
Within a run, all nucleon positions and velocities are
known as functions of time. This allows calculation of
such gross features as the space- and time-dependent
particle density during collision, the space- and time-
dependent mean-square nucleon velocity, and the angu-
lar distribution of particles emerging after collision.

There are two approximations basic to the present
SIMON code: (1) classical-particle kinematics and (2)
abrupt cross-section-induced changes in velocity (rather
than continuous accelerations induced by smoothly
varying nucleon-nucleon forces). These two simplifica-
tions are not justified in detail, for at the kinetic
encrgies we consider, the de Broglie wavelength of a
nucleon is of the same order of magnitude as the
internucleon spacing, which in turn is of the same order
as the mean free path for nuclecn-nucleon scattering.
However, we hope for some cancellation of detailed
errors when we use these approximations in calculating
gross features of the collision. We also imake some other
simplifications, reasonable enough at this stage but not
basic to the SIMON method. At present we use
nonrelativistic kinematics; also, we start with zeio-
temperature nuclei of spherical shape, and we neglect
nuclear  binding, Coulomb energy, nucleon spin,
neution-proton differences, and pion production.
Furthermore, we allow only elastic and isotropic
nucleon-nucleon scattering, with energy-independent
density-independent cross section. These nonbasic sim-
plifications may be modified in the future.

Local particle densities p(r) are obtained by averaging
over small volumc elements, and emergent-particle
angular distributions W(cos 8} and X(¢) are obtained by
averaging over appropriate solid-angle elements. Because
of the Monte Carlo conditions defining each calculated
nucleus-nucleus collision, there may be severe fluciua-
tions of the local density (in time and space) and of the
angular distributions. To reduce these fluctuatiions, we
average over an enseroble of SIMON runs, all identical
except for their Monte Carlo numbers. Figures 5.8—
5.10 show soinie results obtained by averaging over nine
head-on collisions between two mass 235 nuciei. or
the nucleon-nucleon cross section we used o = 25 mb,
as suggested by experimental data in the energy region



ORNL-DWG 76-3419

0.1 x 10722 gee

1.3 110722 5ec

0.4 x 10722 sec

1.6 x 10722 gec

0.7 210722 sec

1.9 x 10722 gec

1.0 x10722 ga¢

Fig. 5.8, Sketch of the cylindtically symmetric density
calculated for a sequence of times during the head-on collision
of two mass 235 nuclei.

of interest. The results shown were obtained with
nucleon-nucleon scattering modeled as hard-sphere scat-
tering, so that the distance of closest approach was
(u/m)1/2 = 0.9 fm. As Fig. 5.10 shows, this hard-sphere
mode! yields a maximum particle density about twice
that of normal nuclear matter. When we use the same o,
but with scattering models that allow nucleons to
approach each other more closely than 0.9 fm, we find
maximum densities 23 times normal. This sensitivity to
the scattering mechanism is being studied in more detail.

1. Niels Bohr Institute, Copenhagen, Denmark.

2. Guest assignee from Technische Hochschule Darmstadt,
Germany, under NATQ Fellowship.

3. Nosdisk Institut for Teoretisk Atomfysik, Copenhagen,
Denmark.
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NUCLEAR REACTION THEORY

E. C. Halbert G. R. Satchler L. D. Rickertsen
L. W.Owen' I.B. McGrory

This section is concerned with more couaventional
nuclear reaction models: optical model, coupled chan-



nels, distorted-wave Born approximation (DWBA), etc.
Most of the applications have been to heavy-ion
reactions, although light ions have not been neglected
entirely: work has continued on the excitation of giant
multipole resonances by protons, alphas, and neu-
trons?>3 and on the role of two-step processes in
charge-exchange reactions.®>® This theoretical effort is
usually pursued in close collaboration with the experi-
mentalists at ORNL, and some of the results appear in
the experimental sections of this report; these we only
touch upon briefly.

Our activities have three broad motivations: (1) to
provide the most sophisticated tools for the analysis of
experimental data obiained at ORNL, (2) to see what
we can learn from various types of data and hence to
guide future experiments, and (3) to achieve a better
understanding of the basic nuclear reaction mecha-
nisms. Primarily our attention has been focused on
direct or peripheral collisions; reactions of the fusion
and deep-inelastic variety are better studied by the
approaches described in the preceding articles.

Coinputer Sciences Division.

E. C. Halbert et al., Nucl. Phys. A245, 189 (1975).
F. P. Brady et al., Phys. Rev. Lett. 36, 15 (1976).
L. D. Rickertsen et al., Phys. Lert. 598, 129 (1975).
L. D. Rickertsen et al., Phys. Lett., in press.
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SECOND-CRDER DWBA FOR
HEAVY-ION INELASTIC SCATTERING

L. D. Rickertsen

The distorted-wave Born approximation (DWBA)
requires much less computational effort than a coupled-
channels (CC) calculation, and, in addition, the inter-
pretation of the amplitudes leading to a given cross
section is much simpler. Hence, it is of importance to
understand the degree to which a DWBA analysis is
adequate for a given reaction. The accurate data
recently obtained at ORNL on the inelastic scattering
of '2C by neodymium isotopes at 70.4 MeV offered a
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good opportunity to investigate this question, since the
excitation of colleciive levels in both target and
projectile, as well as the elastic scattering, was observed
over a large range of angles. This energy is about 10
MeV above the Coulomb barrier, where the sensitivity
to Coulomb-nuclear interference is optimal. The quad-
rupole coupling strength to the lowest 2% state of
neodymium increases with mass number to values that
are customarily thought to be so large that a CC
treatment is necessary.

In our analyses of these data, we find that, although a
first-order DWBA treatment is not adequate, a second-
order DWBA treatment is sufficient and fhat it is not
necessary to solve the coupled equations to all orders.
In particular, we conclude that as long as the elastic
scattering is reproduced well by a one-channel optical
potential, the direct matrix element between any two
channels is accurately given by the first-order DWBA
termi. To this must be added amplitudes cotresponding
to higher-order processes: self-coupling or reorientation
and indirect transitions via other intermediate channels.
Although these contributions are too complicated to be
accounted for by simply modifying the optical poten-
tials in the one-step DWBA calculation, we find it is
sufficient to calculate them in a second-order DWBA,
rather than solving the full coupled equations.

Figure 5.11 shows results for '**Nd. Two calcula-
tions for the 37~ excitation are shown in Fig. 5.11a: a
CC calculation taking into account the coupling to the
37 and the 2 and 4" members of the ground-state
rotational band to all orders and a DWBA calculation
for the 37 state where the 2% and 47 states have been
ignored. In each case the optical parameters that were
used reproduce the. elastic scattering, and the inelastic
results are indistinguishable; both are represented by
the solid curve. The coupling strengths and optical
parameters are given in Table 5.1. The quadrupole
moment of the 37 state was not included in either of
these calculations. The dashed curve in Fig. 5.11a shows
the result of including the quadrupole self-coupling in a
second-order DWBA calculation. The intrinsic quad-
rupole ‘moment of the 37 state was taken arbitrarily to

Table 5.1. Optical parameters and coupling strengths for 12¢ 4 144Ng

Calcujation 14 a7 ar W oy ay B2R B3R B4R
cc? 20.0 1.32 0.562 10.9 1.34 0.414 0.72 0.83 0.37
DwBAP 20.0 1.32 0.562 12.1 0.433 0.72 0.83

1.34

2CC - parameters for the fully coupled-channels calculation.
BHwBA - one-channe! optical parameters and coupling strengths for the first- and second-order

DWBA calculations.



ORNL-DWG 76- 3556
144Nd(42C , 12C)144Nd*
Eiup= TO4 Mev

10 S
T~ () ‘? T | =
B L / \§ {’ﬂ i\ -
£ $
o 2 - § } $ /=37 N -
2 \ i 0 = ~1.51 Mev ™
% 100 - % \;’ - i\\
SR \
5 |- AN
2 [T
10 [27(3 13
», * 5
5 ?.,!r.‘,)'!\ ,,lw\. —
E/ 1 4 i TP B
> u_ JT=pt i ’\. ]
Q= ~0,696 MgV
1 ’ \
10! |- 2
5 [
: e
g w0f L
> -
b -
A~ 5 |
" JT=at
2 @ = -1.314 MeV \xﬂ
N
107" [ =
S C :
2

20 30 40 50 €0 70 80
B, m, (deg)

Fig. 5.11. Comparison of coupled-channel and second-oaxder

DWBA calculations for the inefastic scattering of 70.4-MeV 2
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of 149Nd.

be the same as for the *#*Nd 2% state. Figure 5.115
shows analogous calculations for the excitation of the
2% and 47 rotational states. The solid curve corresponds
to the full CC caleulation (including reorientaiion
couplings), and the dashed curve is the result of
second-order DWBA calculations where the quadrupole
coupling is taken only to second order. In each case the
observed elastic scattering is reproduced. A major
component of the 4™ angular distribution is due to the
two-step process by way of the 27 state, and the dotted
curve corresponds to the DWBA calculation neglecting
this contribution.
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The character of these results persists for even
stronger coupling. The quadrupole deformation for
YSONd is nearly a factor of 3 larger than for '*4 Nd, but
calculations for the angular distributions taking this
strength to all orders and to only second order differ by
less than 30%. It appears that when the experimental
data can be described by a CC analysis, a second-order
DWBA will also be adequate for even the largest
coupling strengths experimentally obseived in this mass
region. Finally, because there is nothing to distinguish
the projectile from the target in these reactions except
for the details of the coupling, these conclusions are
expected to be valid for projectile excitation as well.

MICROSCOPIC DESCRIPTION
OF HEAVY-ION SCATTERING

L. D. Rickertsen . R. Satchler

By “microscopic” we mean a description in terms of
nucleon-nucleon forces and individual nucleon motions
rather than the usual one-body phenomenological
optical-potential and collective models. In practice, we
have only considered simple folding models in which an
effective nucleon-nucleon interaction is folded into the
densily (or the transition density for inelastic scatter-
ing) of each of the two ions. Our treatment of
higher-order processes is limited so far to the use of
such potentials in coupled-channel calculations.

Previous studies of this folding model for elastic
scattering, using what were then regarded as “realistic”
interactions, showed that the wodel overpredicted the
potential near the strong-absorption radius as deduced
from measurements by as much as a factor of 2.
However, a new interaction derived by Bertsch et al.2»?
from G-matrix elemenis based upon the Reid potential
has an appreciably shorter range and does give results in
agreement with experiment (to within the uncertainties
implicit in the density parameters) for a variety of
heavy-ion scatterings ranging from '*C +*2C to *°0 +
208Pb. This interaction has also been applied to
heavy-ion inelastic scattering (*2C +42C, 160 +28gj,
and '®O+°°Nij), using transition densities derived
from electron scattering, thus leaving no adjustable
parameters. We obtain agreement with measured cross
sections. The validity of this interaction is being tested
more widely, particulaily on heavier systems, together
with the role of higher-order corrections such as arise
from the Pauli principle. Another form of the interac-
tion, due to Fisen et al.**5 and also derived from the
Reid potential, is being tested; preliminary results
indicate that it is also successful.

A previous study was made of the inelastic scattering
of '2C by *98Ph using detailed one-pariicle, one-hole



wave functions of the random-phase-approximation
iype and Gaussian nucleon-nucleon interactions nor-
malized to fit the observed elastic scattering.® Again
there were no free parameters, and agreement with the
data was obtained. Some indication was found that the
range required is shorter than that previously used. This
appcars to be a useful tool for exploring the range of
the effective force and will be studied further, particu-
larly with lighter systems where the Coulomb excitation
contribution is not so dominant.

It has often been asserted that somec data on
heavy-ion elastic scattering demand shallow ion-ion
potentials. We believe this question is far from settled.
The folded potentials just discussed are very deep in the
nuclear interior, and, for example, fits are obtained to
120 4+ 12C and '°0 + 28Si scattering over a wide range
of energies which are as good as those using a shallow
potential. The elastic data are sensitive only to the
surface region (although, for these light systerns, they
appear to probe the potential several fermis inside the
strong-absorption radius); we hope that combining
them with fusion measurements may provide more
definitive information.

1. G.R. Satrhler Phys. Lert, 59B, 121 (1975).
2. G. Bertsch et al.,, to be published.
3. W, G. Love, private communication.
4. Y, Eisen, B. Day, and E. Fricdman, Phys. Lett. 56B, 313
(1975).
5. B. Day, private comimunication.
6. G. R. Satchler et al., Phys. Lett., in press.

SINGLE-NUCLEON TRANSFER REACTIONS
G. R Satchler L. W. Owen'

The work on single-nucleon transfer reactions was
primarily directed toward the analysis of ORNL data on
the one-neutron pickup and one-proton stripping reac-
tions of '2C +298Ph, described elsewhere in this
report. Two new theoretical features were involved: (1)
the use of folding-model optical potentials to describe
the elastic scattering and (2) inclusion of all the
interaction terms that should properly appear in a
first-order DWBA treatment.? The code LOLA® was
modified to accommodate these features.

Although the folded potentials are several hundred
MeV deep, their use has litde effect on the predicted
transfer cross sections in shape or magnitude. The cross
sections forward of the main peak tend to be slightly
smaller, and those at larger angles somewhat larger, than
those predicted using a 40-MeV-deep Woods-Saxon
well. Including the other interaction terms® (in the post
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Fig. 5.12. Effects of the d1fferent mtf’ractlon terms on a
DWBA calculation of the 208Pb(”C L) reaction.

representaiion) has very little eftfect on the angular
distributions (none at all for the proton transfer; the
effects on the neutron transfer are shown in Fig. 5.12).
The cross-section magnitudes are changed by amounts
<20%. However, the extra terms are necessary to give
the post-—-prior equivalence that is required of the
DWBA.

i. Computer Sciences Division.

2. R. M. DeVries, G. R. Satchler, and J. G. Cramer, Phys.
Rev. Letr. 32,1377 (1974).

3. R. M. DeVries, Phys. Rev. C 8,951 (1973).

COUPLED-CHANNEL ANALYSIS OF
26Mg(190,!*C)28Si USING SHELL-MODEL
SPECTROSCOPIC AMPLITUDES

E. C. Halbert!

Calculations were made for the reaction 2°Mg(' O,
14C)28Si at 45 MeV using the coupled-channels Born
approximation (CCBA). The new feature of the present
work was the use of two-proton spectroscopic ampli-
tudes from many-particle (s,d) shell-model calculations
for 26Mg and 22Si. Our computed CC cross sections
involve contributions from six separate form factors,
characterized in obvious notation as: 034 —> O35,
036 =235, 236 = 036, 226 225 (transferred L =0,
2, and 4). Care was taken to ensure that the six transfer



form factors had phases consistent with the collective-
model couplings used for the inelastic scattering. At S
fra, the 275+ 07g form factor is three times the
035 > 235 form factor. The ratios as well as the
magnitudes of the six form factors depend upon the
detailed shell-model structure of the four states 034,
036, 236, and 235, In contrast, the form factors used
by Nilsson et 2123 depended upon the L transfer but not
uporn the initial *5 Mg state or final 2®Si state, whereas
the form fuactors of Sfrensen® depended upon L, but
with sfate dependence entering only through the spins
fa6 and Jyy in the multiplying Clebsch-Gordan coel-
ficient /25 0 L 0l/;¢ 0). Tn caleulating cross sections
for the reactions to the ground and first 27 states, we
ried two different *°Mg + '*O optical-model poten-
tials.”™*  Also, we investigated the effects of other
chaages, for example, varying the 0% — 2% coupling
strength for 2%8i, neglecting some of the six transter
form factors, and neglecting some state dependence of
these form factors. The form factors and the magni-
tudes and angular dependences of the cross sections
were found te be rather sensitive to these variations in
the caleulational’ details. However, none of the varia-
tions we tried provided a clear remedy for the principal
difficulty of the earlier calculations — their Failure to
produce cross sections as large as those experimentally
observed.?™ This work is patt of a more general
invesiigation to see whether improvements in sitnultane-
ous-transfer calculations might increase the predicted
cross sections by the one or two orders of magnitude
needed to fit experiment or whether sequential transfer
has to be included.

1. Woik perforrued while on leave at the Niels Bohr Institute,
Copenhagen, Denmark, 1974—1975, in collaboration with
5. Landowne, B. S. Nilsson, and R. A. Broglia.

2. B. Nilsson et al., Phys. Lett. 478, 189 (1973).

3. 8. Landowne, R. A. Brogla, and B. Nilsson, p. 49 in
FProceedings of the Internations! Conference on Reactions
between Complex Nuclei, Nashville, Tenn., June 1974, R. L.
Robinson et al., Bds., North-Holland, Amsterdam, 1974,

4. B. Serensen, Phys. Lett. 538, 285 (1974).

SEMICLASSICAL SCATTERING WITH
COMPLEX TRAJECTORIES

L. T3 Rickertsen

For encrgies not too far above the Coulomb barrier,
heavy-ion scattering into a particular angle can often be
understood in terms of a small range of values of the
relative angular momentam £ between the target and
the projectile. For example, the “quarter-point” angle
(where dojfdo, ='%) corresponds closely to the orbit
whose  transmission coefficient 7, =%. Although
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quantum mechanically one can pever associate a given
scatfering angle with a single value of the angular
momenturn, this observed behavior strongly suggests
the usefulness of semiclassical (or classical} approaches
to beavy-ion scattering. A code has been written to
calculate the elastic scattering cross sections for heavy
ions in a2 WKB approximation. Although eatlier
attempts to use the WKB method have been unsuccess-
tul, the method has recently been generalived by Knoll
and Schaeffec' (and others) to allow the possibility of
complex angular momenta. Using this procedure, the
code BUMPPO is able to reproduce angular distribu-
tions computed by the usual optical-model routines to
better than 1% for all angles. For a single angle, the
WKB method requires about {/100 of the coraputing
tune required by the standard codes which integrate the
Schiroedinger equation directly, so that for a large
nuwnber of angles the compuling times for the two
methods are comparable. Applications of this procedure
to heavy-ion scattering by Knoll and Schaeffer and with
BUMPPO reveal that in regions where the calculated
angular distribution falls smwothly, that is, is not
diffractive, the cross section at a single angle is due to a
single complex anguiar momentum. The real part of this
angular momentum corresponds closely to the average
of the L values which contdbute in the suantum
mechanical calculation; the imaginary part roughly
corresponds to the width of the distribution of these
partial-wave amplitudes. For angles where diffraction is
evident in the calculated angular distributions, the WKB
cross section is the result of the interference of a small
number (~2 or 3) of amplitudes corresponding to
different complex angular momenta. This conclusion
was reached earlier with regard to the diffraction
structure observed in heavy-ion and alpha-pacticle scat-
tering.? Thus the WKB method is potentially able to
reveal considerable physical insight as well as to provide
a fast method of computation of the elastic scattering.
Application of the method to inelastic scattering is in
Progress.

1. 1. Knoll and R. Schaetfer, dnn. Phys., 10.be published.
2. W, Frahn and R. Venter, Nucl. Phys. A59, 651 (1964).

NUCLEAR STRUCTURE THEORY

R. L. Becker F. C. Halbert
T.T.8. Kuo! A. D, MacKellar®
N. M. Larson® 1. A. Smith?
J. B. McGrory 1. P. Sveone®

B. H. Wildenthal®

At a fundamental level, understanding the saturation
properties of nuclei in terms of the nucleon-nucleon



force remains one of the outstanding problems of
nuclear theory. Work has continued on this difficult
problem, using the Brueckner theory and its develop-
ments to evaluate higher-order corrections.

The shell model attempts to describe nuclear prop-
erties in terms of the motions of a few “valence”
nucleons restricted to a relatively few independent-
particle orbits. Thus one of its important functions
continues to be to correlate experimental findings and
to predict others of interest. Our efforts in this area
have often been made in close collaboration with
experimental groups.

In many cases it is difficult to separate structure and
reaction theory; for example, the structure calculations
of transfer form factors were an essential part of the
two-nucleon transfer problem discussed in a preceding
article. Similar intermingling occurs in the interpreta-
tion of giant multipole resonances excited by inelastic
scattering.

1. State University of New York, Stony Brook.

2. Computer Sciences Division.

3. University of Kentucky, Lexington.

4. Visitor from New College, Sarasota, Fla., partially sup-
ported by a program administered by Oak Ridge Associated
Universitics. Present address: Department of Astronoiny, Yale
University, New Haven, Conn.

5. University of Manitoba, Winnipeg, Manitoba, Canada,

6. Michigan State University, East Lansing.

PROPAGATOR-RENORMALIZED
BRUECKNER THEORY

R. L. Becker N.M. Larson! A.D. MacKellar?
I. A. Smith®  J.P. Svenne?

For the past two years, motivated by a deficiency of
the renormalized Brueckner-Hartree-Fock (RBHF)
approximation with respect to the saturation properties
of nuclei, we have been attempting to include nonlinear
terms in the self-consistent ficld. The second-order
terms are shown in column 3 of Fig. 5.13. Some
preliminary results for ! ©O" were reported in last year’s
annual report.> Another aspect of the Brueckner
calculations is the desire for self-consistency of the
effective interaction with respect to the single-particle
wave functions and energies. Ensuring this self-con-
sistency involves making Pauli and spectral corrections
to the reaction matrix. Preliminary reaction-matrix
corrections also were reported last year for '60.% The
code was so slow, however, as to provide a major
obstacle to extending the applications to heavier nuclei.
The bulk of the computational effort this year has been
involved in making the Pauli-spectral and SORB
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(second-order renormalized Brueckner theory) codes
very much faster. Some sample results for 40(Ca,
calculated with the Hamada-Johnston interaction, are
shown in Table 5.2. In contrast to the case of 180, the
residual Pauli and spectral corrections did not increase
the radius, and the saturation properties are only
slightly improved relative to RBHF calculations with
the uncorrected matrix elements. Both the Pauli-
spectral corrections and the second-order particle-hole
termis are expected to increase in importance as one
considers heavier nuclei. The codes now appear fast
enough to handle an N = Z nucleus with ~200 nucleons
at reasonable expense. Some additional programming
will be needed to ensure complete self-consistency in
the presence of a neutron excess, spin-unsaturated
shells, and a large Coulomb field; however, calculations
in the lead and actinide regions now seem quite feasible
at moderate cost.

A continuing interest in trying to include three-body
contributions into the finite nuclear Brueckner calcula-
tions led to an investigation of the validity of Day’s
approximation for the Bethe-Goldstone defect func-
tion. This approximation neglects the dependence of
the defect function on the energy of an interacting pair.
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Table 5.2. Effects of Pauli-spectral corrections of the reaction matrix and second-order terms
in the seif-consistent field to propagator-renormalized Brueckner calculations of 0057

<

PN (MeV)

Propagator? SCF® (BE)CHBEYXP (%) ;2;‘1‘:/12;‘15 (% nlj
s0C (1°0) RBHI" 81 86 0f7/2 0.37
50C (*°Ca) RBHF 61 87.5 1933 1.06
RB[{[:C(4OC3) RBHF 66 874 1[)1/2 1.31
RBHF (*°Ca) SORB 66 89 0f4)2 0.88

9 An oscillator basis with heo = 16.8 MeV and a well depth of 44 MeV was used.

bEor the propagator, SOC = single oscillator configuration and oscillator spectrum, and RBHF

renormalized Brueckner-Hartree-Fock configuration and spectium.

“SCI means self-consistent field.
d 2) = ¢ N
€(2) = second-order rearrangement energy of

Pigure 5.14 shows the energy dependence of relative
s-state defect functions in an oscillator potential.®>?

A level inversion usually occurs in self-consistent tietd
calculations when only one of a pair of symmetry-
related levels is occupied. An interpretation is offered:
the single-particle energy of the level unoccupied in the
A-particle system is its energy of removal from the
(A + 1)-particle system.®-® The correction of this en-
ergy to convert it to the corresponding energy in system
A is simply given. When both symmetry-related levels
are calculated in the same system, there is no level
inversion. The usual prescription to occupy the lowest
levels should be amended to state that the energies
should all correspond to removal eneegies from system
A. Our interpretation also explains abnormal spin-orbit
splittings.

