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. Experimental Nuclear Physics
Oak Ridge Electron Lincar Accelerator Progiam

INTRODUCTION
J. A. Harvey

The Oak Ridge Elecron Linear Accelerator (ORELA) has continued 1o excel s 2
facility for accurate. high-resolution neutron-cross-section measurements. During the past
year, meutron<rossseclion experiments of many types were continued. and techniques
anwl equipment for making the measuwements were improved. In addition. 2 new type of
experiment to measure the (x.a) and (x.p) cross sections of *°Ni was performed. Many of
the isotopes and elements studied are selecied because of the need for muclear data on
these nuclides in the nuciear power program. A summery of the types of measurements.
the nuciides studied. and 17 energy ranges covered are summarized in Table 4.11 (s~
Chap. 4). A sclected porticn of the activities of Physics Division experimenters is
discussed briefly below.

One of the more pressing needs with regard to he possibility of recycling actinide
wasier is for fission cross-section datx on actinide samples that may be highly alpha-active
and available only in ver; small quantities. This yeas. fission measurements were started
on 3 10ug sample of ***Cm giving 107 a/sec. A hemispherical-phte fission chamber
demonstrated a discrimination against alpha detection of 2 factor of >10'* while still
permitiing >95% fision counting efficiency.

Capture cross-section measurements were extended from the earlier low-encrgy cutoff
of ~3 keV down to 100 eV 1o permit 3 measurement of the capture cross section of
S*Ni. The nuclides > Tl and >**T1 were studied to determine the duration of stcllar
nucteosynthesis. The result was a probable value for the mean time 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 **No and *"Ni. ather nuclides near closed
sheills were siudied. such as 'S, **Sr. and '""Mu. which are assciated with
nonstatistical mechanisms such as channel and valence capture.

Capture gamma-ray spectra measurements continued to be a powerful technique for
nuclear spectroscopy. The investigation of the isotopes of tin and lead was rewarding in
determining level schemes for the odd isotopes of tin and in providing information on £2
radiative strength in 2""Pb. A study of the capture gamma rays from neutrons on ' *"Mo
showed that valence capture does nov play a dominant role for this nuclide.

A mudification to permit the use of unmoderated neutrons from the ORELA
tantaluin target for total cross-section measurements has greatly improved the quality of
the data in the McV energy region. In addition to the study of nuclides such as *"*Pb 1o
determine the fragmentation of the shell-madel states. tofal cross-section measurements
were mad: ot several nuclides such as 2*Na, ' U, 24" Pu. and the isotopes of nickel o
obtain data to satisfy puclear reactor needs. An analysis of the to1al cross scection of
277Ph showed 2 large d-wave contribution in addition to the s.wave contribution for |-
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states. This technique appears (o provide 3 unique mwans to gain mformation oa the
d-wrave stremgth function.

A mew experiment to measure the (x.a) and (#.p) cruss sectivas of ** Ni from 0.01 eV
10 ~20 keV. wsimg a diffesed-junction silicon detector. has prodwed severa’ unique
results. In addition to providing valusble applied infonration. swh as the *“Nilw.a)
thermal cross section and the alpha width of the 203<V rasomznce which are important
for helium production in nicke! alloys im power reactors. alpha and proton widths ol
many resomances were determined in the keV energy regivn. Measurements of * Liln.a )T
have shown that the alphas and tritons are anisutrupic even in the ¢V encigy regivn. and
this must be considered when this cross section 8 used as a standard for measuring
neutron fluxes.

Fimally. in the pursuit of accurate cross-section measurements. it has br- 4 mecessary
to develop electronics. equipment. ﬂm&evﬂkmu.mhtda
new acutron-flux monitor consisting of a thin * LiF hyer between two 0.1 -mm sheets of
NE-110 scintillator. producing a fast. goud -resolution. a ¢ I'. 45 detector for the reaction
products. The light is detected by two photomultiplicrs located out of the neutro beam.

(el (n.p). r.7). AND TOTAL NEUTRON-CROSS-
SECTION MEASUREMENTS ON **N

LA Havey N W HE
J. Halperin'  S. Raman
R. L. Macklin

n addition to (A7) and total Reutron-cros-section
measurements on *"Ni. we have made (n.a) and (%.p)
mezsurements 1 ORELA from ~0.01 eV 10 ~20 keV.
The thermal and resonance (na) cross sections of this
isotope. which is produced from **Nin.7). are impor-
tant becawse of helium embritilement and swelling of
the structural material of power reactors.

The (n.a) and (1.p) measurements were made simul-
tancously with a dilfused junction silicon detector
located 903 m from the water-muderaied neutron
target 3t ORELA and resulted in 3 neutron energy
resolution of 0.5% (FWHM). A sample o’ **Ni (95%.
91 ug/cm?®) was electroplated upon a |-mil platinun
foil. A deposit of *Li (95%. 104 pg/cm’ ) was evapo-
rated on top of this **Ni deposit. The triton and aipha
groups (2728 and 2056 keV. respectively. for thermal
neutrons) from the * Liln.a) reaction were easily re-
solved from the 4759-keV alpha group released by the
*"Nitn.a) reaction. The *” Niln.p) measurements were
made with 2 deposit of *Nionly. because the 1827-
keV protons were difficult to separate from the alphas
of " Li.