In seeking to ascertain how good the body densities
calculated from self-consistent field theories are, it is
important to know how reliable are the “experimental”
densities inferred from elastic electron scattering. The
usual analysis of the data is by finding a charge density
that yields a charge form factor that fits the data. We
have discovered, however, that the best empirical charge
densities of light nuclei correspond to body probability
densities with negative regions containing a total nega-
tive probability of about 1%.° Morcover, the negative
portions cannot be removed by adding a small positive
exponential tail and subsequently renormalizing with-
out seriously disrupting the fit to the data. We propose
the alternative procedure of dividing the experimental
charge form factor by the nucleon form factor to yield
an experimental body form factor and then fitting this
with a form factor obtained from a nonnegative body
density. We have found that the analytic body form
factor

“particle” states.

- . 2
K@ =q7" [Asin(aq)e=9
+b71 (1 - Ad) sin (bq) e—84" ],

which corresponds to a nonnegative body density,
together with the Hofstadter-Wilson double-pole form
factor of the proton, yields excellent fits to the data on
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3He, %He, and '®0. Further applications of our
relatively simple method of mapping out regions of
uncertainty in the density also have been made.''+!'?

Computer Sciences Division.

i.

2. University of Kentucky, Lexington.

3. Yale University, New Haven, Conn.

4. University of Manitoba, Winnipeg, Manitoba, Canada.

5. R. L. Becker and N. M. Larson, Phys. Div. Annu. Prog.
Rep. Dec. 31, 1974, ORNL-5025 (1975), p. 12.

6. R. 1. Becker, p. 96 in Effective Interactions and Operators
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7. R. L. Becker and A. D. MacKellar, to be published.

8. R. L. Becker and J. P. Svenne, Phys. Rev. C 12, 2067
(1975).

9. R. L. Becker and 1. P, Svenne, Inversion of Single-Particle
Levels in Nuclear Hartree-Fock and Brueckner-HF Calculations
with Broken Symmetry, ORNL/TM-5174 (1975).

10. J. A. Smith and R. L. Becker, to be published.

i1. R. L. Becker and J. A. Smith, Phys. Div. Annu. Frog.
Rep. Dec. 31, 1973, ORNL-4937 (1974), p. 210.

12. R. L. Becker and J. A. Smith, paper submitted to
Physical Review C.

NUCLEAR SHELL MODEL

J. B. McGrory E. C. Halbert  T.T.S. Kuo!

B. H. Wildenthal®

In the past year, we have continued to use the
shell-model codes as an adjunct to the experimental
program. As reported elsewhere,®** there continues to
be interest in locating states of high spin in light nuclei,
in both the (s, d) shell and (f; p) shell. In particular,
lifetimes have been mcasured and tentative spin assign-
ments proposed in ??Ca. The spins are higher than
allowed by the simple (f, p)* model for *2Ca, so it is
necessary to include other orbitals. A model space was
chosen in which a 28 core is assumed, and the ten
extra nucleons are distributed over the dy, and f7/2
orbits, with up to five f7/2 particles allowed. An
effective residual interaction was chosen which leads to
reasonable agreement for the known spectrum of states
in *%Ca. Within this model space for *2Ca, both
negative- and positive-parity levels can be calculated,
and therc is the potential for describing low-lying
deformed 4p-2h states. The qualitative result of the
calculation is that there are a number of high-spin states
calculated to be at about the same energy as the
high-spin states suggested by the measured spectrum; in
fact, there are more states calculated than there are
observed. The calculated B(F£2) values for transitions
between these states indicate the existence of some sort
of “‘rotational” band structure for these high-spin
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states, but there are not enough experimental data with
which to compare this prediction.

Work was completed on an extensive study of nuclei
near the 2°%Pb shell closure. The lead isotopes
204,205,206,210,211,212p5 4nd 219Pg, 211 At and
212Rn were treated as systems of identical particles (or
holes) built on a 2°8Pb core. The Kuo-Herling interac-
tion was used, with some empirical renormalization.
The results were generally in good agreement with
experirment. It was tound that a simple seniority
truncation scheme was very effective in reproducing the
calculated shell-model results in untruncated spaces.
Such a scheme should be useful in examining the
structure of much lighter lead isotopes, for which data
are now being accumulated.

There have been some investigations of more purely
theoretical questions in the sheli-model field this year.
One concerned the infamous spurious state question. It
was suggested by Gloeckner and Lawson® that a useful
prescription for “eliminating” such states would be to
add to the shell-model effective residual interaction the
Hamiltonian for the motion of the center of mass of the
nucleus multiplied by a large coefficient. This large
coefficient would mean that if a state had a significant
admixture of states with the center of mass excited,
that state would be pushed to a high energy. In a very
simple shell-model space, the prescription appeared to
be very useful. The approach was then applied to the
Zuker-Buck-McGrory (ZBM) calculation of '¢0. Their
prescription for eliminating the spurious states also
eliminated the agreement between theory and experi-
ment. We first tried to find an interaction that gave
good agreement with experiment when the spurious
states were projected out in this way, but we had no
success. We next studied in some detail what was
happening in the ZBM model when the spurious states
were eliminated. We found that the ZBM model space
actually contained very small admixtures of spurious
states. To eliminate these small admixtures, alarge and
significant part of the model space had to be eliminated
along with them. We concluded that it was more useful
to accept the small spurious-state contamination than
to throw away an important part of the model space.
This analysis suggested that the Gloeckner-Lawson
prescription was not generally useful.

. State University of New York, Stony Brook.
. Michigan State University, East Lansing.
. J. Gomez del Campo et al., Phys. Rev. 12,1247 (1975).

4, See thisreport, D. E. Gustafson et al., “High-Spin States of
the ¥ T = ¥ and %" Bands of 2°Na.”

5. D. H. Cloeckner and R. D. Lawson, Phys. Leit. 608, 5
(1975).
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6. High-Energy and Medium-Energy Activities

H. O. Cohn
G. T. Condo!
W. M. Bugg!

INTRODUCTION

Activities of the High-Energy Program at ORNL
included participation in a 7 p experiment with 150-
GeV/e pions at the Fermi National Accelerator Labora-
tory (FNAL). The experiment was done with a hybrid
system employing the 76.2-cm bubble chamber and
wire proportional counters. New data were obtaived
with the same setup for positive-pion interactions at the
same momentum. Further effort was put into the study
of low-energy physics with high-energy techniques by
further analyzing data obtained at BNL of interaction
of p and K~ in plates inserted in a 76.2-cin bubble
chamber. Measurement. of interaction of pions in the
208.3-ctn SLAC bubble chamber has continued, leading
to completion of the measurement phase of a n*-
deuterium interaction experiment and accumulation of
data for a m "-proton experiment.

VERY HIGH ENERGY PHYSICS

The principal experimental effort of the Oak Ridge
high-energy physics group continues to be the hybrid
bubble-chamber--proportional-wire-counter experiment
at FNAL. During 1975, an additional experimental run
yielded ~200,000 pictures exposed to a beam of
150-GeV/e positive pilons. The data contained in this
exposure are still in the measuring and preanalysis
phase. Work is also continuing at ORNL in the design
and construction of large drift chambers that will be
inserted behind the bubble chamber to enhance the
downstream capabilities, both in regard to the accuracy
of momenta determinations and to the physical size of
the angular acceptance of the region surveyed by the
proportional-wire systems.
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Work has also continued on the analysis of the initial
experiment performed with the hybrid system at
FNAL, namely, an exposure of the hydrogen bubble
chamber to 147-GeV/e n7 mesons. This has resulted in
the submission of several papers for publication. The
first ‘of these was concerned with measurement of the
elastic, total, and topological cross sections for both
7 p and K7p interactions. The latter particles were
present in about 2% of the beam and were tagged by an
upstream Cerenkov counter. Out measurementis are, in
the main, in agreement with others that have been made
at these higher momenta. The most interesting feature
of the data is that the scaling behavior of the partial
topological cross sections, as predicted by Koba,
Neilson, and Oleson,* is verified by the 7 "p data over a
broad range of pion momenta. ln another paper, the
inclusive and semi-inclusive cross sections for p® pro-
duction from 147-GeV/c #n p interactions was dis-
cussed. The total observed p® cross section was 7.3 *
1.3 mb, most of which occurred in the lower topology
events (less than ten outgoing prongs). This value is
substantially smaller than the 13.5 * 1.3 mb value
teported In 7 7p interactions at 205 GeV/e.® The
principal difference in the two experiments is in the
large value for the p° cross section reported at 205
GeV/e in the events of higher topology (=10 prongs).
The determination of partial resonance production
cross sections in high-topology events is quite sub-
jective, and the above differences are probably due to
different assumed backgrounds and difterent param-
eters employed for the Breit-Wigner resonance-fitting
procedure. A third paper presented evidence for the
so-called clustering emission model of particle produc-
tion at high energies. The data support the hypothesis
that charge and transverse momenta are locally con-
served on the rapidity axis.



LOW-ENERGY PHYSICS WITH
HIGH-ENERGY TECHNIQUES

During the past year, an invited talk was given at the
Fourth International Symposium of NN Interactions at
Syracuse University. This talk summarized the world
sample of stopping p interactions with complex nuclei.
Very few data exist concerning stopping p interactions
in nuclei heavier than deuterium, except for nuclear-
emulsion data where the identification of the target
nucleus is a well-known difficulty. Our previous experi-
ment, which suggested the existence of a neutron balo
in heavier nuclei, is virtually the only systematic study
of stopping p interactions. This result was criticized by
Gerace, Sternheim, and Walker® on the grounds that
pion charge-exchange scattering in the parent nucleus
could invalidate our evidence about the existence of a
neutron halo. These authors assumed p capture in the
nuclear periphery and used free-particle pion-nucleon
charge-exchange cross sections to arrive at their con-
clusion. In a short note? we challenged the use of
frec-particle cross sections to infer secondary charge-
exchange interactions following p capture. K~ meson
capture is an entirely analogous physical situation with
the added virtue that one can identify specific charge-
exchange reactions from the charge states of the
emitted pions and hyperons. The use of free-particle 7
charge-exchange cross sections implies that charge
exchange would be about an order of magnitude larger
than is observed experimentally following K~ capture.

Work was also begun on an investigation of the
various p elastic and inelastic (annihilation and non-
annihilation) scattering from the nuclei of carbon,
titanium, tantalum, and lead. This work was initiated to
check the reliability of calculations made by Pilkuhn®
based on a black-sphere model for the absorption of
slow negative hadrons. It will also be the first measure-
ment of low-momentum (~300- to ~400-MeV/c) p
interactions with complex nuclei.

7*-DEUTERON INTERACTIONS AT 15 GeV/c

We have completed the measurement phase of a
15-GeV/c w*-deuteron experiment being conducted in
collaboration with Florida State University. The
500,000 frames of filin obtained at SLAC with the
208.3-cm bubble chamber filled with deuterium were
scanned for events with an identified stopping-proton
track. A total of 55,000 events were measured at ORNL
with the spiral reader. About 90% of the events passed
the filtering program and yielded data suitable for
processing through the three-view geometric-recon-
struction program. After kinematic fitting of each event

154

to hypotheses of interest, data summary tapes were
prepared. Analysis of the data has just begun, and the
preliminary results are consistent with previous meas-
urements at similar energies. We will search for produc-
tion of higher-mass bosons and compare the data to
predictions of theoretical models.

7-PROTON INTERACTIONS AT 8 GeV/c

We are continuing to scan and measure film obtained
at SLAC with the hydrogen-filled 208.3-cm bubble
chamber exposed to a beam of 8-GeVjec n7. So far,
75,000 events have been measured on the spiral reader.
Considerable effort has been spent on improving the
efficiency and reliability of the filtering program. Our
share of the film is one-third of a larger exposure done
in collaboration with MIT and Tohoku University,
Japan. We are planning to pool our data to obtain high
statistical results. Preliminary data based on early
measurements show the expected general features in the
two- and three-pion mass distribution. We expect to
study in detail A, meson production in association with
A(1236) production, which will enable us to effect a
meaningful check of the hypothesis of charge inde-
pendence.

1. Consultant to ORNL from the University of Tennessee,
Knoxville.

2. Instrumentation and Controls Division.

3. Guest assignee to ORNL from the University of Tennessee,
Knoxville.

4. Z. Koba, H. B. Neilson, and P. Oleson, Nucl. Phys. B40,
317 (1972).

5. F.C. Winkelmann et al., Phys. Lett. 56B, 101 (1975).

6. W. 1, Gerace, M. M. Sternheim, and J. ¥. Walker, Phys.
Rev. Lert. 33, 508 (1974).

7. W. M. Bugg, G. T. Condo, and H. O. Cohn, Phys. Rev.
Letr. 35,611 (1975).

8. H. Pilkuhn, Z. Phys. A273, 259 (19795).

THE 7%+ d - p + p REACTION AND
THE DEUTERON D STATE

E. E. Gross

C. A. Ludemann
M. I. Saltmarsh
B. M. Preedom!

R. L. Burman®
R. P. Redwine®
W. R. Gibbs®
E. L. Lomon®

C. W. Darden! K. Gabathuler®
R. D. Edge’ P.Y. Bertin®
T. Marks! J. Alster®

M. Blecher? J. P. Perroud’
K. Gotow? B. Goplen®

The D-state probability, Pp, of the deuteron has been
the object of much study. The understanding of the



155

ORNL~-DWG T76~3456

T T 7
24 — T dw»ptp //
Ex =50 MeV /
—r=HJ, Py=6.96% /
=== BCM, Pp=T7.57 % 4
BCM, Py=4.56% // ¢/t
M. Fo= B
¢/
)
0 0.2 0.4 0.6 0.8 1.0
Coszec.m.

Fig. 6.1. Angular distribution for an incident pion energy of
50 MeV. The curves are calculated using either Hamadu-Johnston
(HI) or boundary-condition-model (BCM) wave functions with
the D-state percentages (Pp) indicated.

binding energy, the magnetic dipole moment, and the
quadrupole moment of the deuteron requires a varia-
tion in Pp from 4 to 7%. Deutéron wave functions
determined from a description of nucleon-nucleon
scattering, deuteron electromagnetic form factors, and
elastic 7-d scattering contain a D-state admixture of 5
to 7%.

We have measured angular distributions for the n¥ +d
= p + p reaction at incident energies of 40, 50, and 60
MeV. These data were taken using the low-energy pion
chanpel at the Clinton P. Anderson Meson Physics
Facility at the Los Alamos Scientific Laboratory.
Because of the large momentum misinatch between the
entrance and exit channels (i.e., p,, ~ 100 MeV/c, Py~
400 MeV/e each), this reaction should be sensitive to
the high-momentum components of the deuteron wave
function. Goplen, Gibbs, and Lomon® and Goplen'®
have shown that this reaction is sensitive to the D state
of the deuteron.

Figure 6.1 shows the angular-distribution data meas-
ured at 50 MeV and the results of calculations for the
differential cross section. The form of the reaction
mechanism allows the pion to scatter from one nucleon
to another before it is absorbed. The contributions
from on- and off-momentum-shell terms are the same
for each calculation. Only the form of the deuteron
wave function and the D-state percentage were changed.
The calculation using the Hamada-Johnston (HY) wave
function (Pp = 6.96%) and that using the boundary-
condition-model (BCM) wave function (Pp = 7.57%)
are essentially parallel, but both have a different slope
from the calculation using the BCM (Pp = 4.56%) wave
function. This is interpreted to mean that the 7+ +d -
p T p avgular distribution is very sensitive to the
magnitude of the D-state wave function but that it is
not sensitive to the exact form of the radial wave
tunction.

L. University of South Carolina, Columbia.
2. Virginia Polytechnic Institute and State Unjversity, Blacks-
burg.
3. Los Alamos Scientific Laboratory, L.os Alamos, N.M.
. Swiss Institute for Nuclear Physics, Villigen, Switzerland.
. University of Clermont 4, Clermont-Ferrand, France.
. University of Tel-Aviv, Tel-Aviv, [sracl.
. University of Lausanne, Lausanne, Switzerland.
. Science Applications, Inc., Albuguerque, N.M.
- B. Goplen, W. R. Gibbs, and E. L.-Lomon, Phys. Rev, Lett.
32,1012 (1974),
10. B. Goplen, Ph.D. thesis, University of New Mexico, 1975.
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7. Molecular and Materials Research

Electron Spectroscopy

INTRODUCTION
T. A. Carlson W. B. Dress

During 1975, the principal effort of the electron spectroscopy program has been the
construction of a chamber where photoelectron spectroscopy can be carried out under
ultrahigh-vacuum conditions. The main thrust of our future program will be directed
toward the study of the electronic structure of molecules adsorbed onto surfaces. In
addition to clarifying the basic relationships between the photoelectron process and the
electronic structure of molecules, these studies will provide new tools for research in
heterogeneous catalysis. In particular, we have a strong interest in the nature of the
angular distribution of cjected photoelectrons from a partially orientated molecule. To
this end, two photon sources have been constructed: an x-ray source with changeable
anodes and an He 1 discharge lamp (21.22 eV) with a device for polarization. Different
ports allow a change in angle between the direction of the incoming photons and ejected
pho’toelectrons, and the sample can rotate 360° about its axis.

As a test of the new chamber, both photoelectron- and photon-induced Auger spectra
have been taken on an Mg-MgO system. In addition, experiments were made on
aluminuin, silicon, and sulfur compounds before the new chamber was put into place.
The primary interest in these studies was the difference in chemical shifts of the core
binding energies between measurements made using Auger data and x-ray photoelectron
data. This difference has been called the “Auger parameter” and is related to the
relaxation energy or polarizability of molecules.! It will be particularly interesting to
measure this important quantity for molecules adsorbed on the surface, and studies of
this nature are planned for the near future,

While the ultrahigh-vacuum chamber was under construction, a number of photo-
electron spectra were taken on gaseous hydrocarbons. The greater sensitivity afforded by
our new position-sensitive detector made these studies feasible. The main goal was the
characterization of satellite structure arising from electron shakeup and, in particular, the
influence of 7 orbitals associated with double-bonded carbon. A more detailed report is
given in this section.

Finally, plans were made with the help of F. A. Grimm,? G. S. Painter,®> D. Dill,?
and J. Dehmer® to set up a program for calculating photoelectron cross sections as a
function of the angle of the ejected photoelectrons, using molecular orbital methods
employing X, scattering. These results will be used to compare our earlier results on
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randomly oriented gas molecules and to evaluate the anticipated results on molecules

preferentially orientated on the surface.

. Metals and Ceramics Division.
. ‘Boston University , Boston, Mass.
. Argonne Nationuil Laboratory, Argonne, Iil,
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ULTRAHIGH-VACUUM CHAMBER AND DATA
SYSTEM FOR ELECTRON SPECTROSCOPY

T.A. Carlson  W. B, Dress
F. H. Ward?

Major modifications were made last year to the
electrostatic analyzer. These consisted of construction
of an ultrahighvacuum (uhv) chamber and photon
sources and the development of a new data-taking
system. {See Fig. 7.1 for an overall schematic of the
spectrometer.) The new chamber is a stainless steel
bakeable bell jar with 11 ports. The system is pumped
with an NRC-4 diffusion pump. which is carefully
tcapped with a Granville-Phillips double-wall nitrogen
trap. The system is designed to operate in the low
10719 torr region. An ion gun is employed for in-situ
cleaning of the sample. The sample holder is manipu-
lated in x, y, and 2z directions and may be rotated about
its axis by 360°.

Two types of photon sources have been designed and
built. They can be placed in different ports to direct

DATA AND CONTROL
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C. D. Wagner, Faraday Discuss. Chem. Soc., in press,
. Consultant to ORNL from the University of Tennessee, Knoxviile.

their beams at angles of 45°, 55%,90°, and 135° to the
direction of the ejected photoelectrons. Both photon
sources can be used in the source chamber simultane-
ously. One photon source produces characteristic soft x
rays. Its anode and thus the nature of the characteristic
X rays can be varied. At present, a mixed silver-
aluminum anode is being used. The aluminum K, x rays
are used in obtaining core-level photoelectron spectra,
whereas the silver £ x rays ace useful for producing
KILL Auger spectra of the third-row elements. The
second photon source produces 21.22-eV radiation by
means of a helium gas-discharge lamp. Triple differen-
tial pumping is used to reduce the amount of helium in
the chamber. A special feature is a rotatable reflection-
type polarizer using three gold micrors, which should
yield 90% polarization; the design is taken from Horton
et al.?

Ejected photoelectrons are transferred to the entrance
slit of the analvzec by means of a three-element lens.
This arrangement has several advantages. First, having
the sample at a large distance from the spectrometer slit

ORNL-DWG T6H-3253
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Fig. 7.1. Experimental arrangement. The schematic sketch of the source chamber shows the photon sources (x ray and uv), ion
zgun (), window (W), ion gage (GA), transfer lens (7), and sarmple manipulator and source cage (S). The electrostatic analyzer
indicates the relative position of the entrance slits and detectox, with a typical electzon orbit shown as a dotied line. A block diagram
of the data-handling system depicts the major components of computer, detector electronics, disk storage, plottes, display scope,

programmable power supply, and both Teletype terminals.



minimizes contamination from the spectrometer, which
is not bakeable and is maintained at a pressure from
107 to 1077 torr. Because of the small slit, the
pressure in the uhv chamber can be maintained by
differential pumping at 107'% torr so long as direct
line-of-sight contamination can be avoided. Second, the
transfer lens also serves to accelerate or decelerate
electrons to a constant voltage, which is of advantage in
operating a position-sensitive detector. Third, the triple
lens allows for efficient transfer of electrons even
though the sample is set some distance back from the
entrance, thus offering more room to manipulate the
sample and the different photon sources.

Substantial improvement in data handling has also
been achieved. A position-sensitive detector consisting
of a channel-plate multiplier array® and located at the
focal plane of the electron spectrometer has been
interfaced to a PDP-8/E minicomputer as shown in Fig.
7.1. A programmable power supply controlled by the
computer determines the preacceleration of the elec-
trons leaving the sample before they enter the spec-
trometer. Because the spherical-sector analyzing plates
of the spectrometer are set to a predetermined voltage
so that only electrons of a set energy are allowed to fall
on the detector array, any portion of the spectrum may
be selected, acquired, and stored for later analysis. The
range in energy of each spectrum is about 5% of the
kinetic energy of an analyzed electron and is dis-
tributed over 1024 data channels with a linearity of
better than 2%.

A software system for on-line data acquisition and
real-time control of the spectrometer has been de-
veloped, incorporating both direct experimenter control
of the system as well as a “batch” capability that allows
a set of instructions to be executed automatically
without operator intervention. Various portions of the
spectrum under study may be selected, counted for a
predetermined live time, plotted on graph paper,
displayed on the scope screen, and saved on the
disk-storage device. A second Teletype terminal is
devoted to any “‘background” tasks that will execute
when the data system is momentarily idle. Such tasks
could be the running of a Fortran program, develop-
ment of other programs, and computing on previously
acquired data.

In addition to the real-time system, a number of
data-analysis programs in Fortran IV, Basic, and
machine language are available. These programs allow
correction of the energy scale, correction for detector
response, peak integration, and data display and plot-
ting. The system of programs is versatile and written
with the outside user in mind. Changes to the system
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are quick and easy to make, and a visiting worker could
easily write his own special program using existing
modules.

The complete spectrometer systern, including high-
vacuum source and data acquisition, has been tested,
and a number of Auger spectra of the Mg-MgO system
have been acquired and examined. The next phase is to
explore surface orientation of adsorbed species using
the polarized He | radiation. It is here that we expect
the biggest benefit of our new data system to make
itself felt in its ease and rapidity of handling the high
counting rates and the many spectra we hope to obtain.

1. Plant and Equipment Division.

2. V. G. Horton et al., Appl. Opt. 8, 667 (1969).

3. C. D. Moak et al., J. Electron Spectrosc. Relat. Phenom. 6,
151 (1975).

STUDY OF SATELLITE STRUCTURE FOUND
IN THE FHOTOELECTRON SPECTRA
OF GASEOUS HYDROCARBONS

T. A. Carlson
W. B. Dress

F. A. Grimm!
J. S. Haggerty?

Electron shakeup can occur in a molecule when an
electron is suddenly ejected from a core level. This is
manifested in the photoelectron spectrum by the
appearance of satellite structure which occurs at a
photoelectron energy lower than the main photo-
electron peak by exactly the amount of excitation
present in the electron-shakeup process. Electron shake-
up is defined as the transferring of an electron (most
probably an electron from the valence shell) into an
excited bound state as the result of asudden change in
core potential.

It has been noted with unsaturated hydrocarbons in
the solid phase that a rather sharp satellite peak is
found at small energy separations from the main peak.?
It has been postulated that these peaks are due to the 7
— 7* transition involving the m orbital that results from
the carbon-carbon double bond. In addition, the be-
havior of the low-excitation-energy peak with regard to
relative excitation energy and intensity was correlated
with properties of the carbon-carbon double bond.
Because of the interest and importance of the solid-
phase work, it is essential that the basic understanding
of electron shakeup due to excitation of the @ orbitals
be examined with free molecules in the gas phase.
Experimentally, photoelectron studies in the gas phase
have a much better peak-to-background ratio, and
contributions from characteristic energy losses can be
determined and corrected. Theoretically, electron
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shakeup calculations can be made using molecular
orbital theory and can be compared directly with
experiment.

We have carried out photoelectron studies using a
magnesium K, x-ray source on a group of unsaturated
aliphatic hydrocarbons: ethylene, propylene, 1-butene,
trans-2-butene, cis-2-butene, and butadiene, and for
comparison, some saturated hydrocarbons: methane,
propane, and cyclopropane. In each case, spectra were
taken in the vicinity of the carbon 1s photoelection
peak. Studies were also made on CF, and furan. In each
case, characteristic energy losses were determined by
pressure studies and separate electron-impact measure-
ments. During this work a similar investigation has been
reported on gaseous benzene and some of its deriva-
tives.*

Figure 7.2 shows two typical spectra of ethylene and
propane. The dotted line gives the small contribution
from inelastic collisions of photoelectrons passing
through the gas. The satellite structure can be divided
into two groups. One group is characterized by a
relatively sharp peak at low excitation energy (about 6

to 8 eV) which is believed to result from the 7 — n*
transition and is usually from the highest-occupied to
the lowest-unoceupied molecular orbital. In addition,
there is a broad complex band that peaks at an
excitation energy of about 20 eV and has a long fail.
This satellite structure probably contains contributions
from the excitation of o orbitals and may also include
contributions from electron shakeoff (transition to the
continuum). The absence of a low-energy peak in
propane as compared to ethylene is striking and gives
confidence to the assignment of that peak to the
carbon-carbon double bond.

In Table 7.1 are listed results on the intensities of the
satellite structure. The broad excitation band is similat
in each case, amounting to about 30% of the main peak.
The sharp, low-energy excitation peak is found in each
of the unsaturated hydrocarbons, and its intensity is
roughly proportional to the ratio of the number of
double bonds to the total number of carbon atoms in
the molecule.

Theoretical calculations oa the intensity of the
7 =¥ transition were made using the sudden approxi-

ORNL-DWG  76-3254

CHANNEL NUMBER

30 80 90 120 150 180 210 240 270 300 330
(<103 [T \ T P i R FTTTTTTTT (w0
ETHYLENE
24 |-
18 |-
12 1. ///
o
] LT TBACKGROUND e
]
s 6l ! ] b Lo |
™ (x109) | DR I I ) 1
I 6 |- PROPANE
[«
(8]
at //\/
s —"BACKGROUND [
[ U S E— 1
.50 -45 -40  -35 30 25  -20

ENERGY (eV)

Fig. 7.2. Photoeleciron spectra of ethylene and propane showing the satellite structure plotted as a function of kinetic energy
relative to the main peak. Magnesium K, x rays (1254 ¢V) were used as a photon sousce, The dotted curves are 4 measurement of the
small contribution from inelastic collisions of the ejected photoelectrons passing through the gas samples as determined from
electron-gun measurements. Regions I and I are as defined in Table 7.1.
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Table 7.1. Intensity of satellite siructure observed in the photoelectron
speciea of gaseous hydiocarbens welative to main peak = 100

Molecule : Ex;;erime-ntal‘ . I‘heor);c
Region | Region 11 Tom
Ethylene, H,C::CH, 9.6 27.3 6.4
Propylene, H,C=CH--CH3 6.7 31.4 4.1
1-Butene, HyC—~CH--CH, —CHj 4.2 35.5 2.9
/CH3
trans-2-Butene, CH:=CH 4.8 2.8
CH;

CH,4 /CH 3
cis-2-Butene, CH:==CH 5.6 3.3
Butadiene, Cl, =CH--CH=CIH, 15.6 (4.4)¢ 31.7 14.9 8.1)¢

33.7

Propane, CHy —Cil,--CHj3

‘;lntensity of low-excitation-energy satelite peak.
intensity of higher-excitation-eneigy satellite band.
Calculation of low-energy « — =* transitions, using Eq. (1) with CNDO/2

wave funciions,

98hows two distinct peaks; intensity of lower-excitation-energy peak given in

parentheses.

mation, from which the transition probability to a given
final state, p;...f, is taken as

piog | [ i dr)* (1)

where ; is the wave function for the initial nevtral
molecule, or, specifically, the frozen orbitals repre-
sented by that molecule with the provision that one
electron from the 1s carbon sheill has been remaved,
and t}ff is the relaxed state of the ion with one electron
missing from the 1s carbon shell. Equation (1) was
solved by using CNDO/2 molecular orbitals and
assuming that the final states can be approximated by
using a nuclear charge of Z+- 1. No provision was made
for ccupling the unpaired spins. The cornparison be-
tween theory and experiment in Table 7.1 is surpris-
ingly good, considering the crudeness of the wave
functions used. Furthermore, the calculations have not
been normalized, which, when done, should bring the
calculated values up slightly to even better agreement
with theory. Specifically, the calculations showed that
the shakeup due to @ ~ «* was substantial only when
vacancies wete created in the carbon attached to the
double bond and that the transition rates were fairly
independent of the molecule, thus confirming the
observations that the intensities of the first satellite
peaks were proportional to the relative number of

carbons associated with the double bonds. Butadiene
has two double bonds and, curiously, also has two
distinct peaks at low excitation encrgy in its photo-
electron spectia. However, calculations show a much
more complicated situation. Because, in butadiene there
are two occupied 7 orbitals and two unoccupied 7
orbitals, a total of four different transitions are pos-
sible. In addition, a fairly intense transition was found
involving o orbitals which also appears in roughly the
same energy range.

In conclusion, the sharp distinct satellite peak found
in x-ray photoelectron spectra of unsaturated hydro-
carbons can usually be aitributed to the 7 orbital
associated with the double-bonded carbons. With
proper precaution, it would seem both legitimate and
valuable to try to correlate the behavior of their
satellite peaks with the double-bond behavior of
molecules.

1. Consultant to ORNI. from the University of Tennessec,
Knoxvilie.

2. Oak Ridge Associated Universities Trainee, summer 1975,
from Manhatian College, Bronx, N.Y.

3. 0. T. Clark and O. B. Adais, J. £lectron Spectrosc. Relat.
Phenom. 7,401 (1975).

4. T. Ohta, T. Fujikowa, and H, Kuroda, Chem. Phys. Lett.
32, 369 (1975).



HYPERFINE INTERACTIONS IN SOLIDS

F. E. Obenshain  J. Q. Thomson®
P. G. Huray! G. Pettit?
C. M. Tung®

These investigations of hyperfine interactions in solids
use experimental techniques of nuclear physics applied
to solid-state physics and provide information about the
environment of the atomic nucleus in metals, alloys,
and compounds. Among these techniques are the
Mossbauer effect, perturbed angular correlation (PAC),
and time-differential perturbed angular correlation
(TDPAC). These meihods are complementary and give
information about auclear physics as well as solid-state
physics. Together, these measurement technigues te-

flect in three distinct ways the changes in local behavior

of the material under investigation. The electric
monopole interaction (isomer shift) shows changes in
the electronic charge density at the nucleus. The
magnetic dipole interaction is a2 measure of the mag
netic properties of the material, and the electric
quadrupole interaction reflects the charge symmetry of
the crystalline structure. When this information is
combined with that from electron spectroscopy for
chernical analysis (ESCA), neutron diffraction and
inelastic scattering, magnetic susceptibility, and nuclear
magnetic resonance data, a complete description of
solids emerges.

Electron-Charge-Density Distributions
Surrounding Impurity Atoms in Gold

Mossbauer isomer-shift measurements of '°7Au for
1-, 2-, and 4-at. % solid solutions of calcium, scandium,
titanium, vanadium, chromium, manganese, iron,
cobalt, nickel, copper, zinc, gallium, germanium, silver,
cadmium, indium, tin, and antimony with high-purity
gold have been extrapolated to 0 at. % to determine the
influence of single impurities upon the electronic
conduction band of gold. The screening “cloud” of
electrons distributed about the impurities has been
interpreted through a phase-shift analysis of electron
scattering by a perturbation potential

Vi ~ 1) = Vimpuritg(t — 1) — Vaulr — 1)

located at the impurity site ;. Following the classical
nuclear physics technique we have chosen to param-
eterize the impurity potential by assuming it to have
the form of a square well of radius@ (0.5 of the gold
near-neighbor distance) and of variable depth depending
on the angular momentum and spin of the incident
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scattered electron of the gold conduction band. This
technique has been used by Friedel and others to show
that the residual electrical resistivity 1/o brought about
by 1 at. % of the impurities may be expressed in terms
of the phase shift 8(kg) of the incident wave function
when evaluated at the gold Fermi level through

1 20 e v
== B4 1) sin? [840kp) — 8741 (ke)] .
9 €kp =g

The expression is modified slightly for spin-dependent
6;. Tt has also been demonstrated that preservation of
electrical charge neutrality in a large sphere about the
impurity requires that the various Spky) satisfy the
sum rule

-2y
N== /E 21+ 1) 5(kz)

where N is the nominal charge difference Az between
the impurity and gold atoms. (We also correct for local
lattice strains.)

We have extended these calculations to account for
the incremental change in electron charge density at the
12 near-ncighbor gold nuclei, at the 6 second-near-
neighbor gold nuclei, etc. We then interpret changes in
the Mossbauer isomer shift of the *®7 Au nuclei (after
volume corrections) as the average influence brought
about by the presence of the impurity scattering
“cloud.”® Residual electrical resistivity measurements,
the excess nuclear charge Ne to be screened (the lecal
magnetic moment), and the Mossbauer scattering meas-
urements all extrapolated to T = 0°K thus provide an
interpretation of three (four) unknown phase shifts that
must satisfy three (four) simultaneous transcendental
equations. We have done this for all impurities studied
here and present the results in terms of the total
scattered charge surrounding each impurity in terms of
the various angolar momenta and spin. Figure 7.3 shows
the resulting variation of this fractional charge for the
case of no local magnetic moment ai 77 = 0°K, that is,
only s, p, and « types of scattered charge. The results
are given relative to the electronic angular-momentum
character of the coaduction band of pure gold. (If this
band is assumed to have pure s character, one s electron
should be added to the values shown.) For comparison
we have inlcuded in Fig. 7.3 the electronic states
expected for 3 free atom of the impurity.
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T=0°K. The results are given relative to the electronic angular
free-atom states expected for each impurity are given for comparison

Valence States of BaFeO,

Barium ferrate®® and strontium ferrate” are the only
two known compounds of iron that exhibit ionic
properties corresponding to Fe* and Fe® as well as
Fe* . Samples of these compounds were prepared by a
new technique® here at ORNL, and the hyperfine
interactions were studied by the Mossbauer effect. The
electronic charge densities for these three ionic states
have been calculated, and they indicate increasing
charge density with increasing valence. With respect to
pure iron, the isomer shift should become more
negative the higher the valence state. This is observed
experimentally; however, the relative magnitudes of the
isomer shifts show that there is considerable covalent
mixing for the three valence states.

The wethod of sample preparation used here was to
react barium hydroxide and iron oxide in a high-

screening “‘cloud” about various imputities in pure gold metal at
momentum character of the puregold conduction band. The
only.

pressure-steam environment and to observe the hydro-
gen released. From this information an estimate of Fet
could be obtained. The use of the Mdssbauer technique
serves to identify the oxidation states present in the
reacted sample.

The Méssbauer spectra showed that the three ex-
pected valence states were present in freshly prepared
samples of BaFeQ,. The most negative isomer shift is
taken to be BaFeQ, for Fe® and, for the most positive,
2Ba0-Fe,0; for Fe® and BaleOQ; for the Fe** that
appears in between, The relative amounts of threc
charge states assuming similar recoilless fractions are
20% e, 40% Fe*, and 40% FeS*. This is rather
surprising, considering the difficulty in preparing Feb*

When exposed to the atmosphere, the samples used
showed a slow transition to an almost pure BaFeOy
Fe** state, which then appears to be stable. The
transformation of the Fe® to Fe*” is to be expected
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from energetics. However, the transformation of the
Fe® to Fe™ is not to be expected. Any other
interpretation of our results would require unrealistic
assumptions, for example, about the electric quad-
rupole interaction.

Electric Quadrupole Interaction
at lbll)yil'l Gd203

We have applied the time-differential perturbed angu-
lar correlation (TDPAC) and Méssbauer techniques to
measure the electric quadrupole interaction at *¢! Dy in
Gd,0,. Two previous Mdossbauer effect studies of
61Dy in Gd,Q3 have been reported. In the first
experiment a complex emission spectrum was observed,
and this was interpreted in terms of two electric-field-
gradient tensors, the larger having an interaction energy
of ~1000 MHz.® [n the second experiment a unique
electric field gradient was obtained with an electric
quadrupole frequency of 485 MHz.*°

For the present measurements with the TDPAC
method a distribution of electric-field-gradient tensors
was used to fit our data at both 20° and 650°C. With
this model an average value for the field and an
associated width is obtained from the experimental
data. At room temperature (20°C) the average electric
quadrupole frequency was ~557 MHz with a width of
~180 MHz. When the temperature was raised to 650°C
the frequency decreased to ~235 Mz, whereas the
width of the distribution increased ta ~582 MHz.

The Mossbauer mieasurement at room temperature
yielded a result that is consistent with this distribution-
of-fields model. The source for the Mossbauer measure-
ment is Gd, O3 that has been irradiated in the reactor
to produce ¢! Dy* as in the TDPAC measurement. For
the absotber we have used an ordered 50-at. % DyCu
intermetallic compound. The alloy has cubic symmetry,
and no electric field gradients are expected. The
Maossbauer spectra tend to substantiate but do not
prove this conclusion.

The Gd ions in Gd, 04 occupy two different types of
lattice sites, and a unique electric field gradient would
not be expected.

1. Consultant to ORNL trom the University of Tennessce,
Knoxville.

2. Consultant to ORNL from Georgia State University,
Atlanta.

3. Graduate student from the University of Tennessee,
Knoxville.

4. Details of the model have been reported in Phys. Div.
Annu, Prog. Rep. Dec. 31, 1974, ORNL-5025 (1975), p. 214.

5. P. Gallaghey, J. MacChesney, and D. Buchanan, J. Chem.
Phys. 43, 516 (19635).

6. V. Panyushkin, G. DePasquali, and H. Drickamer, J. Chem.
Fhys. 51,3305 (1969).

7. P. Gallagher, J. MacChesney, and D. Buchanan, J. Chem.
Phys. 41, 2429 (1964).

8. C. Bamberger, Chemistry Division.

9. V. Sklyarevsky et al., Phys. Lerr. 6,157 (1963).

10. S. Mérup and G. Trumpy, Phys Stetus Solidi 40, 759
(1970).

RADIO-FREQUENCY SURFACE RESISTANCE OF
LEAD NEAR THE CRITICAL TEMPERATURE

J.R. Thompson' €. M. Jones

Introduction

We are investigating the f surface resistance, R, of
lead up to and beyond the superconducting critical
temperature, 7, = 7.20°K. The work has been done
using a lead-plated, helically loaded cavity constructed
largely of OFHC copper.> The fundamental frequency
of the cavity is f; = 137 MHz; most of the measure-
ments reported here were performed at the second
hatmonic, f, = 229 MHz. To the best of our knowledge,
this is the first detailed examination of surface resist-
ance near T, fora high-quality lead surface, particularly
at comparatively low measurement frequencies. The
objectives of this work are (1) to examine the critical-
point behavior of Ry for superconducting lead, (2) to
compare the results of theoretical calculations within
the BCS framework with experiment for the tempera-
ture region where 777, = 0.5 and to obtain the
resulting material parameters for lead, and (3) to
examine R in the anomalous resistance regime, 7 > T,.

Previous experimental studies of K have concen-
trated on the low-ternperature region. typically 7/7, &
0.5, where the experimental values, Rexpt, can be
described by

Rexpt =Rpes t Ryes -

Here Rpeg is the temperature-dependent theoretical
surface resistance, calculable®* as a function of the
electronic mean free path 7, the London penetration
depth 2y, the superconducting gap A, and the coher-
ence length £p; Req is an additional, temperature-
independent residual resistance whose magnitude de-
pends on the quality of the surface being studied. To
within an additive constant, the agreement with theory
is satisfactory for the low-temperature region.

At higher temperatures, however, it is important to
establish the range of validity for the theory. For



example, as 7 = 7., the superconducting energy gap &
is no longer constant but decrecases from its low-
temperature value and eventually vanishes at 77 = 7.
Lxperimentally, this behavior makes it desirable to
measute R, at a comparatively low frequency f as in
this work, because direct absorption is caused by the
breaking of Cooper pairs when Af > 24A.

Experimental Measuremeits

The rf cavity and transinission lines were situated in a
well-insulated dewar constructed of fiberglass and alu-
minum. To avoid the presence of significant external
magnetic fields. the region near the cavity was shielded
from the earth’s magnetic field.

The temperature of the cavity was determined using a
calibrated germaniwmn resistance thermonieter mounted
on the exterior surface of the cavity. The resistance was
measured using a cognstant current supply and a
four-wire potentiometric technique. To verify that the
resistor was calibrated accurately, it was checked where
possible against the vapor pressure of *He, that is, T7<
52°K. Measurements of R; below 5.2°K were per-
formed by pressurizing the dewar up to pressures of
~1720 torr. Measurements above 5.2°K were per-
formed by allowing the cavity to drift up in tempera-
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ture with only gaseous helium in the dewar. Details of
the measurement technique have been described else-
where ?

Discussion

In Fig. 7.4, the surface resistance R at f, = 229 MHz
is plotted logarithmically vs temperature 7. Just below
T, = 7.20°K, the variation is very rapid. There, Rj
increases by three orders of magnitude in an interval of
~0.3°K and by one decade in an interval of 0.03°K.
This region of extremely rapid change is being analyzed
in terms of the scaling laws and critical exponents as
widely applied in critical phenomena.® For the entire
temperature range, the BCS expressions are being
numerically evaluated.

At T, the surface resistance abruptly changes slope
and becomes nearly temperature-independent. Just
above T,, normal-state lead is in the anomalous
resistance regitne where the electronic mean free path/
is comparable with the rf skin depth §. When //§ —= oo
the surface resistance approaches the extreme anoma-
lous limit R.. The normal-state surface resistance R,
which is within a factor of 2 to 3 of R.., has been
measused as a furction of frequency f. This is plotted as
a function of frequency in Fig. 7.5. The line is a
least-squares fit to the data of the equation R, = Af%,



165

where a = 0.685 with a standard deviation of 0.012.
This value of « is surprising because, although the
material is in the anomalous resistance regime, it is near
the classical Jimit where « should equal '%5.57 We
therefore infer an apparent weak frequency dependence
in the electrical conductivity. Using R, with repocted
values®™™® of K., and ofl, the mean free path at 7 may
be determined. We obtain [ = 0.53 um, thereby
determining experimentally one of the material param-
eters needed for evaluation of the BCS expressions for
surface resistance.

{n conclusion, the surface resistance varies extrerely
rapidly with femperature near, but below, the critical
temperature. Above T, the bebavior is temperature-
independeat and yields values for the low-temperature
niean free path.
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HIGH-RESOLUTION MICROSCOPY PROGRAM
R E. Worsham  W. W. Harris

in the hope of eliminating the bigh-voltage discharges
that led to destruction of the ticld-emitter (FE) tips in
the high-coherence microscope, the gun was rebuilt.
The bushing vras replaced with a ten-step uccelerating
tube and each of the 5.08-cn-dong ancde I--anode 11
insulators was replaced with two 2.54-cm units. Condi-
tioning of the entire gun to 200 kV was possible.

To further protect the very delicate FE emitters and
increase the reliability of the gun, a vacuum lock was
added which permits exchange of emitters without Joss
of the ultrahigh vacuum. In addition, the emitter may
be withidrawn from the gun into the lock for protection
during bigh-voltage conditioning. A lock chamber pres-
sure of 1077 t0 107 torr is adequate with the 1.59-cm
opening intc the gun chamber.

Following these modifications to the gun, the column
was put back in operation with specimen used, first of
all, to determine the capability of the microscope. With

thin (<I50-A) carbon filins, micrographs were obtained
which showed, using an optical transform, that informa-
tion corresponding to a resolution <2 A was present.
Lattice tmages of K,PtCly crystallites weee divectly
visible on the screen. A nearly continuous array of
lattice images with about 30- to 40-A major dimension
was observed in a thin carbon film. The hall spacing of
the lines measured 1.55 to 1.60 A. Apparently, neither
fringes such as these nor comparable optical transforms
have been obtained with other microscopes.

Further comparison of the high-ccherence microscope
with two commercial nicroscopes was made for the
appearance of the image on the screen using identical
(and/or same batches of) spscimens. The contrast and
resolution of the high-cohierence column were markedly
superior. Before further application of the microscope
could be made, however, the funds were exbhansted. All
work was stopped temporarily. Near the end of this
report peried, work began anew to get the microscope
back into operation.

INFRARED SPECTRA OF S0,F ~ AND
S0, (0H) ™ IN SOLID SOLUTION

H.W. Morgan  P. A. Staats

A study of the monovalent jons SO5F7 and
SO;{0OH)” followed attempis to resolve isotopic struc-
ture in the spectrtum of divalent $0,%7, The vibrational
absorption bands of divalent {ons in alkali-halide solid
solutions are relatively broad, even af low lemperatures.
This is believed to arise from the random position of
the vacancy necessary for charge compensation in a
lattice of monovalent ions. Use of a divalent cation does
produce narrow $04%" absorption lines, but normally a
complex is formed which lowers the symmetry and
removes the degeneracy of the $0,% normal modes of
vibration.

The ions SO;F and SO3(OH)” are similar, F ™ and
OH" beth being strongly electronegative and compa-

Table 7.2, Vibrational absorption frequencies of $0,F”
and $03(0H)  in solid solution (in cm ™)

. SO,F SO3(0H)
Vibration
KBr KI ¥Br X1

vy (A1) 1081 1074 1065 1058
va(A1) 739 735 884

v3(Ad4) 576 562 586 579
vald) 1367 1297 1275 1262
vslE) 585 582 597 592
v (F) 414 413




Table 7.3. Isotopic shift observed in
spectrum of SO3F in KBr
matrix at 77°K

Isotope vg(Al) vq(E)
32g 737.0 1297.0
33g 731.0 1288.0
34g 726.5 1279.5

rable in mass. We have considered the (O--H)™ stretch
and —(OH)~ bend distinct from the vibrations of the
SO; X group. The observed frequencies, shown in Table
7.2, indicate that this is a good approximation. The
solid-solution bands show the expected narrow half
widths, which could only be estimated at room tem-
perature because of the presence of bands from excited
vibrational states. At 77°K, the half widths are 2 cin ™
or less. At the lower temperature the vibrational bands
involving isotopic sulfur atoms can be easily distin-
guished with the intensity ratio of approximately
100:5:1. The frequencies obseived for SO3F " are given
in Table 7.3.