The (1.y) crossacction measurement was made with a
3.136¢ nicke' samale of 2.54-cm diam. enriched to
296% in *? Ni. The measurements were made from 100
10 12,000 ¢V, with an 2nergy resolution of 0.15%. using
the total-energy detector located at a 40-m Right path.
Because the sample contained 3 small amount of *"Co.

the bigs kevel on this gamma-ray detector was set at ~2
MeV. involving an umcertaimly of 10 * 577, Amother
measurement & pbaned with a “clean” samplc o
reduce the uncertainty due to this extrapniation.

Total acutron-crossacction measurcments were abo
made with this 3.136¢ sample. with an inverse thick-
ness of 5295 b/atom of *°Ni. using an 30-m Right path.
The wial cros section of the 2034V resomance
obtained with this sample was 1.32 times that sbiaincd
from carlier mexsurements using the ~9-my. 993.
enviched somple reported last year.' This ~9-my ample
has been emplied. reweighed on 3 micn-Salance. and
examined for oxypen by measuring the ‘"N activity
produced by the '*Olnp) rextion with 14MeV
neutions. These measurements confimed the acutron
analysis that the original sampic contained only 7.0 mg
of nickel instead of 9.2 my. This increases the thermal-
capture and -absorption cruss sections repurted last year
o 70 2 S and A7 ¢ 6 b respectively.

The measurements on *“Ni in the thermal energy
range yield a value of 12 2 1 b for the {n.a) crss
section and 2.0 ¢ 0.5 b for the (m.p) cross section. This
(n.a) result is 1o be compared with carlicr values of 13.7
212,180 216.and 22.3 ¢ 1.6 b reported by Eiland
and Kirouac,' by Werner and Sontry.' and by
McDonald and Sjnsirand® respectively. The (x.p) result
is kwer than the wvalue of 4 ¢ | b reported by
McDonald and Sjostrand.” The results of our four
experiments have been combined to produce the
following parameters for the 203.4-¢V resonance: £y =
2034202eV.IMN=133202¢V.g=%. /=T, =
850 :0.05eV. I, =402 06¢V.T, =050 *0.03
eV.and T, = 0063 ¢ 0.006 eV. Assuming that the
thermal cross sections arise mainly from the large
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203.4<V rcsomance. the (np) thermal cross section
would be expected 10 be omecighth the (n.a) cross
sectm. or 1.5 5.

Fifteen higher encrpy resonances have been observed
i the four types of experiments. The alpha and proton
widths of the resomamces vary widely because of
selection rules and because they >ve essentiafly single-
chaneel processes to the groumd state. For example. for
the 2~ resomance at 3203 V. T, is O.0IT,. but fur
the |” resomance at 2033 eV and the 9103V
resonamce. Iy is 277,

1. Chemisury Daisasn.

2. Instrementatesn and Contrals Diviam,

LS Ruwun ot A P Dir Anow. Prgg. Rep Dec. 31
1975 ORNL 3025 41978, p 10,

4.0 M. Eibed ond G ). Kiwox. Nwel Sci Eng 53, )
132, 1%

5. R. D. Wermer and D (. Samiry. Vel Sci g 36, 9%
(112,718

e ). Monadd and N G Spvviromd. webmiticd To laen-
Eermencren

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

1. A. Harwey N. W_H
R W.Benpmin' S Rawan

Several years agu. 2 covperative program was mitisted
between the Ok Ridge National Laboratory and the
Savannah River Laboratory 1o measure the 1013l men-
tron cross seclion of the heavy actinides a5 samples
bevame awailable. Initinlly the mterest in the couvs
sections of the tramsplutonium solopes was 10 enable
more accurate calewlations of **?CT production. Re-
cently. however. the study of the problem of managing
radivactive wastes. particularly the lomglived actinides.
and the possibility of recycling these longlived acti-
mides has emphasized the need for additional and better
data on many heavy isotopes. Total neutron-cross-
section measureents on small samples (oo small
and/on radioxtive 1o permil 2 disext caplure cross
section measurernent) can readily be interpreted 1o
yrld the abuwption cros section in the thermal
energy range and olten up (0 ~100eV.

This year. 3 6-mg sample of ***Bk became availabk
through the cooperation of John Bigelow of the
Transuranium Facility (TRU). Two samples were pre-
pared from this material. a “thick™ sample contaiming
5.3 mg (N = 0.00061 atom/b) and a “thin" one
coniaining ~0.8 mg. The sample holders had inside
diemeters of 1.6 mm. and the neutron beam was

collimased to 2 diameter of 1.3 mm. The samples were
cooled with lquid mitrogen to reduce the Doppler
broadening. which is greater than the nentrom energ;
resulution up 10 ~100 eV. Measurements were made on
the samples using an 1} Ocm-diam. 1.3-cme-thick “Li-
glass scimtillator bocated 3t 2 17.87-m flight path. The
measurements covered the encrgy range from 0.005 to
~10.000 ¢V. with an energy resolution of 0.3%.