The ions SO3F~ and SO3(0OH) ™ readily form solid
solutions in KBr and KI. Solution in KCl, NaBr, and
NaCl is more difficult due to the size of the ion. Solid
solutions were normally prepared by heating the appro-
priate salt, in intimate contact with the alkali halide, at
temperatures up to 150°C. At about 190°C, SO4(OH) ~
decomposes in the matrix to give SO,, SO3, and H, 0.
The ion SO;F " is stable but above 250°C reacts with
traces of moisture.

Earlier spectroscopic work had been performed on
alkali salts of these two ions; Raman studies were made
of aqueous solutions and infrared studies were made of
the pure salt. Our work included laser Raman spectra of
the pure salt for comparison. We confirm the assign-
ments of Siebert' and disagree with the data of
Walrafen, Irish, and Young,> while obtaining more
precise frequencies and the first data on isotopic shifts.

1. H. Siebert, Z. Anorg. Allg. Chem. 289,15 (1957).
2. G. E. Walrafen, D. E. Irish, and T. F. Young, J. Chem.
Phys. 37,662 (1962).

HELIUM IMPLANTATION IN POTENTIAL
FIRST-WALL CTR MATERIALS

J. A. Horak’ R.L. Auble
M.J. Saltmarsh  J. W. Woods?
C. K. Thomas!

Fusion-reactor first-wall materials will be subjected to
intense fluxes of energetic neutrons (&), 14 MeV)

~
~
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which will induce much higher nuclear transmutation
rates than can normally be attained in fission-reactor
irradiations. The one exception occurs for nickel-
containing alloys irradiated in a mixed fast-thermal-flux
reactor [e.g., the High-Flux Isotope Reactor (HFIR) or
the Oak Ridge Research Reactor (ORR)]. In this case
the two-step reaction °%Ni{n,v)°Ni(r,e)* ¢ Fe results
in helium production rates similar to those expected for
a fusion reactor. Fortunately, not only is helium
regarded as the most important transmutation product
from the radiation-damage standpoint, but early fusion
reactors will almost certainly use stainless steel as a
first-wall material. Fission irradiations will therefore
provide the CTR program with information applicable
to these early devices. Eventually, however, stainless
steels may be superseded by one of the refractory
metals, for which the helium generation rates in fission
reactors are far too low. The effect of helium rust be
examined by preinjection of the samples before irradia-
tion. For such a simulation procedure to be validated,
correlation experiments are required to compare the
postiiradiation properties of samples that have been
preinjected with helium and then irradiated with those
of samples in which the helium and displacement
damage have been produced simultaneously.

We are currently engaged in a program that includes
both correlation experiments with stainless steels and
the investigation of some refractory-metal alloys. For
the preinjection of helium we have used the 60-MeV
alpha beam from ORIC, employing a rotating wedge
and scanning the specimen holder across the beam to
ensure uniforrm helium deposition throughout the speci-
mens. Figure 7.6 shows one of the specimen holders.
An array of tensile specimens, a few of which are shown
in the foreground, is backed by a thin sheet of some
other metal of interest behind which cooling water is
flowing. Heliwra is deposited both in the tensile
specimens and in the backing sheet, from which an
equal number of tensile specimens can be obtained.

Helium levels of 60 to 200 appm, which are relevant
to those anticipated for early CTRs such as EPR-1, have
been implanted in 300 tensile samples of type 316
stainless steel, Nimonic PE-16, V-20 wt % Ti, and
V—15 wt % Cr—5 wt % Ti. Forty-seven of these samples
combined with 27 samples containing no heliun are
currently under irradiation in EBR-II to produce the
dpa (displacement per atom) levels relevant to early
CTRs. An additional 115 tensile samples containing
helium and 125 with no helium will be placed under
irradiation in EBR-ITin 1976. Included in these 125 are
samples of the two vanadium alloys containing different
amounts of cold work, which is a parameier that has
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Fig. 7.6. Water-cooled specimen holder used to inject helium into tensile and sheet specimens of various alloys.

not been studied in previous irradiations of these alloys.
The postirradiation mechanical properties of the 316
SS and the PE-16 samples will be compared with those
of companion samples that have been irradiated at the
same temperature and to the same helium and dpa
levels in ORR. The correlation obtained by this
comparison will provide valuable information on the
use of helium preinjection followed by fast-neutron
irradiation for studying the swelling and postirradiation
mechanical properties of refractory-metal alloys that
contain helium and dpa levels relevant to CTR appli-
cations.

Twenty-six tube samples of these alloys have also
been implanted with helium (up to 60 appm). The
tubes will be pressurized to produce stresses of the
magnitude anticipated in the first wall of early CTRs
and then irradiated in EBR-II. One-half of the tube
length does not contain helium. Comparing the creep
and fracture behavior of the two sections of the tubes
will provide information on the effect of helium on the
deformation processes in these alloys during and after
irradiation.

1. Metals and Ceramics Division.
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Region,” Proceedings International Conference on Gamma-rgy Transition Probabilities (Delhi, India, November
1974).

MeNeilly, . 8., E. D. Hudson, R. S. Lord, M. L. Malloty, J. £E. Mann, J. B. Ball, and J. A. Martin, “Design Study for
the Conversion of the Oak Ridge Isochronous Cyclotron from an Energy Constant of K = 90 to K = 300,
Proceedings VIIth International Conference on Cyclotrons and their Applications (Zurich, Switzerland, August
1975).

Moak, C. D., “Sources of Protons,” Fourth Edition McGraw-Hill Encyclopedia of Science and Technology, Daniel M.
Lapedes, Ed., McGraw-Hill, New Yok,

Moak, C. D., “Channeling in Solids,” Fourth £dition McGraw-Hill Encyclopedia of Science and Technology, Daniel
N. Lapedes, Ed., McGraw-Hill, New York.

Moak, C. D. (invited paper), “Stripping in Foils and Gases,” JEEE Trans, Nucl Sci. (International Conference on
Heavy lon Sources, Gatlinburg, Tenn., October 1975).

Moak, C. D., B. R. Appleton, J. A. Biggerstaff, M. D. Brown, 8. Datz, T. S. Noggle, and H. Verbeek, “The Velocity
Dependence of the Stopping Power of Channeled Jodine lous from 0.6 to 60 MeV,” Proceedings Sixth
Internationual Conference on Atomic Collisions in Solids {Amsterdam, The Netherlands, September 1975).

Mosko, S. W., I, B. Bates, R. R. Bigelow, E. K. Connongim, E. W, Pipes, and K. Sueker, “A 120-kA Pulsed dc Power
System with Computérized Thyristor Triggering,” JEEF Trans. Nucl.. Sci. {(Proceedings Sixth Symposium on
Engineering Problems of Fusion Research, San Diego, Calif., November 1975),

Moske, 5. W., E.D. Hudson, R. 8, Lord, M. L. Mallory, J. E. Mann, §. A. Martin, . 8. McNeilly, J. B. Bali, K. N,
Fischer, L. L. Riedinger, and R. L. Robinson, “A Separated-Sector Cyclotron Post-Accelerator for the Oak Ridge
Heavy Ton Laboratory,” Proceedings VIith International Conference on Cyclotrons and Their Applications
(Zurich, Switzedand, August 1975).

Musgrove, AL R.de L., B.I. Allen, J. W, Boldeman, DM.H. Chan, and R. L. Macklin, “keV Neutron Resonance
Capture in *°Ca,” Nuclear Physics.

Musgrove, A.R.de L., B.J. Allen, J. W. Boldeman, and R. L. Macklin, “keV Neutron Capture Cross Sections of
134 Ba and ' > Ba,” Nucl Phys. A256, 173—-88 (1976).

Obenshain, F. E., J. C. Williams, and L. W. Houk, “Hyperfine Interactions at ®*Ni in Tonic Nickel Compounds,”
Journal of Inorganic and Nuclear Chemistry.

Peebles, P. Z., M. Parvarandeh, and C. M. Jones, “Shunt Impedance of Spiral Loaded Resonant RF Cavities,” Particle
Accelerators, ‘

Pegg, D.J. (invited paper), “Autoionizing States in the Alkalis,” Proceedings Fourth International Conference on
Beam-Foil Spectroscopy (Gatlinburg, Tenn., September 1975).

Pegg, 1. J., H. H. Haselton, R. 8. Thoe, P. M. Griffin, M. D. Brown, and L. A. Sellin, “Autoionizing States Formed in
Na* + He and Mg" + He Collisions at 70 keV"*,” Proceedings Ninth International Conference on Physics of
Electronics and Atonidc Collisions (Seattle, Wash., July 1975).

Pegg, D. J., H. H. Haselton, R. 8. Thoe, P. M. Griffin, M. D. Brown, and I. A. Sellin, “Optically Inaccessible Core
Excited States of Li and Na,” Physics Letters.
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Pegg, D. J., H. H. Haselton, R. S. Thoe, P. M. Griffin, M. D. Brown, and I. A. Sellin, “Core-Excited Autoionizing
States in the Alkalis,” Physics Review.

Peterson, R. S., R.S. Thoe, H. Hayden, S. B. Elston, J. P. Forester, K.-H. Liao, P. M. Griffin, D. J. Pegg, L. A. Sellin,
and R. Laubert, “Differences in the Production of Noncharacteristic Radiation in Solid and Gas Targets,”
Froceedings Fourth International Conference on Beam Foil Spectroscopy and Heavy Ion Atomic Physics
(Gatlinburg, Tenn., September 1975).

Pichevar, M., J. Delaunay, B. Delaunay, H. J. Kim, Y. El Masri, and J. Vervier, “High Spin States in 59Ni,” Nuclear
Physics.

Rainis, A. E., K. S. Toth, and C. R. Bingham, “Isomerism in the New N = 81 Isotope, ' * "Dy,” Physical Review.

Raman, S. (invited paper), “General Survey of Applications which Require Nuclear Data,” Proceedings {AFA
Meeting on Transaciinium Isotope Nuclear Data (Karlsruhe, Germany, November 1975).

Raman, S. (invited paper), “Some Activities in the United States Concerning the Physics Aspects of Actinide Waste
Recycling,” Proceedings IAEA Meeting on Transactinium Isotope Nuclear Datg (Kailsruhe, Germany, November
1975).

Raman, S., R. L. Auble, J. B. Ball, E. Newman, J. C. Wells, Jr., and J. Lin, “Levels in ' **Nd from the '*3Nd(d,p)
and the ' *5Nd(p,1) Reactions,” Zeitschrift fuer Physik.

Robinson, R. L., H.J. Kim, J. B. McGrory, G.J. Smith, W. T. Milper, R. O. Sayer, J.C. Wells, Jr., and 1. Lin,
“High-Spin States in **Ca,” Physical Review.

Ronningen, R. M., J. H. Hamilton, A. V. Ramayya, L. L. Riedinger, G. Garcia Bermudez, J. Lange, W. Lourens, 1.
Vamell, R. L. Robinson, P. H. Stelson, and J.L.C. Ford, Jr., “Reduced Transition Probabilities of Vibrational
States in Deformed Rare Earth Nuclei,” Proceedings I[nternational Conference on Gamma-ray Transition
Probabilities (Deihi, India, November 1974).

Saltmarsh, M. J. and J. A. Horak (invited paper), “A Laige-Volume Intense Neutron Source for C'TR Materials
Studies,” Proceedings International Conference on Radiation Test Facilities for the CTR Surface and Materials
Program (Argonne, 111, July 1975).

Sastry, K.S.R., A. V. Ramayya, R. 8. Lee, J. H. Hamilton, R. L. Mlekodaj, and N. R. Johason, “Gyromagnetic Ratio
of the First 2" Excited State in ' 26 Se,” Nuclear Physics.

Schmidt-Ott, W. D, and K. 8. Toth, “Decay Rates for Doubly-Even N = 84 Alpha-Eraitters and the Subshell Closure
at Z = 64,” Physical Review.

Schmorak, M. R., “Nuclear Data Sheets for A =244-262 (evenA),” Nucl. Data Sheets 17, 391—-484 (March 1976).

Sellin, L. A., “The Measurement of Autoionizing lon Levels and Lifetimes by Projectile Electron Spectroscopy,”
chapter in Topics in Modern Physics: Beam-Foil Spectroscopy, Springer-Verlag, Heidelberg—New York—London,
1975.

Sellin, I. A., “Applications of Beam-Foil Spectroscopy to Atomic Collisions in Solids,” Surface Science.

Sellin, 1. A., “Highly lonized lons,” Advances in Atomic and Molecular Physics, Academic Press, New York, 1976.

Shamu, R, E., Ch. Lagrange, E. M. Bernstein, J.J, Ramirez, T. Tamura, and C. Y. Wong, “Quadrupole Deformation
Parameters of 1#8:152:154gn, Determined from Neutron Total Cross Sections,” Physical Review Letters.

Smith, J. S., I and R. O. Sayer, “A Program to Calculate and Plot the Nuclear Moment of Inertia Versus the Square
of the Rotational Frequency,” Computer Physics Communications.

Stelson, P. H. (invited paper), *The Atomic Physics Potential of New Accelerators,” Proceedings Fourth
International Conference on Beam Foil Spectroscopy and Heavy lon Atomic Physics {Gatlinburg, Tenn.,
September 1975).

Stelson, P. H., “Coulomb Fxcitation,” Fowrth Edition McGraw-Hill Encyclopedia of Science and Technology,
McGraw-Hill, New York.

Stelson, P. H., “Future of Physics with Heavy lons,” IEEE Trans. Nucl. Sci. (International Conference on Heavy on
Sources, Gatlinburg, Tenn., October 1975).
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Tamagawa, H., L. Alexeff, C. M. Jones, N. H. Lazar, and P. D. Miller, “Use of the Hot-Electron Mirror Machine
INTEREM as a High-Z lon Source,” TEEE Trans. Nucl. Sci. (International Conference on Heavy [on Sources,
Gatlinburg, Tenn., October 1975).

Tamain, B., F. Plasil, C. Ngo, I. Peter, M. Berlanger, and F. Hanappe, “On the Energy Dependence of Quasi-Fission,”
Phys. Rev. Lett. 36, 18—20 (1976).

Thoe, R.S., R.S. Peterson, 1. A. Sellin, K.H. Liao, D.J. Pegg, J.P. Forester, and P. M. Griffin, “Polarization
Measurements of the Non-Characteristic Radiation Emitted from Collision beiween High-Energy Al lons,”
Physics Letters.

Thoe, R. 5., L. A. Sellin, J. Forester, P. M. Griffin, K.-H. Liao, D. J. Pegg, and R. S. Peterson, “Observation of
Saturation of Polarization of Noncharacteristic £ Xsays Emitted in Heavy Ton Collisions,” Physical Review
Letters.

Thoe, R.S., I. A. Sellin, K. H. Liao, R S. Peterson, D.J. Pegg, J.P. Forester, and P. M. Griffin, “Angular
Distribation Studies of Noncharacteristic X-radiation,” Proceedings Fourth International Conference on
Beam-Foil Spectroscopy (Gatlinburg, Tean., September 1975).

Thornton, 8. T., D. E. Gustatson, J.L.C. Ford, Jr., K. 8. Toth, and . C. Hensley, “Inelastic Scattering and Transfer
Reactions from *2C Yons on ?°Zr,” Physical Review.

Thornton, 8. T., T.C. Schweizer, D. E. Gustafson, J.L.C. Ford, Jr., and M. J. LeVine, “Nuclear Structure Study of
141N, 1*3Nd, and "*3Pm by 1% C Induced Reactions on '*2Na,” Physical Review.

Toth, K.S., E. Newman, €. K. Bingham, and A.E. Rainis, “Comment Concerning the Tentatively Proposed
1778.9-keV level in Y* 7 Gd,” Physical Review (Comments).

Tricomi, J., J. L. Duggan, ¥. D. McDaniel, P. D. Miller, R. P. Chaturvedi, R. M. Wheeler, . Lin, K. A. Kuenhold,
L. A. Raybum, and S.J. Cipolla, “K Shell X-ray Production in Ge, Rb, Y, Zr, and Ag by 14N lon Impact,”
Physical Review,

Tuttle, W. K., 1L, P. H. Stelson, R. L. Robinson, W. T. Milner, F. K. McGowan, 5. Raman, and W. K. Dagenhart,
“Coulomb Excitation of ' 121 151n,” Physical Review.

Vernon, G. A., G. Stucky, and T. A. Carlson, “Comprehensive Study of Satellite Structure in the Photoelectron
Spectra of Transition Metal Compounds,” fnorganic Chemistry.

Wells, I.C., Jr., R.L. Robinson, H.J. Kim, and J.L.C. Ford, Jr., “Absolute Cross Sections for the
SINI(*0,31)7* Kr Reaction,” Physical Review.

Wheeler, R. M., R. P. Chaturvedi, J. L. Duggan, J. Tricomi, and P. D. Miller, “K X-ray Production Cross Sections for
Fourteen Elements from Calcium to Palladium for Incident Carbon {ons,” Physical Review.

Wong, C. Y., “Limits of the Nuclear Viscosity Coefficient in the Liquid Drop Model,” Physics Letters.

Wong, C. Y., “Time Scales in the Dynamics of Nuclear Systems,” Nuclear Physics.

Wong, C. Y., “On the Schrodinger Equation in Fluid Dynamical Form,” Journal of Mathematics and Physics.

Wong, C.Y. and K.S. Low, “Time-Dependent Hartree-Fock Formalism with Phenomenological Dissipation,”
Proceedings International Workshop IV on Gross Properties of Nuclei and Nuclear Excitations (Hirschegy,
Ausiria, January 1976).

Wong, C. Y. and H.LH.X. Tang (invited paper), “Vibrational Frequency of a Non-Conducting Charged Liquid Drop,”
Proceedings International Colloguium on Drops and Bubbles (Pasadena, Calif., August 1974).

Wong, C. Y., T. A. Welton, and J. A. Maruhn, “Dynamics of Nuclear Fluid 1. Conditions for a Macroscopic
Description,” Nuclear Physics.

Worsham, R. E., “Studies with Highly-Coherent Ulumination and Liquid-Helium-Cooled Specimens,” Proceedings
Sixth European Congress on Electron Microscopy (Jerusalem, Istael, September 1976).

Zucker, A. and I.B. Ball (invited paper), “The Heavy-lon Accelerator Project at Oak Ridge,” Proceedings 1V
All-Union National Conference on Particle Accelerators (Moscow, US.S.R., November 1974).



9. Papers Presented at Scientific
and Technical Meetings

Prepared by Wilma L. Stair

American Chemical Society Meeting (St. Joseph Valley Section), Sonth Bend, Indiana, January 13, 1975
H. W. Morgan (invited talk), “Coherent Light and Holography.”

International Workshop !11 on Gross Properties of Nuclei and Nuclear Excitation, Hirschegg, Austria, Jaovary
13--18, 19758

K. T. R. Davies, §. E. Koonin, J. R. Nix, and A. J. Sierk, “Macroscopic Approaches to Nuclear
Dissipation.”
F. Plasil, “Experimental Summary.”

F. Plasil, “On Reaction Times for Quasi-Fission and on the Critical Distance Concept in Heavy-Ion Fusion
Reactions.”

American Chemical Society Meeting (Kalamazoo Section), Kalamazoo, Michigan, January 14, 1975
H. W. Morgan (invited talk), “Coherent Light and Holography.”

Amesican Chemical Society (University of Michigan Section), Grand Rapids, Michigan, Jacuary 15, 1975
H. W. Morgan (invited talk), “Coherent Light and Holography.”

American Chemical Society (University of Michigan Section), Auwn Arber, Michigan, January 16, 1975
H. W. Morgan (invited talk), “Coherent Light and Holography.”

Twenty-fifth Aunnua! Nationmal Conference of the Academy of Sciences of the USSR, on Nuclenr Spec-
troscopy and Structure of the Atomic Nucleus, Leningrad, USS.R., Januvary 29--Febiuary 1, 1975

J. H. Hamilton, K. R. Baker, C. R. Bingham, E. L. Bosworth, H. K. Carter, J. 1. Cole, R. W. Fink, G.
Garcia Bermudez, G. W. Gowdy, K. J. Hofstetter, M. A. Ljaz, A. C. Kahler, B. D. Kern, W. Lourens, B.
Martin, R. I.. Mlekodaj, A. V. Ramayya, L. L. Riedinger, W. T). Schmidt-Ott, E. . Spejewski, B. N. Subba
Rao, E. L. Robinson, K. 8. Toth, F. Tumer, J. L. Weil, J. 1.. Wood, A. Xenoulis, and E. ¥. Zganjar, “New
Isotopes '°2Pb and the Structure of !°2Tl; Shape Coexistence in '®3Hg and in !®°Au; and a New lon
Source: Recent UNISOR Research.”

American Physical Society Meeting, Angheim, California, January 29 -Febrvary 1, 1975

J. A, Biggerstaff (invited talk), “New Measurements with Channeling,” Bull Am. Phys. Soc. 20, 11
(1975).

D. Bogert, W. Barletta, D. Dauwe, M. Kenton, A. E. Snyder, R. D. Sard, D. G. Fong, M. Heller, A. Pevsner, R. A.
Zdanis, Q. Fu, D. V. Petersen, E. D, Alyea, Jr., J. Grunhaus, E. Hafen, P. Trepagnier, J. Wolfson, R. K. Yamamoto,
W. M. Bugg, ¥. L. Hart, T. C. OQu, R. J. Plano, E. L. Koller, and P. Stamer, “Two-Body Correlations Among Mesons
Produced by 147 GeV/c 7 "p Interactious,” Bull. Am. Phys. Soc. 20, 14 (1975).
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R. Y. Cusson and R. Hilko, “Realistic Heavy lon Potentials from Constrained Self-Consistent B.H.F.
Calculations,” Bull Am. Phys. Soc. 20, 67 (1975).

D. G. Fong, M. Widgoff, P. Lucas, R. A. Zdanis, R. A. Bumstein, C. Fu, H. A. Rubin, A. E. Snyder, .
Tortora, E. D. Alyea, Jr., A. Levy, A. Napier, I. A. Pless, P. Trepagnier, G. T. Condo, R. J. Plano, T. L.
Watts, P. Stamer, S. Taylor, M. Johnson, H. Kraybill, D. Ljung, T. Ludlam, and H. Taft, “Feynman-x and
Rapidity Distributions of 7~ and 7% Mesons Produced by 147 GeV/fe n7-p Interactions,” Bull Am. Phys. Soc.
20, 14 (1975).

B. Hammatz, D. J. Horen, and Y. A. Ellis, “Anomalous Ground States in the Neutron-Deficient 171 < 4
« 181 Region,” Bull. Am. Phys. Soc. 20, 96 (1975).

P. Lucas, C. Y. Chien, A. M. Shapiro, M. Widgoff, R. M. Robertson, H. A. Rubin, J. Tortora, E. D.
Alyea, R. 1. Hulsizer, U. Karshon, V. Kistiakowsky, A. Levy, A. Napier, 1. A, Pless, G.'T. Condo, E. L. Hart,
T. L. Watts, E. B. Brucker, S. Taylor, M. Johnson, H. Kraybill, D. Ljung, T. Ludlam, and H. Taft,
“Dependence of the Leading Particles in the 2, 4, and 6-Prong Final States Produced by 147 GeV/e n7p
Intevactions,” Bull Am. Phys. Soc. 20, 14 (1975).

L. G. Multhauf, K. G. Tirsell, and $. Raman, “Decay of '''Sn,” Bull. Am. Phys. Soc. 20, 74 {1975).

D. V. Petersen, R. A. Burastein, R. M. Robertson, M. Heller, A. M. Shapiro, C. ¥. Chien, A. Pevsner, R. D. Sard,
E.D. Alyea, Jr., F. Bruyant, J. Grunhauvs, E. Hafen, R. [. Hulsizer, U. Karshou, V. Kistiakowsky, W. M. Bugg, H. &
Cohn, T.C. Ou, E. B. Brucker, E. L. Koller, P. Bogert, W. Barletta, D. Dauwe, and M. Kenton, “Charged Prong
Multiplicities Produced by 147 GeV/c & Incident on Protons,” Bull. Am. Phys. Soc. 20, 14 (1975).

A. E. Rainis, K. §. Toth, E. Newman, C. R. Bingham, H. K. Carter, and W. D. Schmidt-Qit, “Isomerism
in the New N = 81 [sotope, '*"Dy,” Bull. Am. Phys. Soc. 20, 74 {1975).

R. 8. Thoe, 1. A. Sellin, M. D. Brown, J. P. Forester, P. M. Griffin, D. J. Pegg, and R. 8. Peterson,
“Energy Dependence of the Directional Anisotropy Exhibited by Quasimolecular X X Radiation,” Bull Am.

Phrys. Soc. 20, 75 (1975).

K. G. Tirselt, L. G. Multhauf, and 8. Raman, “Decay of 20-min *°K,” Bull. dm. Phys. Sovc. 20, 34
(1975).
Symposium on Intersction Studies in Nuclei, Mainz, Germany, February 197§

M. Gari, A, H. Huffman, J. B. McGrory, and R. Offermann, “Weak Interaction Theories and Parity Mixing
in '®F and *?F” ‘
Western Regional Nuclear Conference, Manitoba, Canada, February 20--22, 1975

G. R. Satchler (invited talk}, “Microscopic Description of Inealstic Scattering and the Excitation of Giant
Resonances.”
Conference on Nuclear Cross Sections and Technology (Topical Conference of the Arerican Physical Society),
Washington, D.C., March 3-7, 1975

B. J. Allen, J. W. Boldeman, M. J. Kemny, A. R. Musgrove, H. Pe, and R. L. Macklin, “Neutron Capture
Mechanism in Light and Closed Shell Nuclides,” Bufl 4dm. Phys. Soc. 20, 150 (1975).

J. A. Cookson, M. Hussain, C. A. Uttley, J. 1. Fowler, and R. 8. Schwartz, “Absolute Calibration of
Neutron Detectors in the 10--30 MeV Energy Range,” Bull. Am. Phys. Soc. 20, 137 {1975).

Y. W. T. Dabbs, C. E. Bemis, N. W. Hill, and 8. Raman, “Fission Cross Section Measurements on
Short-Lived Alpha Emitters,” Bull. Am. Phys. Soc. 20, 137 (1975).

W. B. Ewbank, “Computer-Readable Nuclear Data Sheets,” Bull. A Phys. Soc. 20, 148 (1975).

3. L. Fowler (invited talk), “Panel and Roundtable Discussion of the Conference,” Bull Am. Phys. Soc.
20, 175 (1975).
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J. A. Harvey and N. W. Hill, “Neutron Total Cross Section of ®Li from 100 eV to 3 MeV,” Bull. Am.
Phys. Soc. 20, 145 (1975).

G. A. Keyworth, C. E. Olsen, J. D. Moses, J. W. T. Dabbs, and N. W. Hill, “Spin Determination of
Resonances in 235U, Bull Am. Phys. Soc. 20, 159 (1975).

M. S. Pandey, J. B. Garg, J. A. Harvey, and W. M. Good, “High Resolution Total Cross Section in 5*Fe
and *¢Fe.” Bull Am. Phys. Soc. 20, 166 (1975).

S. Raman, C. W. Nestor, Jr., and J. W. T. Dabbs, “The 233U->32Th Reactor as a Burner for Actinide
Wastes,” Bull. Am. Phys. Soc. 20, 144 (1975).

1975 Particle Accelerator Conference (Topical Conference of the American Physical Society), Washington,
D.C., March 12-14, 1975

G. D. Alton, C. M. Jones, P. D. Miller, B. Wehring, J. A. Biggerstaff, C. D. Moak, Q. C. Kessel, and L. Bridwell,
“Absolute Charge State Yields of 20 MeV Fe and 1 lons Scattered from Xenon,” Bull. Am. Phys. Soc. 20, 195
(1975).

J. K. Bair, J. A. Biggerstaff, C. M. Jones, J. D. Larson, and W. T. Milner, “Design Considerations for the
ORNI. 25 MV Tandem Accelerator,” Bull. Am. Phys. Soc. 28, 202 (1975).

J. A. Biggerstaff, N. F. Ziegler, and J. W. McConnell, “Digital Control Systerm for the ORNL 25 MV Tandem
Accelerator,” Bull. Am. Phys. Soc. 20, 185 (1975).

E. D. Hudson, R. S. Lord, M. L. Mallory, and J. E. Mann,‘ “Increased Intensity Heavy Ton Beams at ORIC with
Cryopumping,” Bull. Am. Phys. Soc. 26, 216 (1975).

R. S. Lord, J. B. Ball, E. D. Hudson, M. L. Mallory, J. A. Martin, G. S. McNeilly, S. W. Mosko, R. M. Beckers,
and J. D. Rylander, “Energy Boosting of a Tandem Beam with the Oak Ridge Isochronous Cyclotron,” Bull. Am.
Phys. Soc. 20, 195 (1975).

M. L. Mallory and E. D. Hudson, “A Rotatable Cold Cathode Penning [on Source,” Bull. Am. Phys. Soc. 20, 195
(1975).

M. L. Mallory, E. D. Hudson, and R. S. Lord, “Isochronous Cyclotron Harmonic Bearh Experiment,” Bull, Am.
Phys. Soc. 20, 196 (1975).

W. T. Milner, G. D. Alton, D. C. Hensley, C. M. Jones, R. F¥. King, J. D. Larson, and C. D. Moak, “Transport of
DC and Bunched Beams through a 25 MV Folded Tandem Accelerator,” Bull. Arm. Phys. Soc. 20, 196 (1975).

M. J. Saltmarsh (invited talk), “Uses of Accelerators in Energy Research and Development,” Buil. Am. Phys.
Soc. 20, 180 (1975). ‘

N. F. Ziegler, “An Improved Van de Graaff Belt Charge Regulator,” Bull. Am. Phys. Soc. 20, 204 (1975).

Europhysics Conference on Nuclear Interactions at Medium and Low Energies, Harwell, England, March 2426,
1975

R. Eagle, N. M. Clarke, R. J. Griffiths, C. B. Fulmer, and D. C. Hensley, “Inelastic Scattering of *He from
Samarium Isotopes at 53 MeV.”

Conference on Deep Inelastic Processes and Compound Nucleus Formation, Stony Brook, New York, April 35,
1975

R. G. Stokstad (invited talk), “Limits on Fusion Cross Sections for Light Nuclei.”

American Chemical Society Meeting, Philadelphia, Pennsylvania, April 611, 1975
R. G. Siokstad (invited talk), “Limits on Fusion Cross Sections for Light Nuclei.”

G. A. Vernon, G. D. Stucky, and T. A. Carlson, “The Characterization of the 2p X-Ray Photoelectron Spectra of
Transition Metal' Compounds.”
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NNV-DPG Spring Meeting on Nuclear Physics, The Hague, Netherlands, April 711, 1975

W. D. Schmidi-Ott and K. S. Toth, “Decay Rates for Even-Even N = 84 Alpha-Emitters: Search for **#Gd
Electron Capture Decay.”

American Physical Society Meeting, Washington, D.C., April 28 --May 1, 1975

R. L. Becker (invited talk), “The Saturation Problem and Developments in the Many-Body Theory of the
Self-Consistent Field,” Bull. Am. Phys. Soc. 20, 554 (1975).

R. F. Carlton, G. G. Slaughter, and S. Raman, “The *2°8n(n,y)' ! Sn Reaction,” Bull. Am. Phys. Soc. 20, 687
(1975). ‘

S. Datz, M. D. Brown, P. M. Gritfin, R. §. Peterson, R. S. Thoe, and I. A. Sellin, “Charge State Dependence of
X-Ray Production for Collisions of Ni (~1 MeV/nuc.) with SiH,,” Bull. Am. Phys. Soc. 20, 639 (1975).

Y. A. Ellis, B. Harmatz, and D. J. Horen, “Some Aspects of Nilsson Orbital Properties,” Bull. Am. Phys. Soc.. 20,
736 (1975).

J. L. C. Ford, Jr., K. 8. Toth, E. E. Gross, D. C. Hensley, D. E. Gustafson, and S. T. Thornton, “Inelastic
Scattering and Single-Nucleon Transfer Reactions Induced by 98-MeV '*C Ions on 298 Ph,” Bull. Am. Phys. Soc: 20,
576 (1975).

J. P. Forester, P. M. Griffin, H. H. Haselton, K. H. Liao, J. R. Mowat, D. J. Pegg, R. S. Peterson, [. A. Sellin, and
R. S. Thoe, “Auitoionizing States in Lithium-Like Silicon and Sodium-Like Chlorine,” Bull. Am. Phys. Soc. 20,679
(1975).

D. L. Hillis, E. E. Gross, D. C. Hensley, C. R. Bingham, A. Scott, F. T. Baker, and D. Martin, “Coulomb-Nuclear

Interference Effects in the Elastic and Inelastic Scattering of 70 MeV '2C lons from ***Nd, *#¥Nd, and '#3Nd,”
Bull. Am. Phys. Soc. 20, 575 (1975).

D. J. Horen, W. B. Ewbank, and S. Raman, “Neutron Separation Energy for 7°8e,” Bull. Am. Phys. Soc. 20, 566
(1975).

P. G. Huray, F. E. Obenshain; and J. O. Thomson, “Temperature Dependence of the Mossbauer Isomer Shift and
Recoilless Fraction for 1 ®7 Au,” Bull. Am. Phys. Soc. 20, 609 {1975).

M. A. [jaz, K. §. Toth, W. D. Schmidt-Ott, and C. R. Bingham, “Investigation of Tungsten Alpha-Emitters; New
Tsotopes 165:168W » Bull Am. Phys. Soc. 20,715 (1975).

C. H. Johnson, “Ring Lens to -Focus Ion Beams to Uniform Density,” Bull. Am. Phys. Soc. 20, 562 (1975).

E. T. Jurney, J. A. Harvey, S. Raman, and N. W_ Hill, “Thermal Neutron Capture and Absorption Cross Sections
for SPNi,” Bull. Am. Phys. Soc. 20, 560(1975).

H. J. Kim, R. Ballini, B. Delaunay, J. P. Fouan, and M. Pichevar, “High-Spin States of **Ni,” Bull. Am. Phys.
Soc. 20, 565 (1975).

P. D. Kunz and L. D. Rickertsen, “Effects of Deutecon Continuum States in the Multi-Step (p-d, d-#) Reactions
to Analogue States,” Bull. Am. Phys. Soc. 20, 666 (1975).

V. Maruhn-Rezwani and J. A. Maruhn, “Collective g-Factors and £2/M[-Mixing Ratios in Even-Even Nuclei,”
Bull. Am. Phys. Soc. 20,735 (1975).

A. 1. Namenson, A. Stolovy, and J. A. Harvey, “Neutron Resonances in Re Isotopes,” Bull. Am. Phys. Soc. 20,
561 (1975).

M. S. Pandey, J. B. Garg, J. A. Harvey, and W. M. Good, “High Resolution Total Cross Section in ®3Cu and
€3Cu,” Bull. Am. Phys. Soc. 20, 561 (1975).

D. J. Pegg, H. H. Haselton, M. D. Brown, R. S. Thoe, P. M. Griffin, and I. A. Sellin, “Electron Spectra from the
Autoionizing Decay of Collisionally Excited Mg™* and K* Beams,” Bull. Am. Phys. Soc. 20, 674 (1975).

R. S. Peterson, J. P. Forester, P. M. Griffin, H. H. Haselton, K. H. Liao, J. R. Mowat, D. J. Pegg, 1. A. Sellin, and
R. S. Thoe, “Electron Spectra from Autoionizing States of Highly Stripped Oxygen and Fluorine,” Bull. Am. Phys.
Soe. 20,679 (1975).
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G. A. Petitt and F. E. Obenshain, “TDPAC Study of ¢ Dy in Gd, O3 and Gd Metal,” Buil. Am. Phys. Soc. 20,
615 (1975).

A. E. Rainis, K. S. Toth, C. R. Bingham, and W. D. Schmidt-Ott, “Observation of 1° (nh“/2 ,h9/2) States in
148,150,152 Populated in the Decay of Their Dysprosium Parents,” Bull. Am. Phys. Soc. 20, 624 (1975).

L. D. Rickertsen, “Analysis of ! 2C + 1 2C Elastic and Inelastic Scattering,” Bull. Am. Phys. Soc. 20, 664 (1975).

R. I.. Robinson, H. J. Kim, J. L. C. Ford, Jr., and J. C. Wells, Jr., “Absolute Cross Sections for 3Cu(* 40 X)
Reactions,” Bull. Am. Phys. Soc. 20, 665 (1975).

M. Schmorak, “Nuclear Structure Properties of 4 = 182, Bull. Am. Phys. Soc. 20, 669 (1975).

G. G. Slaughter and S. Raman, “Neutron Separation Energies of Tin Isotopes,” Bull. Am. Phys. Soc. 20, 560
(1975).

R. G. Stokstad, C. B. Fulmer, M. L. Halbert, D. C. Hensley, S. Raman, A. H. Snell, and P. H. Stelson, “Angular
Distributions for *2C + '2C Elastic and Inelastic Scatiering (Fj,p — 70-117 MeV),” Bull. Am. Phys. Soc. 28, 664
(1975).

R. Thoe (invited talk), “Directional Anisotropies in Non-Characteristic X-Ray Emission,” Bull. Am. Phys. Soc.
20, 607 (1975).

R. S. Thoe, I. A. Sellin, D. J. Pegg. J. P. Forester, K. H. Liao, R. 8. Peterson, and P. M. Griffin,
“Non-Characteristic Spectra from Symuietric and Asymmetric Collision Systems,” Bull. Am. Phys. Soc. 20, 675
(1975).

W. K. Tuttle III, P. H. Stelson, F. K. McGowan, W. T. Milzer, S. Raman, and R. I.. Robinson, “Coulomb
Excitation of 1 3In,” Buil. Am. Phys. Soc. 20, 686 (1975).

J. I Weil, B. D. Kern, L. F. Zganjar, J. L. Wood, R. W. Fink, C. R. Bingham, L. L. Riedinger, J. H. Hamilton,
A.V. Ramayya, E. H. Spejewski, W. D. Schmidt-Ott, H. K. Carter, R. L. Mlekodaj, and J. Lin, “The Positron Decay
of 18971 1#°%Hg and '*° Av,” Bull. Am. Phys. Soc. 20, 715 (1975).

J. C. Wells, Jr., 8. Raman, G. G. Slaughter, and E. T. Jurney, “Encrgy Levels and Level Density in '4*Nd,” Bull,
Am. Phys. Soc. 20,624 (1975).

C. Y. Wong, J. A. Maruhn, and T. A. Welton, “Hydrodynamics in Heavy-lon Collisions,” Bull. 4m. Phys. Soc.
20, 666 (1975).
Fourth International Symposium on Muclear-Antinuclear Interactions, Syracuse, New York, May 24, 1975

G. T. Condo, W. M. Bugg, E. L. Hart, H. O. Cohn, and R. D. McCulloch, “Neutron Absorption of Slow
Antiprotons.”
American Chemical Society Meeting, Evie, Pennsylvania, May 7, 1975

H. W. Morgan (invited talk), “Coherent Light and Holography.”

American Chemical Society Meeting, Painesville, Ghio, May 8, 1975
H. W. Morgan (invited talk), “Coherent Light and Holography.”

American Chemical Society Meeting, Sharon, Pennsylvania, May 9, 1975
H. W. Morgan (invited talk), “‘Coherent Light and Holography.”

Ameyican Chemical Society Meeting, Youngstown, Chio, May 9, 1975
H. W. Morgan (invited talk), “Coherent Light and Holography.”

Workshop on Deep Inelastic Collisions and Fusion in Heavy Ion Resctions, Saclay, France, May 12--30, 197§
C. Y. Wong (invited talk — sexies of six lectures), “Hydrodynamical Theory of Heavy-lon Collisions.”
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1975 1EEE International Conference on Plasma Science, Ann Arbor, Michigan, May 1416, 1975

[. Alexeff, H. Tamagawa, C. M, Jones, and P, D. Miller, “Use of the Hot-Electron Minor Machine INTEREM as a
High-Z fon Source.”

(3. D. Alton, “Review of the Heavy {on Source Research and Development Program at the Qak Ridge National
Laboratory.”
Workshop on Heavy-Ton Reactions, Orsay, France, May 19--23, 1975

. Y. Wong (invited talk), “Hydrodyunamical Calculations.”

Meeting on Macrophysical Aspects of Heavy-fon Reactions, Orsay, France, May 2022, 1975
C. Y. Wong (invited talk), “Hydrodynamical Calculations.”

Third National Soviet Conference on Neutron Physics, Kiev, US.S.R., June 1375

J.W. Boldeman, B. J. Allen, M. J. Kenny, A. R. de L.\“Musgrove, and R. L. Macklin, “Valence and Doorway State
Effects in Neutron Capture near Closed Shells.”

International Conference on Effective Interactions and Operators in Nuclei, Tucson, Arizona, June 26, 1975
R. L. Becker (invited talk), “Computation of the Reaction Matrix G.”

Meeting on Atomic Masses and Fundamental Constants, Paris, France, June 26, 1975

B. D. Kem, §. L. Weil, J. . Hamilton, A. V. Ramayya, C. R. Bingham, L. L. Riedinger, E. F. Zganjar, J. L.
Wood, G. M. Gowdy, R. W. Fink, E. H. Spejewski, H. K. Carter, R. L. Mlekodaj, and J. Lin, “Mass Differences of
Proton-Rich Atomsnear4 = 116 and 4 = 190.”

Sixth Internativnal Conference on High Energy Physics and Nuclear Structure, Santa Fe, New Mexico, June 913,
1975

W.B. Dress,‘iJr. {invited talk), “Observation of Two Photons in n-p Capture.”

American Physical Society Meeting,‘\Knoxville, Tennessee, June 1618, 1975

J. B. Ball (invited talk), “Status Report on the Heavy lon Accelerator Project,” Buil. Am. Phys. Soc. 20, 826
(1975).

L. L. Collins, L. L. Riedinger, C. R. Bingham, G. D. OKelley, J. W. Wood, R. W. Fink, | £. F. Zganjar,
A. . Schmidt, E. H. Spejewski, H. K. Carter, R. L. Mlekodaj, and J. H. Hamilton, “Decay of *?*Pb,” Bull 4m.
Phys. Soc. 28, 830 (19753,

H. L. Crowell, J. H. Hamilton, R. L.. Robinson, A. V. Ramayya, W. E. Collins, W. T. Pinkston, R. M. Ronningen,
N. . Singhal, H. J. Kim, and R. O. Sayer, “Lifetime Measurements of High Spin States in 7?8e,” Bul dm. Phys.
Soc. 20, 830 (1975).

‘E. E. Gross, “Calibration of an Analyzing Magnet Using an Alpha-Source and Heavy Ton Beams,” 8l Am. Phys.
Soc. 20, 829 (1975).

D. E. Gustafson, T. C. Schweizer, S. T. Thomton, J. L. C. Ford, Ir., P. D. Miller, R. L. Robinson, P. H. Stelson,
and 1. B. McGrory, “Selective Population of High Spin States in >Na,” Bull. Am. Phys. Soc. 20, 829 (1975).

J. H. Hamilton, J. D. le_c_,x A. V. Ramayya, W. Lourens, B. N. Subba Rao, E. L. Bosworth, B. Martin, L. L.
Riedinger, C. R. Bingham, E. F. Zganjar, E. H. Spejewski, H. K. Carter, R. L. Mlekodaj, R. W. Fink, J. L. Wood,
. W. Gowdy, B. D. Kern, and J. Weil, “On-Line Conversion Electron Measurements in the Decay of * 8371, Bl
Am. Phys. Soc. 20,830 (1975). ) o , _

R. C. Henter, L. L. Riedinger, D. L. Hillis, C. R. Bingham, and K. $.Toth,\ “Decay of 64 Lu,” Bull. Am. Phys.
Soc. 20, 829 (19793). '

J. A. Mamhn (invited talk}), “Some Aspects of Collective Dynamics in Fission,” Bull. Am. Phys. Soc. 20, 815
{1975},
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D. J. Pegg (invited talk), “Projectile Electron Spectroscopy of Autoionizing States in the Alkalis,” Bull. Am.
Phys. Soc. 20, 826 (1975).
Thirtieth Annual Symposium on Molecular Structure and Spectroscopy, Columbus, Chio, June 16--20, 1975

H. W. Morgan, P. A. Staats, and E. Silberman, “Vibrational Spectra of No™ and No,*.”

Faraday Seciety Discussions on Electron Speciroscopy of Solids and Surfaces, Vancouver, B.C,, July 15-17, 1975
T. A. Carlson, “Satellite Structure in the Photoelectron Spectra of Transition Metal Compounds lonized in the K
Shell of the Metal Ion.”
International Conference on Radiation Test Facilities for the CTR Surface and Mateyials Programs, Argonne, Hlinois,
July 15-18,1975
M. J. Saltmarsh, A. P. Fraas, and J. A. Horak (invited talk), A Large-Volume Intense Neutron Source for CTR
Materials Studies.”
Sympositm on Intermediate ¥uergy Heavy lon Physics, Berkeley, California, July 17--19, 1975
J. B. Ball (invited talk), ““Oak Ridge Plans for a Booster Cyclotron.”
C. Y. Wong (invited talk), “Foundation of Nuclear Fluid Dynamics.”
Ninth International Conference on Physics of Electronic and Atomic Coliisions, Seattle, Washington, July 24--30,
1975 v
C. F. Barnett (invited talk), “Atomic Physics in the CTR Program.”

D.J. Pegg, H. H. Haselton, R. S. Thoe, P. M. Griffin, M. D. Browt, and I. A. Sellin, ““Autoionizing States Formed
in Na™ + He and Mg* + He Collisions at 70 keV*.”

R. S. Thoe, I. A. Sellin, R. S. Peterson, I). J. Pegg, P. M. Griffin, and J. P. Forester, ‘“Photon Energy Dependence
of the Asymmetry of Non-Characteristic X-Radiation in Si-Al and Al-Al Collisions.”
Sixth Topical Conference on Particle Physics, Manoa, Hawaii, August 6—19, 1975

H. O. Cohn, “Nuclear Structure with High Energy Physics -~ The Neutron Halo.”

Thirty-third Annual Meeting, Electron Microscopy Society of America, Las Vegas, Nevada, August 11--15, 1973

T. A. Welton, “Practical Resolution Enhancement in Bright Field Electron Microscopy by Computer
Processing.”
1975 Nijenrode Summer School on Nuclear Spectroscopy, Nijenrode, Netherands, Angust 11-23, 1975

G. R. Satchler (invited lecture series), “Direct Nuclear Reactions.”

Seventh International Conference on Cyclotrons and Their Applications, Zurich, Switzerland, August 19--22, 1975

E. D. Hudson, J. A. Martin, F. E. McDaniel, and F. Irwin, “Magnetic Field Trimming Studies for a
Separated-Sector Cyclotron.” '

E. D. Hudson, R. S. Lord, L. L. Riedinger, J. A. Martin, J. K. Bair, L. N. Howell, J. W. Johnson, G. S. McNeilly,
F.E. McDaniel, and S. W. Mosko, “Magnet Model Studies for Separated-Sector Heavy lon Cyclotrons.”

R. S. Lord, E. D. Hudson, G. S. McNeilly, R. O. Sayer, J. B. Ball, M. L. Mallory, 5. W. Mosko, R. M. Beckers,
K. N. Fischer, J. A. Martin, and J. D. Rylander, “The Oak Ridge Isochronous Cyclotron as an Energy Booster for a
25 MV Tandem.”

J. A. Martin (invited talk), “Accelerators for Heavy Tons.”

G. S. McNeilly, £. D. Hudson, R. S. Lord, M. L. Mallory, J. £. Mann, J. B. Ball, and J. A. Martin, “Design Study
for the Conversion of the Qak Ridge Isochronous Cyclotron from an Energy Constant of K = 90 to K = 300 MeV.”
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S. W. Mosko, E. D. Hudson, R. 8. Lord, M. L. Mallory, J. E. Mann, J. A. Martin, G. $. McNeilly, J. B. Ball, K. N.
Fischer, and R. L. Robinson, “A Separated-Sector Cyclotron Post-Accelerator for the Oak Ridge National
Laboratory.”