A 13l of 47 resomances below ~130 ¢V was
observed. A lasge resumance vbserved a1 0.197 eV is
respomsible for mwmt of the thermal-sbsorption cross
section. which depats markedly from a 1/v energy
dependence. The average level spacing based on the
resonances up to 20 eV is ).1 eV. The hrge resomance
m 2P7CY a1 0.70 ¢V was also observed. even though
there was only ~2% ***C( in the sample (ie.. ~10 pg)
at the time of measurement. After about hall of the
330day **’Bk has decayed imto **7CA. additional
measurements will be made o obtain parameters for
the resomamves in S*°Cf 25 well a5 its thermal-
absorpion cross section. These measurements will be
combined with the fission cruss-seciion measuremcats
of Dabbs et al.’ 10 obtain 3 complete set of parameters
of the low-energy resonances of ***CT.

1. Savansoh Rives Libmoatery. Aiken. S

2. ndrumentation and Comtrels Division.

X 5. W, Dok et a.. My Div. A Prog. Rep. Dec. 31.
1975. ORNL4937 ¢ 19M). p. 18).

FISSION CROSS-SECTION MEASUREMENTS ON
SMALL ULTRAPURE CURIUM SAMPLES

JW.T. Dabbs N. W. Hii?
C.E. Bemis. Jr.!  S. Raman

Measurements on 3 104 sample of *4°Cm (99.94%
purity) were started i February. Some 700 hr of
ORELA operation 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 panicle pileup: how-
ever. the fission pulse spectrum was degraded (becawse
of exiraneous material in the deposit) such that the
data will require normalization to the well-known
thermal fision 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). ***U, ’°Pu (decay daughtes of
%3Cm), and a sample of sponianecusly (issioning
333CF (for 1esting the chamber and time digitizer) was
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prepared and tested extensively a0 the Transuranium
Research Labocatory (TRL)L. The hemispherical plae
fission chamber has exceeded expectations in sup-
pressing alpha pilewp cownts relative to fission comts. A
factor of >10'® reduction was obtaimed while per-
witting >95% fission counting cfficiency.

A wew newtron-flux monitor has also been developed.
Lithium-6 flworide was vacwwm cvaporated to a thick-
ness of 96 pg/cm’ omto 2 O.1-mm sheet of NE-110
phastic scimtillaros. Another sheet of NE-110 served 10
convert this “opew-faced samdwich™ into a “mormal
sandwich.” This sssewmbly was sutpended im 3 vacuum
chambes and imside two truncated comes (back to back)
made of 0.0127-an aleminem sheet. Light produced by
the &/ pair i the two NE-110 sheets was reflected by
the inner come swrfaces into two 12.7cm photomulti-
pliers on cither side of the neutron beam. The beam
pemes disectly through the comes. the NE-110 sheets,
and the * LiF deposit. Although it was found necessary
1 reducz the area of the samtillsior (o lower the
buckgroond. a satisfactory simation was fisally ob-
taimed.

Measwement: W >*’Cm began in December and will
continwe 3t least through March 1976. These measure-
ments are part of a comprehensive program designed to
provide accerate fission cross-section data for the higher
masagement. avd storage of radioactive wasies depend
on the knowledge to be acquired through this and other
related memurement programs.

1. Chemistry Divisi
2. ingrementiation and Controls Dirsion.

MONTE CARLO CALCULATIONS OF
MULTIPLEPULSE PILEUP

JW.T. Dabbs

in fission cams-section measurements. it s ofien
desired to make measurements in the presence of an
intense sipha perticle backgrownd. It is obvious that
with sufficiently fast electronic equipment the alpha
pulse pilevp cam be reduced tu umimportance. but
quentitative knowledge of the problem s needed to
choose the allowsble amounts of materid with por-
ticular jonization chambers, gas scintifistor sysiems. or
segmenied ionization chambers.

A new method for Monte Carlo calculations. which is
spplicsble to pulse pilewp to any desired mu'tiplicity of
piieup, has been developed and used with a mini.
computer for pileups with = many s 20 pulses.

sented only for four pulses. except i the trivil case of

squave pulses. The presemt calculations are casily adapt-
ﬁkmwmﬁa-hm
plate fissivn chamber work described clsewhere in this
repont.

The method consists of setting up a table of 32 valwes
(mominally owe value per mamosecond) for the pulse
shape in question. A W:ible interval in time. 64 units
long. is established. Then. fur each multiplicity & (from
1 10 some wpper limit. 9y. 20) of pulses in the interval.
2\ such pubes are distributed. to begin randumly in
added im cach wmit of the second half of the dowbie
iterval. thus gemerating 32 values of pulse height for
that & Afier 250 repetitions of this process fur each &
value, one has an S3000-member height distribution for
that & The pulse-height distributions are then weighted
by the Poisson distribution factor. pg. for the particular
counting rate involved and are summed to give the final
values im 3 practical case has established the validity of
the calculation. Such calculations have been used m
designing three experiments so far.

ANGULAR ANISOTROPY IN THE *Lin.0)T
REACTION IN THE ¢V ENERCY REGION

JAHavey NWHF
J. Halperim'  S. Raman

The yield of it and aphas in forwand and
backward divections (12 = x) from the imteraction of
neuirons with “Li has beem measered from 2 thin
sample of * LiF (101 pg/cm?’ ). from 0.5 1o 25.000 eV.
The measurements were male with a diffused-junction
silicon detector located 9.03 m from the water-
moderated taatalom targel at ORELA. The alpha and
triton groups at 2.06 and 2.73 MeV are well resolved.
emabling one o oblain an accunale ratio of their nen-
sity as 2 fonction of nestron energy. The mtewsity of
the alpha peak was greater than the miensity of the
tritom peak im the forward divection but less i the back-
ward direction. This difference is measwrable down 1o
10 eV. An anisotropy has aiready been reported fos 25-
keV neutrons by Schroder et ..’ who made n.casure-
ments using an iron-filiered newtron beam. In the 10V
10 10keV emergy region, our reselts give an energy
dependence for the alpha-to-triton rstio &t 180° (or
triton-to-aipha ratio at 0°) of the form | + c£%%4,
where ¢ is ~0.005 and £ is the newtron energy in eV.
At 100 eV, this ratin equals 1.06. It is mecessary to
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consider this angular anisotropy when the *Lilna)
Ccross section s uwd a5 2 standard m the low-energy
repon. This angular anisotropy probably arises from the
imterference between the lage p-wave resonance at 245
keV and mamy s-wave resonances. which :- coumt for
the barpe /v (n.a) thermal cross section.

1. Cheamistry Dimeson.

2 Instrumentative aad Costrols Division.

L L G Sciwoder o1 a. Cusferewce o Newton Cress
Sectoons eond Techwnbegr. NBS Specinl Pablication 425, US.
Gawcraneent Primtimye Office. Washingna, D.C.. 1975, p. 240,

DURATION OF STELLAR NUCLEGSYNTHESIS
K L Mackiin ). Halperin® R R Wissers’

The clements heavier than iwon which are found im the
swlar systew were formed 5 to 10 billion years ago.
deep imside stars that subsequently exploded. Most of
the beavy material was built up slowly by the capluse
of one mewtion 3t 2 e dusiag the slow evolution of
red giant stan. The radivactive decay halfdives of
anam botopes o= th. clam of mostly stable isotopes
alow ws to set Jamts 10 the fast-neutron-flux levels
mvolved md hence the mean lime between newtron
captures. using the isetopic sbundanves found on Eurth.

A fzceable branchk im the s provess occurs at thalliom.
and our meutron-capture 4212 for *" ' Thand °°“ Tl lkead
w0 2 probable meutron flux (for 2 iemperature near 350
arillion “K)of 1.0 X 10°* mewtronsicom® . with an wppey
Bewit of 2.0 X 10'" mewtnms/cm” . The mean neutron-
captere time wai fouid o be only 23 years. with 2
lower limit of 12 years. The upper hnit (~150 years)is
fess reliably estabished. and 2 valwe of 250 vears
estimated (by others’ ) from ' *' S capture and decay
© preferred.

1. Chemmiry Dian.

2. Pewinem §'niversiny. Coaovilic. Ol

3. 8 ). Bke and D. N. Scheamm. dumphss J 197, 16)¢
(1L 75198

NEUTRON-CAPTURE MECHANISM IN LIGHT

AND CLOSED SHELL NUCLIDES
R. L Macklm J. W. Boldewan*
J. Halperm’ M. J. Kenmey’

R R Wimers*  A. R. Mmgrove'

B J. Alen’ Hia P’

The search for evidence of nomstaintical mechanisms
m nucicar reactions hes been exiended 10 our acetron-
capture dofa m 2 mumber of prowising nuclides.

inctuding °Si *2S. *°Ca. *'Se. *°2s. Ve ad
The fow compound-c=ck s crass wctions at closed
aucieon shells leave the nonstatistical components such
a8 channel and valence capture more prominent in the
data

The **Se(ny) reaction. for examrple. with the S0-
of the valence-capture mechanism. This is shown both
through correlation of reduced nestron and radistive
widths (coefficients of 0.96 for py;; resonamces and
0.77 for py;y resomamces) amd optical-model-based
caiculations of the wvalence-model widths. agrecing
within 25 10 J0% with the experiwental results. In
capture by *°Ca and '’"Ba. 2 further numstatistical
mechanism beyond the valence component seems 10 be
requived by the data. and the ir csligation B contin-
wing. wsing GetLi)-detector data on the pertial radintive
widths at particulas kevels.