Fourth International Symposium on Polarization Phenomena in Nuclear Reactions, Zurich, Switzerland, August
25--29,197§

R. de Swiniarski, G. Bagieu, M. Bedjidiam, C. B. Fulmer, J. Y. Grossiord, M, Massaad, J. R. Pissj, and M. Gusakow,
“Inelastic Scattering of 30 MeV Polarized Protons from ?%*2Z¢ and **Mo.”
NATO Advanced Study Institute on Photoionization and Other Probes of Many FElectron Interactions,
Carrye-Rouet, France, August 31 -September 13, 1975

T. A. Catlson (invited talk), “Multiple Excitation in Free Molecules.”

Symposium on Target Techniques for On-Line Isotope Separators, Aathus; Denmark, Sepiember 4--5, 1975

R. L. Mlekodaj, E. H. Spejewski, H. K. Carter, and'A. G. Schmidt, “Target-lon Source Techniques for Heavy-lon
Beams at UNISOR.”
Fourth International Conference on Beam Foil Spectroscopy and Heavy lon Atomic Physics, Gatlinburg, Tennessee,
September 1519, 1975

L. B. Bridwell, J. A Biggerstaff, G. D. Alton, C. M. Jones, P. D. Miller, Q. Kessel, and B. W. Wehring, “Multiple
Blectron Loss Cross Sections for 60 MeV 1% © in Single Collisions with Xenon.”

J. P. Forester, R. 5. Peterson, P. M. Griffin, H. Haselton, K. H. Liao, J. R. Mowat, D. J. Pegg, I. A. Sellin, and

" R. 8. Thoe, “Autoionizing States in Highly fonized O, F, and 8i.”

P. M. Griffin, D. J. Pegg, I. A. Sellin, K. W. Jones, D. Pisano, T. H. Kruse, and S. Bashkin, “Extreme Ultraviolet
Spectra of Highly Stripped Si Ions.” ‘

D. J. Pegg (invited talk), “Autoionizing States in the Alkalis.”

R. 8. Peterson, R. Laubert, R. §. Thoe, H. Hayden, 8. Elston, J. Forester, K. H. Liao, P. M. Griffin, D. I. Pegg,
and 1. A. Sellin, “Differences in the Production of Non-Characteristic Radiation in Solid and Gas Targets.”

P. H. Stelson (invited talk), “The Atomic Physics Potential of New Accelerators.”

R. S. Thoe, 1. A. Sellin, K. H. Liao, R. 8. Peterson, D. J. Pegg, J. P. Forester, and P. M. Griffin, “Angular
Distribution Studies of Non«Characieristic X-Radiation.”
British Physical Society Meeting, Daresbury, England, September 17, 1975

G. R. Satchlet (invited talk), “Scattering of Heavy lons.”

Sixth International Conference on Atomic Collisions in Solids, Amsterdam, Netherlands, September 22-26, 1975

J. U. Andessen, BE. Laegsgaard, M. Lund, and C. D. Moak, 2 Scaling for Impact-Parameter Dependence of
Inner-Shell Tonization by Heavy [ons.”

S. Datz, C. D. Moak, B. R. Appleton, J. A. Biggerstaft, and T. 8. Noggle, “Hyper- and Planar-Channeling of
Charge State Selected 27.5 MeV Oxygen Tons in Ag.”

C. D. Moak, B. R. Appleton, J. A. Biggerstaff, M. D. Brown, S. Datz, T. §. Noggle, and H. Verbeek, “The
Velocity Dependence of the Stopping Power of Channeled lons from 0.6 to 60 MeV.”
Symposium on Highly Excited States in Nuclei, Jiilich, West Germany, September 2326, 1975

F. E. Bertrand, “Excitation of Giant Resonances via Inelastic Hadron Scattering.”

E. C. Halbert, J. B. McGrory, G. R. Satchler, and J. Speth, “Hadronic Excitation of the Giant Resonznce Region
of 20%ph

G. R. Satchler (invited tatk), “Hadronic Excitation of the Giant Resonance Region of 2°8Pb.”
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Symposium on Experimental Methods for Charged-Particle lrvadiations, Gatlinburg, Tennessee, September 30, 1975
C. H. Johnson, “A Ring Lens for Producing Uniform Density lon Beams.”
M. B. Lewis, F. K. McGowan, C. H. Johnson, and M. J. Saltmarsh, “The Oak Ridge CN Van de Graaff Facility
for Heavy Ion Radiation Damage Studies.”
Conferenice on Radiation Effects and Tritiumi Technology for Fusion Reactors, Gatlinburg, Tennessee, October 1-3,
1973
J. B. Raoberto, J. Narayan, and M. J. Saltmarsh, “15 MeV Neutron Damage in Cu and Nb.”

American Chemical Society {Bonlder Dain Section), Las Vegas, Nevada, October 9, 1975
H. W. Morgan (invited talk), “Coherent Light and Holography.”

American Chemical Society (Sierra Nevada Section), Reno, Nevada, October 10, 1973
H. W. Morgan (invited talk), “Coherent Light and Holography

Amexican Chemical Society (Sacramento Section), Davis, Califoriia, Octeber 13, 1975
H. W. Morgan (invited talk), ““Coherent Light and Holography.”

American Chemical Society (Fresno Section), Fresne, Califormia, October 14, 1975
H. W. Morgan (iuvited talk), “Coherent Light and Holography.”

American Chemical Society (Mojave Desert Section), China Lake, California, October 15, 1975
H. W. Morgan (invited talk), “Coherent Light and Holography.”

American Chemical Society (Bakersfield Section), October 16, 1975
H. W. Morgan (invited talk), “Coherent Light and Holography.”

American Chemical Society Meeting (Hawaiian Section), Honolulu, Hawaii, October 17, 1975
H. W. Morgan (invited talk), “Coherent Light and Holography.”

Optical Society of America, Boston, Massachusetts, October 21--24, 1975
K. L. Vander Sluis, “Stark Structure on Hydrogen Spectra in ORMAK Plasma.”

International Conference on Heavy Ion Sources, Gatlinhurg, Tennessee, Cctober 2730, 1975

G. D. Alton, “Preliminary BEvaluation of a Modified Hortig-Geometry Negative-lon Source Using a Negative-Jon-
Source Test Facility.”

E. D. Hudson, M. L. Mallory, and K. S. Lord, “Production of Positive Jon Beams fiom Solids.”

C. M. Jones (invited talk), “Large Tandem Accelerators.”

M. L. Mallory and D. H. Crandall, “A Penning Heavy lon Source Test Facility.”

C. D. Moak (invited talk), “Stripping in Foils and Gases.”

P. I1. Stelson (invited paper), “Future of Physics with Heavy Ions.”

H. Tamagawa, 1. Alexeff, C. M. Jones, N. H. Lazar, and P. D. Miller, ““Use of the Hot-Electron Mirror Machine
INTEREM as a High-Z [on Source.”
American Physical Society Meeting, Austin, Texas, October 3¢-November 1, 1975

G. Bagieu, A. J. Cole, R. de Swiniarski, C. B. Fulmer, D. H. Kong, and G. Mariclopoulos, “41 MeV
Alpha-Particle Scattering frora 27 A1/28:29:3°Gi ™ Buil. Am. Phys. Soc. 28, 1156 (1975).

£. T. Baker, A. Scott, £. E. Gross, D. C. Hensley, and D. L. Hillis, “The Nuclear Reorientation Effect for '2C
Scattering from 2%Si and 28Mg,” Buil Am. Phys. Soc. 28, 1190 (1975).
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W. K. Dagenhart, P. H. Stelson, F. K. McGowan, W. T. Milner, 8. Raman, and R. L. Robinsen, “Coulomb
Excitation of * ' *Sn,” Bull Am. Phys. Soc. 20, 1187 (1975).

B. J. Dalton, “Fixed J, Fixed T Shell Model Level Densities for Arbitrary Orbitals,” Bufl. Am. Phys. Soc. 20,
1185 (1975).

C. D. Goodman, F. E. Bertrand, D. C. Kocher, and R. L. Auble, “(®He ) on Several V = Z Targets,” Bull. Am.
Phys. Soc. 20, L156 (1975).

R. S. Grantham, R. M. Ronningen, J. H. Hamilton, A. V. Ramayya, B. van Nooijen, H. Kawakami, R. B. Piercey,
R. 8. Lee, L. L. Riedinger, and W. K. Dagenhart, “B(E2) Values of 2, 27, and 25 States in 16214 Erand 153 vb”
Bull. Am. Phys. Soc. 20, 1190 (1975).

J. J. Griffin and C. Y. Wong, “Vibrational Instability in Droplets (and Nuclei?),” Buil. dm. Phys. Soc. 20, 1158
(1975). ,

E. E. Gross, M. .. Halbert, D. C, Hensley, D. L. Hillis, C. Bingham, A. Scott, F. T. Baker, and T. A. Slaman,
“Elastic Scattering of 70.4 MeV ' 2C from Even Nd Isotopes,” Bull. Am. Phys. Soc. 20, 1192 (1975).

M. L. Halbert, . O. Tigm, G. B. Hagemann, B. Herskind, M. Neiman, and H. Oeschier, “High Spin States in
"48e,” Bull. Am. Phys. Soc. 20, 1172 (1975).

J. A. Harvey, J. Halperin, N. W. Hill, R. L. Macklin, S. Raman, and E. T. Jumey, “Total and Capture Cross
Sections of *?Ni for 2V and keV Neutrons,” Bull. Am. Phys. Soc. 20, 1195 {1975).

D. L. Hillis, E. E. Gross, D. C. Hensley, C. R. Bingham, A. Scott, F. T. Baker, and T. A. Slaman, “Shape Effects
in the Inelastic Scattering of 70 MeV '2C Jons from 142-144.146.148,150Nq > pui Am. Phys. Soc. 20, 1192
(1975).

D. ). Horen (invited talk), “Information Systems of the Nuclear Data Project,” Bull Am. Phys. Soc. 20, 1153
(1975).

R. €. Hunter, L. L. Riedinger, D. L. Hillis, C. R. Bingham, and K. 8. Toth, “Vibrational Bands in ***Yb,” Buil
Am. Phys. Soe. 20, 1154 (1975).

M. A.ljaz, E. L. Robinson, K. §. Toth, C. R. Bingham, and J. Lin, “Search for Alpha Decay of Thallium 185,186
Isotopes,” Bull. Am. Phys. Soc. 20, 1154 (1975).

C. H. Johnson, J. Halperin, R. L. Macklin, and R. R. Winters, “Neutron Total and Capture Cross Sections for
3287 Buil. Am. Phys. Soc. 20, 1195 (1975).

R. L. Macklin, “The 1®*Ho(n,y) Standard Cross Section from 3 to 450 keV,” Bull. Am. Phys. Soc. 20, 1196
(1973).

J. A. Marohn, C. Y. Wong, and T. A. Welton, “Fluid Dynamic Description of Heavy-lon Collisions,” Bull. Am.
Phys. Soc. 20, 1158 (1975).

J. B. McGrory and B. H. Wildenthal, “A Comment on the Projection of Spurious Center-of-Mass States in
Truncated Shell-Model Calculations,” Bull. Am. Phys. Soc. 20, 1184 (1975).

R. B. Piercey, A. V. Ramayya, R. M. Ronningen, and J. H. Hamilton, “In-Beam Gamma-Ray Speciroscopy
Following °Ni(* ¢ 0,2p)"* Se,” Bull. Am. Phys. Soc. 20, 1172 (1975).

A. V. Ramayya, J. I Hamilton, J. D. Cole, B. van Nooijen, H. Kawakami, L. L. Riedinger, C. R. Bingham,
K. 8. R. Sastry, H. K. Carter, and F. T. Avignone, “Near Spherical and Deformed Bands in '®¢ Hg,” Bull. Am. Phys.
Soc. 20, 1154 (1975).

L. D. Rickertsen and D. L. Hiilis, “Second-Order Coupling Effects in Heavy-Ton Inelastic Scattering,” Bull Am.
Phys. Soc. 20, 1167 (1975).

R. M. Ronningen, J, H. Hamilton, R. S. Grantham, A. V. Ramayya, B. van Nooijen, R. B. Piercey, R. 8. Lee,

H. Kawakami, L. L. Riedinger, and W. K. Dagenhart, “Coulomb Excitation of 2* Ground and 3~ Octupole Levels in
156,158y 162,164 x and ' 58Yb,” Bull Am. Phys. Soc. 20, 1189 (1975).

M. J. Saltmarsh (invited talk), “Accelerators and Energy,” Buil. Am. Phys. Soe. 20, 1153 (1975).
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W. K. Tuttle IlI, R. L. Robinson, H. J. Kim, R. O. Sayer, W. T. Milner, G. J. Smith, and R. M. Ronningen,
“Levels in ' ' *In Populated by the ' ' °Pd(® Li,3n) Reaction,” Bull. Am. Phys. Soc. 20, 1173 (1975).

C. Y. Wong, J. A. Maruhn, and T. A. Welton, “Normal Sound, Spin Sound, Isospin Sound, and Spin-Isospin
Sound in Nuclear Fluid,” Bull. Am. Phys. Soc. 20, 1158 (1975).
International Atomic Energy Agency Advisery Group Meeting on Trausactinium Isctope Nuclear Data, Karlsruhe,
West Germany, November 3—7, 1975

S. Raman (invited talk), “Some Activities in the United States Concerning the Physics Aspects of Actinide Waste
Recycling.”

S. Raman (invited talk), “General Survey of Applications Which Require Nuclear Data.”

American Physical Society Meeting (Division of Plasima Physics), St. Petersburg, Florida, November 10—14, 1975

K. L. Vander Sluis, “Stark Structure on Hydrogen Spectra in ORMAK Plasma,” Bull. Am. Phys. Soc. 20, 1227
(1975).
Materials Science Symposium {American Society for Metals), Cincinnati, Qhio, November 1113, 1975

T. A. Carlson (invited talk), ‘“Use of Photoelectron Spectroscopy for Surface Analysis.”

American Physical Society Meeting (Scutheastern Section), Auburn, Alabama, November 13--15, 1975
W. E. Collins, A. Ashley, J. H. Hamilton, H. L. Crowell, and R. L.. Robinson, “The Level Structure of 8% As.”

H. L. Crowell, J. H. Hamilton, A. V. Ramayya, R. M. Ronningen, N. C. Singhal, R. L. Robinson, and R. O.
Sayer, “Angular Distribution Measurements in 728e.”

T. Magee, L. C. Whitlock, H. L. Crowell, J. H. Singhal, R. L. Robinson, and R. O. Sayer, “Mean Life of the 47
State in 728e.”

F. E. Obenshain (invited talk), “Heavy lon Induced Fission near 4 = 100.”

E. 1. Robinson, B. 0. Hannah, B. H. Ketelle, G. Schuster, and I. L. Weil, “Decay of *°*Pb.>

1. A. Sellin (invited talk), “‘Highly Ionized Tons.”

F. E. Turmer, L. L. Riedinger, C. R. Bingham, E. H. Spejewski, R. L. Mlekodaj, H. K. Carter, B. D. Kemn, J. L.
Weil, E. L. Robinson, and J. H. Hamilton, “!°?Pb > 92T} - ! °2Hg”
American Nuclear Society Meeting, San Francisco, California, November 16--21, 1975

C. F. Barnett and E. Ricci (invited talk), ‘“Plasma-Wall Interface Studies for TOKAMAK Type Plasmas.”

Sixth Symposium on Eungineering Problems of Fusion Research, San Diego, Califoinia, November 1821, 1975

S. W. Mosko, D. D. Bates, R. R. Bigelow, E. K. Cottongim, E. W. Pipes, and K. Sueker, A 120 kA Pulsed dc
Power System with Computerized Thyristor Triggering.”
American Physical Society Meeting (Division of Eleciron and Atomic Physics), Tucson, Arizona, December 36,
1975

D. H. Crandall, D. C. Kocher, and T. J. Morgan, “Single and Double Charge Transfer of C* in Helium,” Bull.
Am. Phys. Soc. 20, 1456 (1975).

R. S. Peterson, I. A. Sellin, H. Hayden, S. B. Elston, J. P. Forester, K. H. Liao, P. M. Griffin, D. J. Pegg, and R.
Laubert, “Non-Characteristic X-Radiation Production in Solid and Gas Targets,” Bull. Am. Phys. Soc. 20, 1450
(1975).

American Physical Society Meeting, Pasadena, California, December 29-31, 1975
A. Gizon, J. Gizon, and D. J. Horen, “Band Structure in ' 32 Ba,” Bull. Am. Phys. Soc. 28, 1496 (1975).
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Prepared by M. L. Halbert, Christine R. Wallace, and Wilma L. Stair

ANNOUNCEMENTS

The Controlled Fusion Atomic Data Center was transferred from the Thermonuclear Division to the Physics
Division in July 1975. At the same time, several other people were transferred from Thermonuclear, which increased
the technical staff of the Physics Division by four permanent and two temporary members.

Daring November, W. B. Ewbank was appointed Director of the Nuclear Data Project, and F. E. Bertrand was

appointed Deputy Director.

PERSONNEL ASSIGNMENTS

During 1975 the Physics Division was host to at least 37 guests from the Uniied States and abroad. Some of
these were short-term assignments, variously sponsored by different organizations and institutions. Seven Physics
Division staff members have been the guests of laboratories located outside the United States. A list of guests, staff

assignments, and personnel changes follows:

Guest Assignees from Abroad

B. 1. Allen, Australian Atomic Energy Cormmission,
Tucas Heights, New South Wales, Australia — Qak
Ridge Electron Linear Accelerator Program (com-
pleted one-month assignment in March 1975)

E. 1. Andrade, Universidad Nacional Autonoma de
Mexico, Mexico — Van de Graaff Program (completed
one-month assignment in July 1975)

Michel Barre, Commissariat a 1’Energie Atomique,
Group GANIL, Institut de Physique Nucleaire, Orsay,
France — Heavy-lon Project (completed two-month
assignment in June 1975)

Marxie-Paule Bourgarel, Commissaciat a ’Energie Atom-
ique, Group GANIL, Institut de Physique Nudleaire,
Orsay, France -~ Heavy-lon Projeci (completed two-
month assignment in June 1975)

A. A. Dacal, Universidad Nacional Autonoma de Mexi-
co, Mexico - Van de Graaff Program (completed
one-rmonth assignment in July 1975)
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E. D. Earle, Atomic Energy of Canada Limited, Chalk

River, Canada - Qak Ridge Electron Linear Accelera-
tor Program (completed two-week assignment in
January 1975).

H. W. Feldmeier, NATO Fellowship from Technische
Hochschule, Darmstadt, West Germany — Theoreti-
cal Physics Program (began one-year assignment in
September 1975)

Thanh-Tam Luong, Corarissariat a VEnergie Atomique,
Group GANIL, Institut de Physique Nucleaire, Orsay,
France — Heavy-lon Project (completed two-month
assignment in June 1975)

Vida Maruhn-Rezwani, University of Frankfurt, Frank-
furt, West Germany - Theoretical Physics Program
(continued assignment begun Noveruber 1974)

P. S. Murty, Bhabha Atomic Research Centre, Trom-
bay, India — Electron Spectroscopy Program (began
one-year assignment in May 1975)

Maria E. S. Oruz, Universidad Nacional Autonoma de
Mexico, Mexico — Van de Graaft Program (completed
one-month assignment in July 1975)



Hermann Weigmann, Central Bureau for Nuclear Meas-
urements (CBNM), EURATOM, Geel, Belgium — Oak
Ridge Electron Linear Accelerator Program {began
eight-month assignient in July 1975)

Guest Assigiiees from ihe United States

B. J. Dalton, summer rescarch participant (ORAU)
from Fort Valley State College, Fort Valley, Georgia
— Theoretical Physics Programn (completed three-
month assignment in September 1975)

Stuart Ldston, University of Tennessee - Accelerator
Atomic Physics Prograin (began one-year assigninent
in January 1975)

J. P. Felvinci, Columbia University — Qak Ridge
Electron Linear Accelerator Program (coimnpleted six-
week assignment in July 1975)

J. P. Forester, University of Tennessee -- Accelerator
Atomic Physics Program (continued assignment begun
in September 1974)

L. D. Gardner, Yale University — Charge Exchange
Cross Section Measurements Program (completed
one-month assignwent in December 1975)

J. B. Garg, State University of New York at Albany —
Oak Ridge Electron Lincar Accelerator Program
(completed six-week assignment in August 1975)

Thomas Handler, University of Tennessee -- High
Energy Physics Program (continued assignment begun
in November 1974)

E. L. Hart, University of Tennessee -~ High Energy
Physics Program (completed six-year assignment in
August 1975 — now consultant with ORNL Physics
Division)

Howard Hayden, University of Tennessee — Accelerator
Ateomic Physics Program (began one-year assignment
in June 1975)

D. L. Hillis, University of Tennessee — Oak Ridge
Isochronous Cyclotron Program (began one-year as-
signment in January 1975)

A. C. Kahler 111, University of Tennessee — Oak Ridge
Isochronous Cyclotron Program (began one-year as-
signment in October 1975)

P. M. Koch, Yale University -- Oak Ridge Isochronous
Cyclotron Program (completed two-week assigniment
in December 1975)

Kuo-Hsien Lizo, Columbia University — Accelerator
Atomic Physics Program (completed ten-month as-
signment in October 1975)
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B. R. Luers, Columbia University -— Oak Ridge Electron
Lincar Accelerator Prograimn (completed six-week as-
signment in July 1975)

Edward Melkonian, Colurnbia University — Oak Ridge
Electron Linear Accelerator Program (completed six-
week assignment in July 1975)

T. J. Morgan, summer research participant (ORNL)
from Wesleyan University - Atomic Physics Program
(completed two-month assignmeit in August 1975)

T. L. Nichols, University of Tennessee — Hyperfine

Interactions Program (completed ten-month assign-

ment in February 1975)

M. S. Pandey, State University of New York at Albany
— Oak Ridge Electron Linear Accelerator Program
(completed six-week assignment in August 1975)

R. S. Peterson, University of Tennessee — Accelerator
Atomic Physics Program {(continued assignment begun
in July 1972)

P. Q. Taylor, Joint Institute for Laboratory Astro-
physics, University of Colorado -~ Controlled Fusion
Atomic Data Center (began one-year assignment in
October 1975)

R. Thoe, University of Tennessee - Accelerator Atornic
Physics Program (comipleted two-year assignment in
June 1975 — now consultant with ORNL Physics
Division)

Cheng-May Tung, University of Tennessee — Electron
Spectroscopy Program (began one-year assignment in
August 1975)

R. R. Turtle, University of Tennessee — Accelerator
Atomic Physics Program (completed seven-month
assignment in May 1975)

W. K. Tuttle III, University of Tennessee — Van de
Graaff Progiam (completed eleven-month assignment
in November 1975)

J. Waldman, University of Lowell — Plasma Diagnostics
Program (completed three-month assignment in Sep-
tember 1975)

R. M. Wieland, sumimer research participant (ORAU)
from Franklin and Marshall College, Lancaster, Penn-
sylvania -- Oak Ridge Isochronous Cyclotron Program
(completed thicc-month assignment in August 1975)

University Isotope Separator
at Oak Ridge (UNISOR )

G. M. Gowdy, Laboratory Graduate Participant Fellow
~'Oak Ridge Associated Universities (began one-year
assignment in January 1975)



H. K. Carter, Oak Ridge Associated Universities (in-
definite assignment)

R. L. Milekodaj, Oax Ridge Associated Universities
(indefinite assignment)

A, V. Ramayya, Vanderbilt University {completed
one-month assignment July 1975)

E. L. Robinson, University of Alabama (completed
one-year assigruoment in September 1975)

A. G. Schmidt, Oak Ridge Associated Universities
{continued postdoctoral appoiniment begun in Sep-
tember 1974)

E. H. Spejewski, Oak Ridge Associated Universities
(indefinite assigrurient)

Staff Assignmenis

€. B. Fulmer - Oak Ridge Isochronous Cyclotron
Program. Completed in September 1975 a one-year
agsignment with the Institut des Sciences Nucleaires,
University of Grenoble, Grenoble, France