1. Chemistry Dnmion.

2. Deninon U awersity. Grawillie. Ohio.

3. Auurdion Aromic Fucrgy Commission. Lucas Hegplts.
Awstralin.

NEUTRON-CAPTURE GAMMA-RAY STUDES

S. Raman G. G. Siaughter
R.F.Cashomn'  J.C. Wells. Jv}
D. A. McClure’

The tim Botopes are well suited 10 2 study of mucless
structere within the framework of the suclesr shell
model because the magic number of protons (Z = SO)
actions m theoretical calculations and because the large
mumber of stable motopes makes it possible to study
sysiematic trends in both expevinental and shell-model
features. The existing experimental data on the odd-A
Im isotopes ae ROt 33 cxtensive 33 wight be expecied
on the basis of theiw theoretical importance. Thermal-
neutron-capiwre siwdies have nut been widely wed
became of the extremely sall capture cross sectionss
for the heavier even-4 tim isotopes. Most experimental
studies (capecinlly nucicon-transfer studies) are beses
with the problem of imterference from sotopic impuri-
ties. This usmlly mecessitates an extensive study of 2
tim isntopes befove conclusive results am be obisined .
Revomance nentron capture offers a powerful technigue
for studying tim Bolopes becawse imterference from
wwanied sotopes can be greatly suppressed through
the combimetion of enriched tarpets and selection of
resonances known to be in the nucieus wnder study. We
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have. therefore. undertaken a sysiematic investagation
of the level struture of six add tim isotopes between 4
= 115 and 4= 175, Measurements have been compietd
om all the isotopes except ' ' *Sn and ' ' “Sa. which will
be carried out in the mear futwre. I the case of ' * 'S,
treated hese as 1y pixal. captun gamna rays (8 primany
amd 32 sccomdary ) i 16 meutron resonamoes up (o 7
keV. vbtaimed with 2 GetLil detector. have been used
to determime 20 excr=d levels in '**Sa. Scveral mew
kevels kave been found. Spin and parity assignments
have been mude 1o mamy of the kevels. When the proxent
=iy of studies have been completed. the resultong kvel
whemes tor the tin botopes are expecied o signit-
wantly mrease our understandmg of ther eneny
systematis.

We have 2lso begun (A7) measurements in the lcad
region 10 cbiain information on absoluie gammaay
transition widths and ve reaction mechanisms. Measure-
ments have been completed on enricded ***Pb ad
**7Pd targers. Unbike the case of the tin isotopes. the
gamna-1ay spectna in lead sotopes are strikingly simple.
being composed of less than five primany ramma-ray
tramsitions. The idea. then. would be to combine the
relative gamma-ray ntensities obtained with 3 GetLi)
detector (or even an Nal detector) with the tofal
gammray widths obtained with 2 total-energy de-
tector® 1o deduce the partial widths. in this manner. we
have been able to determine the £2 radiation widths tor
the ground-siate tramsitions in *"*Pb from 2° newtron
resomances 3t 3.1 10.2. and 16.2 keV. The nbserved
strengths repscsent only =0.37 of the energy -weghled
sumaule (LWSR) sirength. By extending the (ny)
measurements 1o higher neutron energics. we hope to
locate vther pieces of the £2 sirength as well as the F1
and M1 strengths. Wnitia resulis* obtained with a large
Nal detector. up to a neutron energy of 200 keV. are
encouraging.

I. Mpddle Temmeswee State Univcruty . Mwrfreedngo.

2. Temmeswe Technohnenal Uniwersity, Conkeville.

3. Govgia Inaitute of Tevhankwy. Athnta.

4. R. L. Mackhn ond ). 8. Gibhons. Phyv: R 159, 1107
1% 7.

5. In colldvwaton with G. 1. Monzan and G, F. Chapman of
the Neutron Phy sics Dvinem.

NEUTRON INTERACTIONS WITH ' ""Mo

W. Weigmann' 1. A. Harvey
S. Raman R. L. Macklin
G. G. Slaughter  J. Halperin®

Neutron capture in the sotopes " *Mo and ** Mo is
known 10 be dominated by the “valence caplure”

mechansm. Among the abseratns relatod 1o salenve
captlure e stivme  currelations betaoen radweed weu-
trom widths of pwave 1csonances and partial rahiatnn
walths to fima states with bape (Lp) spectioscop
tactors. ssch as the groumd state. The nudeus ' " Mo
was consabered anather camdadate for vakenoe capture.
particularly  becawse 2 strume concentration of frwase
stremeth occurs between - aml 2. 5-4keV mention energy -
Therclore.  neutroncaplure gamma+ay  specira wew
measured in scparatad cesomances of ' "Moo, As neu-
tron wadths given in the Lrerature lor the resonanas
question are stromely Jiscropant. 2 transmission mcas-
urement was abo perfomuad to redetermine Reution
widths. Sanultancuvusls . totalapture data. obtained
carlier 2t the ORELA neutron-capture  cruss-section
measurement taclity. have been anahy 7ed.

The captuse gammaray spevira were measurcd with 2
W-cm* GetLi) detectos, usimg 2 10.24m light path tex
newtron  time-of-tlight spectroscopy . Capture gamma-
12y spoctie have been obtained tor individual rews-
nanves up to about S-keV neutron enerey . The trans-
mission measurentent has been pertormad a1 an X0-m
thight path. and resomance analysis is being done up 1o
about 25 keV.

Although aalysis of the data is siill in progress (wo
main results can be given: (1) The neutron windths of
the stromg prwave resonances between |- and 2 5keV
neutron encrgy are covsiderably tup to 2 factor of 3)
smaller than those given in BNE-325.° The reduces the
probability that v-keme capture dominates amd may. in
pri. explain the scoomd obscr-ation. (2) Vakence
capiure does ot phy 2 dommant role in e
resonances: for insiance. 3 transition 1o the ground state
of '™’ Mo (spectroscupic fa.tor. 0.42) is not abserved
m three of the fous stronpest p-wave resonances.

I. Veatwz woenirst Inen Burvas Contral de Moewnes
&' Nt rcs. Geed. Beiciom.

2 Chempdtry Disraa.

LS. b Muchabehab aml 1. 1. bax. Vewrrom (7 s Sectans
Vel 1. Reomer.cr Powwrcters. W4 .. BN) -328, Revokhawen
Natsond | abvraton. 'pam_ N.Y., 1973,

MEASUREMENTS ON TOTAL NEUTRON CROSS
SECTIONS FOR UNDERSTANDING
NEUTRON CAPTURE

C.H. Jobnson  R. R Winters’®
). Halperin' R. 1. Mackiin

In the valency menke) for neutron capture enhanced
dipode transitions occur from states with relatively large
ncutron  widths 1o final states with larze neutron
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spectruscopic factors. To study this phenomenon. we
need (o Lyow not only I7, for cach resonance but also
the nevtion widths and J° values. The observed total
cruss sections give the newtron 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 micrierence pattern.

We have measured the total neviron cross section of
'S, using the 200-m flight path with S-nsec pulses at
ORELA. 10 supplement ow carlier neustrom-capture
data obtained at the 40-m station. From these data
were determimed U, and J* for i of the ~60
resonances observed in capture. There is no obvious
correlation of I, and I,. but the radiative widths
predicted from the valency model from the observed T,
and J* are large fractioes of the vbserved I, . Further-
muxe. resonances predicted to have relatively lasge
valency capture are observed to have relatively intense
high -encrey gamma rays in the amitted spectra.

1. Chemiciry Divinn.
2. Dewmrewn University. Granwilic. Obin.

RESONANT STATES OF ***Fb FROM TOTAL
NEUTRON-CROSS-SECTIGN MEASUREMENTS

J.L Fowler C. H. Johnson
N.W. H&t'

Using 2 suitable combination of three natural samples
of lead in a transmission experiment. we have measured
the total neutron cross section of effectively 99.6%
***Pb. The ORELA time-of-flight facility provided 4- to
Sasec pulses of neutrons for the 200-m fight path.
About 100 sesonances between 0.7 and 1.5 MeV were
observed. about twice as many as were seen in a
previous experiment® carried out with “Lip.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. logether with differential cross sections
from the previous experiment. will enable us (o
wdentify the J values. parities. and reduced widths of the
resonant states of >*”Pb more definitely than was pos-
sible carlier. In the case of the other doubly closed-shell
nuclei. such data give information on the fragmentation
of shell-mode| states.”

1. Instirumeniation and Controls Division.

1. ). L. Fowler. Phvs. Rev. 147, 870 (1966).

3. ). L. Fowker. €. H. Johwson. and R. M. Feexel. PAvs Rev.
CR $43(197%).

4. C. H. Johnem. Py Rev. C 7. 561 (1973

-J

d-WAVE ADMIXTURES INs-WAVE.
J= 1 RESONANCES IN*°"Pb + »

D.J. Horea C.H. Johason
J.A.Huvey N W Hll'

Previous amalyses of nsomamces in mewtrom trams-
missicn experiments (E, < S00 keV) have wswally
ignored 3l but the lowest Jwave contribution to the
of the ncwtron tramsmission of *°’Fb indicates the
presence of d-wave admixtures in some of the reso-
nances which are of swave, J = | character. In
particular. 2 two-chanmel singledevel R-matrix analysis
of the 256.25-keV resomance (T = 3.2 keV) reproduced
the experimental data with a d-wave width of I,9 =
07T, A fit 1o the data sssaming onlv swave
contribution would require an sbnormally high radia-
tive absorption width (i.e.. T, 2 1 keV). The admixture
found here s comparzble to that deduced by Hok?
from a reamalysis of available angwlar distribution data
from the imverse reaction and from a study of the
298 Pi(7.m0 ) reaction. From our results. it appears that
there is appreciable d-wave admixture in the 18].45-
keV resomance (I = 150 ¢V) and probably a small
component in the 101.78-keV resomance (I’ = 70 V) as
well.

The high resolution (AE/E = 0.07%) attainable at the
200 fight path at ORELA was mstrumental in
providing the quality of data required to nvestigate
such admixtures.

The study of d-wave admixtures in s-wave resonances
would appear to provide a upique means o gain
information on the d-wave strength function. In gen-
eral, it is difficult to detem.inc the pesity of a
resonance (except for s waves) and. hence. whether iy
was formed by an even or an odd / wave. This problem
can be resolved when there is admixture {of the d) with
an s wave. The determination of d-wave widths in such
admixed resonances could be used to derive a lower
Emit on the d-wave neution sirength fumction.