E. E. Gross - (ak Ridge I[sochronous Cyclotron
Program, Completed in May 1975 a four-week assign-
ment at the Grenoble Cyclotron Laboratory, Gre-
noble, France

¥idith €. Halbert - Theoretical Physics Program. Com-
pleted in August 1975 a one-year assignment with the
Niels Bohr Iostitute, Copenhagen, Denmark

M. L. Halbert — Oak Ridge Isochronous Cyclotron
Program. Completed in August 1975 a one-year
assignment with the Niels Bohr Institute, Copenhagen,
Denmark

J. B. McGrory — Theoretical Physics Program. Began in
October 1975 a one-year assignment with the ORNL
Program Planning and Analysis Office

C. D. Moak — Van de Graaftf Program. Began in
February 1975 a six-month assignment with the
University of Aarhus, Aarhus, Denmark; began in
October 1975 a six-month assignment with the
Daresbury Laboratory, Daresbury, England

F. Plasil — Physics of Fission Program. Completed in
September 1975 a one-year assignment with the
Laboratoire de Physique Nucléaire, University of
Paris, Orsay, France

K. 5 Toth — QOak Ridge Isochronous Cyclotron
Program. Compicted in October 1975 a five-month
assignment at the Laboratory for Nuclear Reactions,
Joint Institute for Nuclear Research, Dubna, U.S.8.R,
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Personnel Changes

C. ¥. Barneit - Controlled Fusion Atomic Data Center.
Transferred from Thermoouclear Division to Physics
Division in July 1975

D, H. Crandall — Atomic Physics Program. Transferred
from Thermonuclear Division to Physics Division in
July 1975

R. A. Dayras — Ouak Ridge Isochronous Cyclotron
Program. Began two-year postdoctoral appointiment
in Deceynber 1975

J. Gomez del Campo — Van de Graaft Program. Began
four-month appointraent in October 1975

D. P Hutchioson Plasma Diagnostics Program.
Transferred from Thermonuclear Divigion to Physics
Division in July 1975

J. W, Iohoson - Van de Graaff Program. Transferred
from Instrumentation and Controls Division to Phys-
ics Division in September 1975

M. B. Lewis — Van de Graaff Program. Transferred
from Physics Division to Metals and Cerarmics Division
in Suly 1975

E. Newman Ouk Ridge Jsochropous Cyclotron
Program. Transferred from Physics Division to Chemi-
cal Technology Division in July 1975

R. A Phaneuf ~ Atomic Physics Program. Began
one-year appeintment with the Thermonuclear Divi-
sion in October 1975 (on loan to the FPhysics
Division) :

J. A. Ray — Atomic'Physics Program. Transferred frorn
Thermonuclear Division 1o Physics Division in July
1975

E. Ricai Surface Studies Program. Began loan
assignment with the Physics Division from Analytical
Chemistry in July 1975

L. L. Riedinger Heavy lon Project. Completed
gight-month assignment in August 1975

K. L. Vander Shiis — Plasma Diagnostics Program.
Transferred from Thermoauclear Division to Physics
Division in July 1975

G. K. Werner — Infrared Spectroscopy Program. Trans-
ferred from Physics Division to Qak Ridge Gaseous
Diffusion Plant in March 1975
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ADJUNCT RESEARCH PARTICIPANTS UNDER SUBCONTRACT WITH
UNION CARBIDE CORPORATION NUCLEAR DIVISION — ORNL

Faculty members of colleges and universities who were under subcontract with ORNIL. and who participated in
the activities of the Physics Division during 1975 are listed as follows:

P. M. Bakshi, Boston College — Controlled Fusion
Atomic Data Center

C. R. Bingham, University of Tennessee — Oak Ridge
Isochronous Cyclotron Program

H. G. Blosser, Michigan State University — Heavy lon
Project

D. A. Bromley, Yale University — Nuclear Physics
Program

W. M. Bugg, University of Tennessee — High Energy
Physics Program

J. W. Burton, Carson-Newman College
Interactions Program

-- Hyperfine

R. F. Carlton, Middle Tennessee State University — Oak
Ridge Eleciron Linear Accelerator Program

T. P. Cleary, University of Tennessee — Oak Ridge

Isochronous Cyclotron Program

G. T. Condo, University of Tennessee - High Energy
Physics Program

R. Y. Cusson, Duke University — Theoretical Physics
Program

Brian Gilbody, Queen’s University, Belfast, Ireland -
Controlled Fusion Atomic Data Center

J. Gomez del Campo, National University of Mexico —
Van de Graaff Program (contract closed September
1975)

A. Grimm, University of Tennessee — Electron
Spectroscopy Program

F.

E. L. Hart, University of Tennessee --
Physics Program

High Energy

Philippe Hubert, Cenire d’Etudes Nucléaires, Bordeaux,
France — Oak Ridge Isochronous Cyclotron Program
(contract closed September 1975)

P. G. Huray, University of Tennessee — Hyperfine
Interactions Program

Constance Kalbach, University of Tennessee — Oak
Ridge Isochronous Cyclotron and Theoretical Physics
Programs

Donald Malbrough, University of South Carolina — Oak
Ridge Isochronous Cyclotron Program at LAMPF

Earl McDaniels, Georgia Institute of Technology —
Controlled Fusion Atomic Data Center

D. J. Pegg, University of Tenncssee — Accelerator
Atomic Physics Program

G. A. Petitt, Georgia State University — Hyperfine
Interactions Program (contract closed August 1975)

L. L. Riedinger, University of Tennessee — Heavy lon
Project

A. B. Ritchie, University of Alabama
Spectroscopy Program

— Electron

Reginald Ronningen, Vanderbilt University -- Van de
Graaff Program

Arnold Russek, University of Connecticut — Controlled
Fusion Atomic Data Center

I. A. Sellin, University of Tennessee — Accelerator
Atomic Physics Program

A. J. Sierk, California Institute of Technology —
Theoretical Physics Program (contract closed Decein-
ber 1975)

R. M. Tate, University of Tennessec —- Van de Graaff
Program

Robert Thoe, University of Tennessee — Accelerator
Atomnic Physics Program

E. W. Thomas, Georgia lastitute of Technology —
Controlled Fusion Atomic Data Center

J. R. Thompson, University of Tennessee - Van de
Graaff Program

J. 0. Thomson, University of Tennessee — Hyperfine
Interactions Program

S. T. Thornton, University of Virginia — Van de Graaff
Program

H. Verheul, Free University, Amsterdam, Netherlands —
Nuclear Data Project (contract closed April 1975)

Lawrence Wilets, University of Washington — Theoret-
ical Physics Program

R. R. Winters, Denison University — Oak Ridge
Electron Linear Accelerator Program {contract closed
August 1975)
Additionally in 1975, the Physics Division had the

participation of the following nonfaculty ORNL sub-

contract holders:

I, T. Howard, ORNL retiree - Accelerator Information
Project (contract closed November 1975)



D, D. Klema, undergraduate student from Princeton
University -~ Van de Graaff and Oak Ridge Isochro-
naus Cyclotron Programs

R. F. King, ORNL retiree — Van de Graaff Program

J. D. Larson, representing self — Heavy Ion Project

L. 'A. Slover, ORNL retiree - Oak Ridge Isochronous
Cyclotron Program
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A. H. Snell, ORNL retiree — Oagk Ridge Isochronous
Cyclotron Program

G. J. Smith, ORAU postdoctoral appointee — Oak
Ridge Isochronous Cyclotron Program (contract
closed September 1975)

ADJUNCT RESEARCH PARTICIPANTS UNDER CONTRACT
ARRANGEMENT WITH OAK RIDGE ASSOCIATED UNIVERSITIES

Under arrangements with Oak Ridge Associated Universities (““S” contracts and “U” contracts), 81 university or
college faculty members and students visited the Physics Division for consultation and collaboration during 1975.

These individuals and their aftiliation are listed below:

F. T. Avignone 1, University of South Caroling
F. T. Baker, University of Georgia

J. 1. Barker, Saint Louis University

S. Bashkin, University of Arizona

1. E. Bayfield, Yale University

R. A. Bragda, Georgia Institute of Technology
W. H. Brantley, Furman University

L. B. Bridwell, Murray State University

R. P Chaturvedi, State University of New York at
Cortland

S. J. Cipolla, Creighton University

P. W. Coulter, University of Alabama, Tuscaloosa
R. H. Davis, Florida State University

J. P. Draayer, Louisiana State U. and A. & M. C.

J. L. Duggan, North Texas State University

R. W. Fink, Georgia Institute of Technology

R. M. Gaedke, Trinity University

R. S. Grantham, Vanderbilt University

T. 3. Gray, Kansas State University

M. B. Greenfield, Florida A. & M. University

M. A. Grimum, Jr., Georgia Institute of Technology
5. A. Gronemeyer, Washington University

D. E. Gustafson, University of Virginia

J. H. Hamilton, Vanderbilt University

B. O. Hannah, University of Alabama in Birmingham
E. V. Hungerford, University of Houston

M. A. ljaz, Virginia Polytechnic Institute and State
University

D. E. Johnson, North Texas State University

H. Kawakami, Vanderbilt University

G. Kegel, Lowell Technological Institute

K. W. Kemper, Florida State University

B. D. Kem, University of Kentucky

Q. C. Kessel, University of Connecticut

S. E. Koonin, California Institute of Technology

S. J. Krieger, University of Hlinois at Chicago Circle
T. H. Kruse, Rutgers - the State Upiversity

K. A. Kuenhold, University of Tulsa

K. Kumar, Vanderbilt University

W. 8. Lewis, Georgia Institute of Technology

T. K. Lim, Drexel University

J. Lin, Tennessee Technological University

W. G. Love, University of Georgia

A. D. MacKellar, University of Kentucky

M. S. McCay, University of Tennessee at Chattanooga
D. A. McClure, Georgia Institute of Technology

F. D. McDaniel, North Texas State University

G. C. Monigold, North Texas State University

J. R. Mowat, City University of New York

J. W. Negele, Massachusetts Institute of Technology
R. B. Piercey, Vanderbilt University

B. M. Preedom, University of South Carolina

A. R. Quinton, University of Massachusetts

A. E. Rainis, West Virginia University

A. V. Ramayya, Vanderbilt University



P. V. Rao, Emory University

M. S. Rapaport, Georgia Institute of Technology
R. B. Raphael, Oglethorpe University

A. D. Ray, North Texas State University

L. A. Rayburn, University of Texas at Arlington
A. C. Rester, Emory University

R. K. Rice. North Texas State University

L. L. Robinson, University of Alabama in Birmingham
J. R. Rowe, North Texas State University
K.S.R. Sastry, University of Massachusetts

T. C. Schweizer, University of Virginia

A. Scott, University of Georgia

J. Tricomi, North Texas State University

B. Van Nooijen, Vanderbilt University

G. Vourvopoulos, Florida A. & M. University
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I. A. Walkicwicz, Edinboro State College

J. L. Weil, University of Kentucky

J. C. Wells, Jr., Tennessee Technological University
W. K. Wharton, Cainegie-Mellon University

R. M. Wheeler, Statc University of New York at
Cortland

R. M. Wieland, Franklin and Marshall College

B. H. Wildenthal, Michigan State University

S. R. Wilson, North Texas State University

R. R. Winters, Denison University

J. L. Wood. Georgia Institute of Technology

S. W. Yates, University of Kentucky

A. R. Zander, East Texas State University

E. ¥, Zganjar, Louisiana State U. and A. & M. C.

PHYSICS DIVISION SEMINARS

Physics Division seminais were held once a week on the average. The seminar cochaismen during most of the
year were J. 8. McGrory and W. B, Dress. On October 1, E. Eichler (Chemistry Division) replaced McGrory. The
seminars listed below are announced to the entire Laboratory by being listed in the ORNL Technical Calendar. In
addition, groups within the Division hold meetings of more specialized interest, such as the Nuclear Research Cottee
meetings on alternate Wednesday afternoons and the Theoretical Circus on fridays.

January 15 ~ David Nagel, U.S. Naval Research
[aboratory, “X-Rays from Plasmas and Projectiles”

January 20 — G. Goldring, Weizmann Institute of
Science, Rehovot, Israel, “Hyperfine Interactions and
Gyromagnetic Ratios of Excited States of Light
Nuclei”

January 24 — J. R. Comfort, University of Groningen,
Netherlands, “‘Particle-Hole Multiplets and Reaction
Mechanisms in the Mass-90 Region™

January 30 — J. L. Fowler, Physics Division, ORNL,
“Neutrons and Energy; the Mystery of the Missing
Ninth”

February 12 - Charles Flaum, University of Rochester,
“Experimental and Theoretical Investigations ot
Anomalous Behavior of Rotational States at High
Spin”

February 24 -- J. N. Ginocchio, Yale University,
“Statistical Mechanical Approach to Nuclear Struc-
ture”

March 4 - lgor Alexeff, University of Tennessce,
“Plasma Containmeni Devices as Sources of Multiply-
Charged [ons”

March 6 — K. Thomas R. Davies, Physics Division,
ORNL, “Effect of Nuclear Viscosity on the Dynamics
of Fission™

March 20 — B. L. Cohen, The I[nstitute for Energy
Analysis, Oak Ridge, “Environmental Impacts of
Plutoninm Dispersal and Radioactive Waste Storage™

March 24 — H.  C. Pauli, Max-Planck-Institut fur
Kernphysik, Heidelberg, Germany, “Dynamic Excita-
fion in Fission™

April 1 — M. R. Mottleson, Niels Bohr Institutet,
Copenhagen, Denmark, “What Can Angular Momen-
tuin Do to the Nucleus?”

April 24 — Ole Hansen, Los Alamos Scientific Labora-
tory, “Resonances in the '2C(*2C,p) Reaction: A
New Rotational Band in >*Mg”



May 2 - Klaus Eberhard, University of Washington,
“Correlated Structure in '2C+!'2C Induced Reac-
tions”’

May S - Charles Lewis, CERN, “Some Experiments in
Nuclear 7 = Absorption”

May 8 — H. Schrader, Tnstitut Laue-Langevin, Grenoble,
France, “Fission Yields with Mass Separator Lohen-
grin”

May 12 — Mikkel B. Johnson, Los Alamos Scientific
Laboratory, “Nuclear Matter Theory for Pion Scatter-
ing from Nuclei”

May 15 — . H. Youngblood, Texas A. & M. University,
“Particle Decay from the Giant Resonance Region of
P0Cy”

May 22 ~ Marlan Scully, Optical Sciences Center,
University of Arizona, “An lIon Beam X-Ray Laser:
Superradiance in Action™

May 28 — E. Salzborp, Kansas State University,
“Hlectron Capture Processes of Multiply Charged
Argon lons in Gas Targets at Energies from 10--90
keV”

May 29 - M. Kimura, Tohoku University, Sendai,
Japan, “Pulsed Neutron Sources for Utilization for
Condensed Matter Research”

May 29 - I Bergstrom, Research Institute for Physics,
Stockholm, Sweden, “On Etfective Two- and Three-
Body Interactions: A Lesson from High-Spin States in
the Lead Region”

June 5 - W. B. Dress, Physics Division, ORNL, 2%,
Years of Measurements with and on French Neu-
trons”

June 17 - A. K. Edwards, University of Georgia,
“Collisional Excitation of Negative Tons and Neutral
Atoms”

June 19 — Terrance Cleary, University of Wisconsin,
“Nuclear Structure in the 4 = 9D Region from Reac-
tions Induced by Vector Polarized Deuterons™

June 24 - L. C. Feldman, Bell Laboratories, Murray
Hill, NJ., “X-Ray Yields from Ar-Al Collisions:
Lifetime Effects”

June 26 - G. S, Huist, “Resonance lonization Spec-
roscopy on He (2 §)”

July 9 — R. de Swiniarski, University of Grenoble,
France, “Some Recent Experiments Done at the
Grenoble Cyclotron™

July 14 — S. G. Nilsson, University of Lund, Sweden,
“Nuclei at High Angular Momentum States”
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July 14 - Guater Kegel, Lowell Technological Insti-
tte, “Fast Neutron Scattering from U-238”

July 22 — Johann Rafelski, Argonne National Labora-
tory, “Spontancous Neulralization of Charged Nu-
clear Matter”

August 4 - Paul Bonche, Saclay, “Nuclear Dynamics in
One-Dimension in the Time-Dependent Hartree-Fock
Approximation”

August 5 -~ V. S. Nikolayev, Moscow State University,
USSR, “Atomic Cross Sections for Multi-Charged
fons”

August 7 - C. K. Gelbke, Mux-Planck-Institut, Heidel-
berg, Germany, “Exchange Symmetries in Heavy-Ton
Reactions”

August 14 - J. A. Marubn, Physics Division, ORNL,
“Collective Effects ort Mass Distributions in Fission”

August 21 Vida Marohn-Rezwani, University of
Frankfurt, West Germany, “Generalized Collective
Model”

September 2 -~ Jirl Kopecky, Reactor Centrum, Petten,
Netherlands, “(n,7) Experments at the High Flux
Reactor at Petten”

Septernber 4. Bill Dalton, ORAU, “Statistical
Methods for Finding Shell Model Level Densities”

September 11 M. L. Halbert, Physics Division,
ORNL, “Danish Photons Soft and Hard”

QOctober 9 — Franz Plasil, Physics Division, ORNL,
“Physics with the Very Heavy fons - French Connec-
tion”

October 20 — W. F. van Guusteren, Free University,
Amsterdam, “Relationship between Odd and Even
Single Closed Shell Nuclei in a Low Seniority Approx-
imation™

Qctober 27 — S. M. Lee, Institute for Nuclear Physics,
University of Cologne, West Germany, “Role of
Resonances and Critical Angular Moroenta in Heavy
lon Reactions™

October 28 - M. A. Nagarajan, Daresbury Nuclear
Physics Laboratory, Daresbury, England, “Geunerator
Co-ardinate Method for Nuclear Collisions™

October 31 - H. H. Andersen, Aarhus, Deumark,
“Sputtering as a Tool for the Investigation of Atomic
Collision Cascades in Solids™

November 6 Hermann Weigmann, CBNM, Geel,
Belgium, “Neutron Data Measurements at the Geel
Linac”
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December 10 — R. K. Adair, Yale University, “Prompt
Leptons: Leptons Produced by the Direct lnteraction
of Hadrons”

November 13 — Peter Wurm, Max Planck Institute for
Nuclear Physics, Heidelberg, and SUNY, Stony
Brook, “Friction in Deep Inelastic Scattering”

November 17 - R. F. Casten, Brookhaven National
Laboratory, “Nuclear Structure Rescarch Using the
(n,7) Reaction”

COLLOQUIA AND SEMINARS PRESENTED AT OTHER INSTALLATIONS

Staff members of the Physics Division and other scientists associated with the Division frequently receive
invitations to present seminars and colloquia at institutions both in the United States and abroad. Partial support for
some of the requests was provided thirough the Traveling Lecture Program (TLP) administered by Oak Ridge
Associated Universities. A number of lecture-demonstrations were supported by the local-section lecture program of
the American Chemical Society.

Following is a list of seminars and colloguia presented in [975:

J. B. Ball - University of Melbourne, Australia, C. B. Fulmer — Institut des Sciences Nucleaires,

February 29, 1975, “Plans for a New Heavy lon
Accelerator at Oak Ridge””; Florida State University,
April 10, and Texas A. & M. Univessity, May 29, “The
New Heavy fon Laboratory at Oak Ridge” (TLP);

Grenoble, France, January 24, “Heavy-Ton Scattering
Studies at Oak Ridge”; Centre de Recherches Nucle-
aires de Strasbourg, Strasbourg, France, April 24,
“Heavy-lon Scattering Studies at Oak Ridge”; Kern-

fysisch Versneller lInstitut, Groningen, Netherlands,
September 2, “‘Some lixperiences in the French
Alps”; Natuurkundig Laboratorium der Vrije Uni-
versiteit, Amsterdam, Netherlands, September 4,
“Some a-Particle and Heavy-lon Scattering Experi-
ments”; Wheatstone Physics Laboratory, King’s Col-
lege, London, UK., September 26, “Some Experi-
ences in the French Alps™

University of Tennessce, December 2, “Status Report
on the Heavy lon Accelerator Facility at Oak Ridge”

C. F. Barnett —- National Burcau of Standards Work-
shop, March 3-4, “Atomic Data for CTR, Particu-
larly on Heavy lon Impurities”; National Bureau of
Standards, Gaithersburg, Maryland, March 3, “Atomic
Physics Research at ORNL™ and “*Conirolled Fusion
Atomic Data Center”

F. E. Bertrand - University of Georgia, April 17,
“Excitation of Giant Resonances via Direct Reac-
tions”; Texas A. & M. University, November 4,
“Giant Resonances and the Nuclear Continuum™

C. D. Goodman — Kent State University, Kent, Ohio,
September 17, “The Nuclear Reaction (° Li,°He) as a
Tool for Studying Nuclear Transitions Related to
Gaimow-Teller Beta Decays”

E. E. Gross - University of Texas at Arlington,
February 5, and North Texas State University, Febru-
ary 6, “Heavy-lon Rescarch at Oak Ridge™ (YLP):
Clemson University, February 27, “Testing Time
Reversal Invariance in Nuclear Physics™ (TLP); Niels
Bohr Institute, Copenhagen, Denmark, May 2, 70
McV 12C Scattering from '**Nd”: University of
Groningen, Netherlands, May 6, ““Heavy-lon Research
at ORIC™: Institut des Sciences Nucleaires, Grenoble,
France, May 9, “Coulomb-Nuclear Interference
Fffects in 70 MeV 1 2C + ' **Nd Scattering”

R. L. Hahn - Randolph-Macon Women’s College,
January 23; Davidson College, March 21: Union
College, April 19; Huntingdon College, April 21 - and
Tuskegee Institute, April 21, “The Quest for New
Elements” (TLP); Lawrence Berkeley Laboratory,
December 16, “Reactions of *?Ar with ' ®°Dy, and
164Dy and ! Tav”

C. R. Bingham -- KVI, Groningen, Netherlands, Novem-
ber 11, “Initial Research with the On-Line Isotope
Separator, UNISOR™; Free University, Amsterdam,
Netherlands, December 4, “Structure of Light Mer-
cury lsotopes with an Isotope Separator”

T. A. Carlson — University of Missouri, April 25,
“Electron Spectroscopy for Surface Studies™; Uni-
versity of Iltinois, November 12, “Use of Electron
Spectroscopy for Surface Studies” (APS Visiting
Scientist Program)

W. B. Ewbank — Instituut voor Kernphysisch Onder-
zock, Amsterdam, January 24, “ENSDF (Evaluated
Nuclear Structure Data File)”

J. L. Fowler — University of Tennessee, February 11,
“The Neutron as a Probe for Nuclear Structure
around Closed Shell Nuclei”



E

. C. Halbert — Niels Bohr Institute, February 5,
“Renormalization to Cell Effective Interactions for
Truncated Many-Body Shell Models”

M. L. Halbert - Hahn-Meitner Institut, West Berlin,

1.

January 31, “Heavy-lon Elastic Scattering from
ORIC; The Heavy-Ton Accelerator Project at Qak
Ridge”

B. McGrory — North Carolina State University,
Jamuary 24; Vanderbilt University, March 14, “Suc-
cesses and Failures of the Nuclear Shell Model”
(TLP); Georgia State University, April 16, “Micro-
scopic Description of Collective Nuclear Motion in
Terms of the Nuclear Shell Model”

M. L. Mallory - Michigan State University, November

J.

J.

P.

R L

C.