1. Insiresventation amd Controls Division.
2. R. Hok. private commenication. January 1976.

GIANT RESONANCES IN ***Pb AND
NEUTRON RESONANCES

D.J. Horen ). A. Harvey
N.W.Ha'

The investigation of gant resonances in °*Pb con-
tinues 10 be an active area of research which involves
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various types of nuclear reactions (e.g.. inclastic hadron
and clectron scattering, photonucieas reaction). Because
the giant resonances lic in a regivn of high density. the
“resonances” observed in such experimenss uswmally
overlap more than one excited level. Lack of detailed
knowledge of the microstructare of the observed
“resomance” cam sometimes kead to erroneous interpre-
tations of. or concdusions from. the data obtained in
such experiments.

High-resolution neutron-transmission experiments can
provide unique information to aid in the interpretation
of the resomances observed in these reactions in an
energy interval wp to abost | MeV (and in some cases
higher) above the neutron separation energy - The value
of such total cross-section data has been poimted out by
Harvey ¢t al.’* Recently. Morsch. Decowski, and
Benenson® reported  detection of parnt of a gant
monopole resonance in *°°Pb at 9.11 MeV (which
corresponds 0 £, ~ 1.74 MeV in the *°'Pb + n
system). This work was performed with 45-MeV pro-
tons (AE/E ~ 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 0° states in the continuvum
region of **"Pb. Even though one cannot determine
whether such siates coniribute to the giant mohopole
resonance. their observation can serve as a guide for
investigation (and an independent confiumation of J*)
by experiments of other types which are capable of
sampling the monopole wansition dement to the
ground state. Thus far the amalysis of the *°"Pb data
has revealed four O ° resonances in the neutron energ)
region of 80 10 265 keV. These. as well as parameters
for some other resonances. are presenied in Table 1.1.
Analysis of the data both below and above the encigy
region reported hese is in progress.

1. Invtrumentation and Controls Division.

2. 3. 5. Harvey et al.. Phvs Div. Anmu. Prog. Rep. Dec. 31,
1973. ORNL 4937 ¢1974). p. 194,

3. J. A. Harvey amd N. W. Hill. Phys. Div. A.omu Prog Rep.
Dec. 31, 1974, ORNL-SN2S 11975). p. 126.

4. H. F. Morwh, P. Decowski. amd W. Bewenwon. Report
NSUCL-197. Unwersity of Michigan. Aon Arbor., December
1978.
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Oak Rudge Isochronous Cyclotron Program

INTRODUCTION
E.E.Gros

The tollowing summarnes show that the research program at the Oak Ridge
Isc hronues Cyclotron (ORIC) s broad in sope and extensive i partipation. It is
mpuriant 1o realize that this report represents the efforzs of all ORIC participants.
thereby cutting across many divisional and mstitutional limes. Despite ihe wide varsiety of
results repurted here. the program is a cokesive. imiegrated effort that has been shaped or
mfluemced by ORIC schedule meetings. Program Committee reviews. and frequent
informal research semimars. These nteractions have provided an atmosphere conducive to
new mieas. Conditions have also been favorable for continual regroupings of collaborators
as mew experiments are sroposed.

In this provess of continual evolution. we note the many reports from a fully matured
UNISOR project. Significant resulls from this effort include evidence for coexistence of
spherical and deformred bands in '** He. new mass determinations by positron endpoint
energies or alpha-decay energics. and 3 g-factor measurement for the lirst 2° state n
'3*Xe. using the separator as an ion implantation device. A combination of in-beam
gamma-ray studies and 1sotope separator measurements has led to a thorough under-
standing of the roles of the /1y ;2 neutron and Ay ;» proton orbitals throughout ihe
mercury sotopes. One also notes that the research program has a strong commitment (o 2
systemat investigation of “maxroscopic” phenomena in general and o “strongly
damped” reaction provesses in particular. Interesting details are beginning to appear. such
as structure in the “deeply inclastic™ yields of Z 2 8 products from 130-MeV '3C
bombardment of **Cu. It will also be noted that the attack on heavy-ion fission. fusion.
and “deeply inelastic” phenumena is supplemented by experiments at other accelerators.

The “microscopic™ heavy -ion reaction conlinues 1o show promise as 2 spectrosopic
tool. Two resulis are outstanding in this regard. One is 2 clear demonstration that the
("Li*He) charge-exchange reaction is a reliable probe tor Gamow-Teller strength in
nucki. The other is an equally clear demonstration that heavyv-ion melastic scattering can
be used 2s 2 wnsitive probe of nuclear shapes. The latter results from a coupled-channels
analysis of 2°. 4°. and 3  states excited by 70-MeV *2C inelastic scattering from
142088 a0 1dn 01500g  Orher significant contributions from the areas of transfer
reactions. giant resonance excitation. Dopplershift lifetime determinations. and nuclear
chemistry can be gieaned from the following reports.