H

17, “Metal Ton Source and Harmonic Beam Space
Charge Effect”

A. Martin - Gesellschaft fur Schwerionenforschung,
Darmstadt, September 2, “Heavy lon Accelerators at
Ouk Ridge”

A. Maruhn — Vanderbilt University, Februaty 6,
“Dynamic Theory of Mass Distributions in Fission’;
Argonne WNational Laboratory, ‘April 2, “Dynamic
Theory of Mass Distributions in Fission™; Lawrence
Berkeley laboratory, July 15, “Some Practical
Aspects of huplementing a Fluid-Dynamical Code for
Heavy-lon Reactions”; Los Alamos Scientific Labora-
tory, October 14, “Fluid-Dynamical Description of
Heavy-lon Reactions’™; California Institute of Tech.
nology, October 24, “Fluid-Dynamical Description of
Heavy-lon Reactions™; Duke University, November
20, “Fluid-Dynamical Description: of Heavy-lon Reac-
tions”; North Carolina State University, November
21, “Collective Theory of Mass Distributions in
Fission™

D. Miller — State Universily of New York at
Cordand, February 4; University of Alabama, Febru-
ary 27, Aubura University, February 28; University
of Kentucky, October 3, “Search for the Flectric
Dipole Moment of the Neutron” (TLP)

Mlekodaj — Gesellschaft fur Schwerionen-

forschung, Darmstadt, September 15, “The Status of
the UNISOR Project”

D. Moak - Rutgers - the State University, Novem-
ber 7, “Large Tandem Accelerators™; University of
Oxiord, England, Noveraber 17, “Physics with Heavy
Tong™
. W. Morgan - (lectuges sponsored by the American
Chemical Society local-section leciure program are
marked with an asterisk) Indiana University at South
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Bend, January 13; St. Joseph Valley Section, ACS,*
January 13; Kalamazoo College,* January 14; Grand
Valley State College, Yanuary 15; Hope College,®
January 135; University of Michigan, Ann Arbor,*
January 16; Wayne State University, January 17;
Gannon College, May 7; Villa Maria College,* May 7;
Northeastern Ohio Section, ACS,* May 8; Penn-
sylvania State University, May 9; Penn—Qhio Border
Section, ACS,* May 9; Ball State University, June 23;
University of Nevada at Las Vegas® Qctober 9;
University - of Nevada at Reno,* October 10; Uni-
versity of California at Davis, October 13; Sacramento
State University,* October 13; California State Uni-
versity at Fresno,® October 14; Naval Weapons Center
at China Lake,* Ocrober 15; California State College
at Bakersfield,* October 16; University of Hawaii at
Manoa,® October 17, “Coherent Light and Holog-
raphy”

F. E. Obenshain - University of Georgia, February 4,
“Some Applications of the Mossbauer Effect”

F. Plasil - Hahn-Meitner Institut, Berlin, February 21,
“Heavy-lon Induced Fission and Fusion™; University
of Vienna, June 13; University of Marburg, June 16;
Max-Planck-Institut, Heidelberg, June 18; University
of Munich, June 20; University of Liverpool, July 9;
University of Manchester, July 10; University - of
Lyon, July 18, “Fission et Fusion Induite par Tons
Lourds”

S. Raman -~ University of Tennessee, Nuclear Engineer-
ing Department, May 27, “The Actinide Waste Prob-
lemn™

L. L. Riedinger - Notre Dame University, December
10, “New Accelerator at Qak Ridge; Recent (Hl xn)
Measurements”

M. J. Saltiarsh — University of Virginia, March 19,
“Some Practical Applications of Accelerators, Past,
Present and Future”

G. R. Satchler — Texas A. & M. University, April §,
“Microscopic Description of the Inelastic Scattering
and the New Giant Resonances”; Oxford University,
England, October 2, “Giant Resonances”

A. G. Schmidt
“Multiple Multipole Mixtures in the Decay of '¥2Ta

- University of Teanessce, April 16,
E. I Spejewski — Tennessee Technological University,
January 27, “The UNISOR Project™

P. H. Stelson - Instituto de Fisica; Mexico City, March
18, “Heavy [on Facility at Oak Ridge”; March 19,
“Backbending Phenomena in Nuclei”
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R. G. Stokstad — State University at New York, April
4, “Limits on Fusion Cross Sections for Light Nuclei”

K. S. Toth - University of Tennessee, March 3,
“a-Decay in the Cis-Polonium Region”: Institute for
Nuclear Research, Kiev, U.S.S.R., July 3, “Heavy-lon
Research at ihe Oak Ridge Isochronous Cyclotron™;
Institute for Nuclear Physics, Gatchina, U.S.S.R.,
August 6, “Heavy-lon Research at the Oak Ridge
Isochronous Cyclotron™

T. A. Welton - Virginia Polytechnic Institute and State
University, June 2, “‘Coherence Effects in Optics’™;

University of Alabama, September 26; Clark College,
October 15; University of Kentucky, November 21,
“What is Life?” (TLP)

C. Y. Wong — University of Puerto Rico, Mayaguez,

February 4; University of Puerto Rico, Rio Piedras,
February 8; Clemson University, South Carolina,
March 13, “Toroidal Galaxies” (TLP); Texas A. & M.
University, March 25, ‘“Nuclear Hydrodynamics™;
University of Maryland, April 17, “Foundation of
Nuclear Hydrodynamics”; Centre d’Etudes Nucle-
aires, Saclay, France, May 12-30, series of five
leciures on “Selected Topics in Heavy-lon Reactions”

MISCELLANEQUS PROFESSIONAL ACTIVITIES OF DIVISIONAL PERSONNEL

Staff members are frequently involved in professional activities which are incidental to their primary
responsibilities. During 1975 60% of the members of the Division acted as referees for 25 journals, principally The
Physical Review, Physical Review Letters, and Nuclear Physics. Other activities during 1975 included those listed
below. A listing as a member of a Users Group implies active participation in experiments at other laboratories.

G. D. Alton - local

co-editor for Proceedings of [nternational Conference
on Heavy lon Sources

C. F. Barnett — Research Advisory Committee for

ERDA—-DCTR; panel member, National Academy of
Science for Atomic Physics in the Energy Program;
panel member, ERDA-~DCTR fusion research plasma

facility; proposal reviewer, ERDA--DCTR, ERDA,
DPR, NSF, National Rescarch Corporation; consul-
tant to [AEA on atomic data; organized symposium
for APS annual meeting, Anaheim, California, Janu-
ary 29, 1975; organized workshop — “Theoretical
Atomic Physics in the CTR Program,” Oak Ridge,
September 8, 1975

R. L. Becker — reviewer for Division of Physical
Research (ERDA) and National Science Foundation;
lecturer, University of Tennessce

F. E. Bertrand — chairman-elect, Indiana University
Cyclotron Users Group; member, LAMPF
Group

Users

T. A. Carlson — joint editor-in-chief of the Journal of

Electron Spectroscopy; chairman of 1976 Gordon
Conference on Electron Spectroscopy; lecturer at the
NATO Advanced Study fnstitute on Photoionization
and Other Problems of Many Electron lnteractions,
September 1975

E. Eichler (Chemistry Division) -- Physics Division
Seminar Chairman since October 1: Heavy-lon Lab-
oratory Users Group Liaison Officer; member of
Organizing Committee, Heavy-lon Workshop

arrangement committee for
International Conference on Heavy lon Sources; guest

J.L.C. Ford — member, National Heavy-lon Labora-
tory Users Group Executive Committec; member,
Supcrhilac and Brookhaven National Laboratory
Users Groups

J. L. Fowler — part-time professor, University of
Tennessee; secretary for Nuclear Physics Commission
of TUPAP, member of Fellowship Committee of
Council of APS

C. B. Fulmer — safety officer and radiation control
officer for Physics Division; instructor for ORNL
Personnel Development Programs

C. D. Goodman — chairman of the ORNL Science and
Technology Colloquium; Physics Division Quality
Assurance Coordinator; representative from Nuclear
Physics Division of APS to advise on Physics and
Astronomy Classification Scheme (PACS); member of
Indiana University Cyclotron Users Group

E. E. Gross — UNISOR Executive Committee; ORIC
Program Committee; reviewer for NSF and Research
Corporation Proposals

I. A Harvey - labor coordinator for the Physics
Division:; Physics Division coordinator for ORNL
Awards Comimittee; secretary —treasurer of the Divi-
sion of Nuclear Physics of the Amcrican Physical
Society {1967—1976): mnember, organizing committee
of the 1976 International Conference on the Interac-
tions of Neutrons with Nuclei; member of the
editorial board of the Aromic and Nuclear Data
fables

D. P. Hutchinson - Physics Division coordinator for
Computer Microfiche Printout Committee



C. H. Johnson — member of Accelerators and Radiation
Sources Review Committee

N. R. Johnson (Chemistry Division) — member of the
ORIC Programn Committee; member of Heavy-lon
Facility Users Organization; ORIC Scheduling Coordi-
nator

C. M. Jones -- member, Prograrn Committee, 1975
Particle Accelerator Conference; member, tocal ar-
rangements committee, {nternational Conference on
Heavy lon Sources

C. A, Ludemann - reviewer of Physics Division ADP
facilities; Physics Division representative, Union Car-
bide Nuclear Division Atfirmative Action Program;
member, LAMPF Users Group

F. K. McGowan — member, editorial board of Atomic
Data and Nuclear Data Tables, joumnal published by
Academic Press

J. B. McGrory - ORNL Ad Hoc Committee on Long
Range ADP Acquisition; Physics Division QORIC
Scheduling Comruittee; on leave to Program Planning
and Analysis Group

R. L. Macklin ~ Physics Division Industrial Cooperation
Officer; Criticality  Safety  Approvals Committee
ORGDP

M. L. Mallory - co-editor, International Conference on
Heavy lon Sources

J. A, Martin — chairman, Meetings Committee of
Technical Activities Board of IEEE; member, Admin-
istrative Committee of the IEEE Nuclear and Plasma
Scienices Society; member, Editorial Advisory Board
of Particle Accelerators; consultant, National Science
Foondation Physics Section as member of Visiting
Committees for Tndiana University Cyclotron Project
and Columbia University Synchrotron [mprovement
Project; member, Organizing Committee for the 1975
Particle Accelerator Conference, Washington, D.C.;
member, International Organizing Committee for
Vilih International Conference on Cyclotrons and
Their Applications, Zurich, Switzerland, August 1975

I A, Mamhn - lecturer, University of Tennessee

8. W. Mosko —~ member, ERDA Electrical Safety
Criteria Committee; member, Program Committee of
1975 Particle Accelerator Conferesnce

£, Plasil -~ chairman, ORNL Graduate Fellow Selection
Panel; member, ORNL Ph.D. Recruiting Team; mem-
ber, Lawrence Berkeley Laboratory Superhilac Users
Executive Committes
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F. Pleasonton — member, Review Committee for Phase
11 (separated-sector cyclotron) of Heavy-lon Facility

E. Ricci — technical chairnman, International Atomic
and Nuclear Activaton Analysis Conference, Gatlin-
burg, October 14--16, 1975; member, Executive
Comimittee of American Nuclear Society Isotopes and
Radiation Division; chairman, Committee Analytical
Applications of American Nuclear Society Isotopes
and Radiation Division

M. J. Saltmarsh — member, Technical Advisory Panel,
LAMPF; member, American Society for Testing
Materials Subcommittee £10.08 (Procedures for Radi-
ation Damage Simulation); member, ORNL Proposal
Review Committee (Seed Money Committee)

G. R, Satchler ~ wmember, Executive Committee,
Division of Nuclear Physics, American Physical Soci-
ety; member, Program Committee, Division of Nu-
clear Physics, American Physical Society; member,
editorial board of Atomic Date and Nuclear Data
Tubles; member, Organizing Committee for Con-
ference on Highly Excited States in Nuclei, Julich,
Germany, September 22--26, 1975

P. A. Staats — staff member, Fisk University Infrared
Spectroscopy  Institute; participated in organization
of and directed laboratory portion of Twenty-Sixth
Annual Fisk Infrared Institute, Fisk University, Nash-
ville, Tennessee, August 11--15, 1975

P. H. Stelson — part-time faculty member, Department
of Physics, University of Tennessee; associate editor
of Nuclear Physics, rnember, executive committee of
Southeastern Section of the American Physical Soci-
ety; member, American Physical Society Division of
Nuclear Physics Committee on Nuclear Data Compila-
tions; member, advisory committee for the ORNL
Instrumentation and Controls Division; member,
nominating committee for Nuclear Division of the
American Physical Society

R. G. Siokstad - member, Ad Hoc Panel on The Future
of Nuclear Science (CNS--NAS); member, National
Heavy-lon Facility Users Group Charter Comumittee;
reviewer of research proposals for the National
Science Foundation and Brooklyn College

K. S. Toth - chairman, UNISOR Scheduling Commit-
tee; member, Major Nuclear Chemistry Facilities
Committec of the American Chemical Society; helped
arrange two sessions of invited speakers for the
American Physical Society meeting held in Knoxville,
Tennessee
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T. A. Welton — completed three-year term on Council
of Electron Microscopy Society of America; program

part-time consultant to the ORGDP Gas Centrifuge
Program; part-time professor and colloquium chair-

chairman for 1975 annual meeting of above society;

reviewed research proposals for ERDA and NSF;

During 1975, Physics Division staff and associates served as advisors or supervisors for 16 students engaged in
thesis rescarch. All projects listed below were carried out with facilities operated at least in part by the Division. In

man, University of Tennessee Physics Department

GRADUATE THESIS RESEARCH

1975, four doctoral theses and one bachelor’s thesis were completed.

Candidate

W. K. Dagenhart,
University of Tennessee

I. P. Forester,
University of Tennessee

L. D. Gardner,
Yale University

G. M. Gowdy,
Georgia Institute of Technology

D. E. Gustafson,
University of Virginia

D. L. Hillis,
University of Tennessee

A. C. Kahler 111,
University of Tennessee

M. S. Pandy,
State University of New York
at Albany

R. S. Peterson,
University of Tennessee

R. Piercey,
Vanderbilt University

Cheng-May Tung,
University of Tennessee

W. K. Tuttle 111,
University of Tennessee

Ph.D. Thesis Research

Advisor(s)

P. H. Stelson

1. Sellin,
University of Tennessee

M. L. Mallory

E. H. Spejewski,
E. Eichler
S. T. Thornton,
University of Virginia;
J.IL.C. Ford, Jr.,
R. L. Robinson, K. S. Toth

E. E. Gross;
C. R. Bingham, L. L. Riedinger,
University of Tennessee;
M. L. Halbert, P. H. Stelson

L. L. Riedinger,
University of Tennessee;
UNISOR Staff

J. A. Harvey, R. L. Macklin

I. Sellin,
University of Tennessee

J. H. Hamilton,
Vanderbilt University,
R. L. Robinson

F. Obenshain

P. H. Stelson, R. L. Robinson

Thesis Title or Field of Research

Coulomb Excitation of ' Sn
Heavy-lon Atomic Collisions
Charge Exchange Cross Sections

Systematics of the Levels of Neutron-
Deficient Odd-Mass Hg Isotopes

“High Spin States in Mg and ?’Na
Populated by Heavy lon Reactions”
{degree to be conferred in 1976)

“Shape Effects in the Elastic and
Inelastic Scattering of 70.4 MeV '2C
Ions from the Even Neodymium
Isotopes™ (degree to be conferred in
1976)

Rotational Bands in Tl and Au Nuclei

“Study of High Resolution Neutron
Total and Capture Cross Sections in
Separated Isotopes of Copper”
(degree conferred in 1975)

Heavy-Ion Atomic Collisions
High Spin States in 7* Se

Isomer Shift Studies in Dilute Au
Alloys

“Levels in ' '?+11%1n as Seen by Coulomb

Excitation and (H.l.,xn) Reactions”
(degree conferred December 1975)
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Master’s Thesis Research

Candidate

B. 0. Hannah,
University of Alabama,
Birmingham

R. C. Hunter,
University of Tennessee

E. L. Robinson,

L. L. Riedinger,

K. S. Toth

F. E. Turner, L. L. Riedinger,
University of Tennessee
UNISOR Staff

Advisor(s)

Thesis Title or Field of Research

Decay of *°?Pb and 1?71

University of Alabama;
E. H. Spejewski

Decay of 144 Luto 15 Yb

University of Tennessee;

Study of the A = 192 Chain: Pb-T1-Hg

University of Tennessee;

Bachelor’s Thesis Research

Candidate

J. A. Smith, R. L. Becker

New College, Sarasota

Advisor(s)

Thesis Title or Field of Research

“On the Radial Proton Distributions of
Light Nuclei”
(degree conferred June 1975)

UNDERGRADUATE STUDENT GUESTS AND EMPLOYEES DURING 1975

A. R. Bogdan,' student at Haverford College - Heavy-
Ion  Project (completed ten-week assignment in
August)

H. E. Doughty I, employee of the University of
Tennessee — High Energy Physics Program

Sally Fairman? student at Carrolton College — Plasma
Diagnostics Program (completed three-month assign-
meant in September)

I, L. Gray,! student at University of Wisconsin — Oak
Ridge Electron Linear Accelerator Program {corn-
pleted ten-week assignment in August)

J. 8. Haggerty,! student at Manhattan College -
Electron Spectroscopy Program (completed ten-week
assignment in August)

J. A McDonald? student at Princeton University —
Theoretical Physics Program (completed three-month
assignment in September)

T. L. Nichols, employee of University of Tennessee
Hyperfine Interactions Program (completed ten-
month assignment in February)

Terry B. Sexauer,® student at Center College — lon
Source Development Program (completed five-month
assignment in May)

T. A. Slamon,' student at Pennsylvania State University
- Qak Ridge Isochronous Cyclotron Program (com-
pleted ten-week assignment in August)

D. M. Tanner,' student at University of Southwest
Louisiana - lon Source Development Program (com-
pleted ten-week assignment in August)

C. G. Trahern,? student at Rice University — Theoreti-
cal Physics Program (completed three-month assigo-
ment in August)

Vickie D. Vandergriff, employee of University of
Tennessee — University of Tennessee High Energy
Physics Program

1. Oak Ridge Associated Universitics Trainec.

2. Oak Ridge WNational Laboratory Exceptional Student
Program.

3. Southern Colleges and Universitics Union.
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ANNUAL INFORMATION MEETING

The 1975 Physics Division Information Meeting was held on May 19 and 20. Members of the Advisory
Committee were:

R. M. Diamond, Lawrence Berkeley Laboratory H. E. Wegner, Brookhaven National Laboratory
R. K. Middieton, University of Pennsylvania W. Whaling, California Institute of Technology
J. R. Nix, Los Alamos Scientific Laboratory



ORNL-5137
UC-34 —~ Physics

INTERNAL DISTRIBUTION

1. G. D, Alton 49. C. D. Goodman

2. R. L. Auble 50. P. M. Griffin

3. S. L Auerbach 51 EE. Gross

4. J. A, Auxier 52, R. L. Hahn

5. LK. Bdll 53. E. C. Halbert

6. J B 54. M. L. Halbert

7. C.F, Bdlmtt 55. B. Harmatz

8. S. L. Beall 56. J. A. Harvey

9. R. L. Becker 537. D. C. Hensley
10. P. R, Bell 58 R.F. Hibbs
1. C.E. Bemis 59. D.J. Horen
12. F. E. Bertrand 60. E. D. Hudsun
13. 1. A. Biggerstaft 61. D. P. Hutchinson
14. Biotogy Library 62. C. H. Johnson
15. A. L. Boch 63. 1. W. Johuson
16. C. K. Bockelman (Consultant) 64. N. R Johnson
17. C. J. Borkowski 65. C. M. Jones
18. D. N. Braski 66. 0. L. Keller
19. T. A. Carlson 67. G.G. Kelley
20. H. P. Carter 68. H. J. Kim

21--23. Central Research Library 69. D. €. Kocher

24. R. E. Chrien (Consultant) 70. M. O, Krause
25 L F. Clarke 71--80. Laboratory Records Departinesit
26. H. O. Cohn 81. Laboratory Records, ORNL R.C.
27. W. C. Colwell 82. J. D. Larson
28. D. H. Crandall &3. R. 8. Livingston
29. F. L. Culler , 84. R. S Lord
30. J.W.T, Dabbs 85, C. A. Ludemann
31. Alexander Dalgarno (Consultant) 86. R. L. Macklin
32. 8. Datz 87. F. C. Maienschein
33, K.T.R. Davies 88. M. L. Mallory
34. R.A. Dayras 89. J. E. Mann
35. G. Desaussure 90. M. B. Marshall
36. H. L. Dickerson 91. J. A. Martin
37. W.B. Dress 92. M. J. Martin
38. L. Eichler 93. 1. A. Maruhn
39. Y. A. Ellis 94. F. K. McGowan
40. H. A. Lnge (Consultant) 95, 1. B. McGrory
41. W. B. Ewbank 96. C.J. McHargue
42. D. E. Ferguson 97. P. D. Miller
43. R. L. Ferguson 98. W. T. Milner
44. J.L.C. Ford, Ir. 99, R. E. Minturn
45. J. L. Fowler 100. €. D. Moak
46. C. B. Fulmer 101. H. W. Morgan
47. 3. H Gillette 102, 5. W. Mosko

48. J. Gomer del Campo 103. 1. Ray Nix (Consultant)
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104. F. E. Obenshain 127. P. A. Staats

105. ORNL - Y-12 Technical Librury 128 -302. P.H. Stelson
Docurment Reference Section 303. R.G. Stokstad

106. R. W. Peclle 304. 1. B. Storer

107. F. G. Percy 305. R.W. Stoughton

108. J. J. Pinajian 306. E.G. Struxness

109. F. Plasil 307. D. A. Sundberg

110. F. Pleasonton 308. E. H. Taylor

111. H. Postma 309. K.S. Toth

112. S. Raman 310. K. L. Vander Sluis

113. J. A. Ray 311, C. L. Viar

114. E. Ricci 312. Harvey Wegner (Consultant)

115, E. G. Richardson, Jr. 313. J.R. Weir, Jr.

116. L. D. Rickertsen 314. G. F. Wells

117. R. L. Robinson 315. T. A. Welton

118. M. J. Saltmarsh 316. J. C. White

119. G. R. Satchler 317. M. K. Wilkinson

120. R.O. Sayer 318. C.S. Williams

121. M. R. Schmorak 319. E. O. Wollan

122. H. E. Seagren 320. Cheuk-Yin Wong

123. M. J. Skinner 321. R. E. Worsham

124. G. G. Slaughter 322. N.F. Ziegler

125. A. H. Snell 323. A. Zucker

126. E. H. Spejewski

EXTERNAL DISTRIBUTION

B. J. Allen. Physics Division, Australian Atomic Energy Commission, Sutherland, N.S.W., Australia
M. Baranger, 6-308-A, Massachusetts Institute of Technology, Cambridge, MA 02139

C. A. Barnes. Physics Division, California Institute of Technology, Pasadena, CA 91109

John Barnhart, Department of Physics, Southwestern at Memphis, Memphis, TN 38107

Ingmar Bergstrom, Nobel Institute of Physics, Stockholim 50, Sweden

V. B. Bhanot, Physics Department, Panjab University, Chandigari-3, India

Bibliotheque — Madame Belle, Universite de Grenoble, Institut des Sciences Nucleaires,

53, Rue des Martyrs, B. P. 21, 38 Grenoble, France

. C. R. Bingharn, Physics Department, University of Tennessee, Knoxville, TN 37916
. M. Blann, Nuclear Structure Research Laboratory, University of Rochester, River Campus Station,

Rochester, NY 14627

. E. Bleuler, Pennsylvania State University, University Park, PA 16802
. S. D. Bloom. University of California, Lawrence Radiation Laboratory, P.O. Box 808, Livermore, CA

94550

. H. G. Blosser, Cyclotron Laboratory, Michigan State University, East Lansing, M1 48823

. A. Bohr, Copenhagen University, Niels Bohr Institute, Blegdamsvej 17, Copenhagen, Denmark
. R. 0. Bondelid, Cyclotron Branch, U.S. Naval Research Laboratory, Washington, D.C. 20390
. J. A. Brink, Library Division, The Merensky Institute of Physics, University of Stellenbosch,

Stellenbosch, Republic of South Africa

. H. Brinkman. Physics Department, University of Groningen, Westersingel 34, Groningen, Netherlands
. D. A. Bromley. Nuclear Structure Laboratory, Yale University, New Haven, CT 06520
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