Y

UNIVERSITY ISOTOPE SEPARATOR
AT OAK RIDGE (UNISOR) PROJECT

The UNISOR project is a cooperative venture and is
organized 23 2 unit of Oak Ridge Associated Universitics
(ORAL). Participanis  ir-lude the University of
Alabama in Birmingham. Gewrgia Institute of Tech-
nology. Emory University. Furman University. the
Univenity of Kentucky. Louisiana State University. the
University of Massachusetts, Oak Ridge Assoviated
Univensities. Oak Ridge National Laboratory. the
University of South Carolina, the University of
Tenmenee.  Tennemee  Technological  University.
Vanderbilt University, and Virginia Polytechnic Insti-
tute and State University. UNISOR was formed for the

primary purpose of studying nuclei lying far from the
region of beta swability by means of an isotope
separator installed on-ine 1o ORIC. The following
teports describe UNISOR research and development
efforts using the ORIC facility.

SPHERICAL AND DEFORMED BANDS IN ' ** Mg

J. D.Cole’ B. van Nooijen'

J. H. Hamilion'  H. Kawakami'

A.V.Ramayya' L L Riedinger’
KS.R. Sastry’

In our UNISOR studies of the decay of '**Tl. we
reported last year the first evidence for the existence of
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two bands: ont band on 2 spherical »ad uGe end on 2
deformed shape in '*“He. where v and kighspin
states were seen in buth bands (Fix. t1r Such
coexistence of sphetical and deformeu :£a2¢s cia oceur
if there s 2 second mEnimum in the puential at large
deformation. From in-beam gamma-ray stedies *™* the
high-spin deformed states are observed 0 drop in
emergy in '**'"*He. Thus. one cxpects 10 see 2
deformed band with its 0° band head at lower energies
in ' **Hg. The existence and position of these 0° band
heads are essential to visualizing the theoretical picture
of the coexistence of spherical and deformed shapes.

We have identified the new isotope ' ** Tl and have
studied its decay 10 ""*Hg 1o test and 10 extend our
understanding of nuclei in this region. Analysis of the
primary features of 1, and I, mwhiscale and 7y and e-y
coincidence studies of the '** Tl decay nmuw confirms
our ' **Hg interpretation. A 373.9-keV tramsition has 2
45" }-2sec half-life and is assigned as an isomeric decay
in'** Tl (Fig. 1.2).

Our /.. and ey data show that an £0 transition of $22
¢ ] keV feeds the ground state 1o establish 2 0° level a1
this energy in ' **Hg and that 2 215.8-keV transition is
£0 + E2(+M1) and (ecds the first 2° state 12 establish a
2% level at 621.0 k2V. These two states arc interpreted
as the band head and first excited siate in the sirongly
deformed band seen at higher spins in the yrast
cascade.*™  Transitions scemingly assocised with
higher spin states in the band built on a near-spherical
ground state are also seen. The levels in the spherical

ou- 00 - PR

P ———
[ . N——
L
B LY
L S——
R ¢
A g
- . -,
p  — - s
- "
A P 7
A
P . SN r S - . SN
e o r ’
oy g e

10

‘ll'r‘T' L r T rev

RELATIVE COUNTS
LA A A J r'"

v

3
o
-
r
L L
1 [l N [ )
0 "” 24 % 48 &0
SECONDS
Fig 1.2. Decay cwrves for promiment sramiions i ' > T

decay.

and deformed bands in '*" Hy are shown in Fig. 1.1
These data confirm the same coexistence and crossing
of bands built on near-spherical and deformed shapes in
"**Hg as seen in '""Hy. except that the deformed
band has dropped in encrgy . as expected from recent
theoretical” and experimental®-* studies. These studics
used the highspin 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.

1. Vanderbdt University . Navhville. Tenm.

2. Univerity of Temmevwee. Kmovville.

3. Unminersity of Mavauhacris. \miversr,

4 D.Proe~leral.. Phve. Res. Ferr 30, B9 01975,
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S. N.Rudoeral. Phvs. Rex. Lere. 33, 1420 11973

6. I Procrel. R. M. Damond. and | S. Stenbeas. Mo Lerr.
488, 10219740

7. S Frowewdott anad V. V. Pashkesnch. Phvs. Lerz 558, 368
1975). and Joumt Lixntue for Noxkear Research. 1974, Dubna.
USSR Repart £2R0M7, 100 he publpiecd,

STRUCTURE OF THE ODD-MASS GOLD ISOTOPES

1. L. Wood' D. A. McClure'
E F. anpl: R. W_Fink'
R L Mickodaj® A G. Schmidt®

F.T. Avignone IIF*

The early stages of these studies were described n last
vear's anual report.® Since then. we have repurted the
systematic features of the &, ; ;> bands and the pusitive-
patity states for "7 '3 Au® These studies have now
been extended 0 "7 Au. and the low-spin levels in
'*>Au have been investigated through the beta decay
of the low-spin ' ** Hg ground state produced mdirectly
via the heta decay of '**TL The systematics of the
pusitive-parity states ot low j are shown in Fig. 1 .3: the
shell-mode states and isomerism are shown m Fig. 1.4.
The b,y » svsiematics are shown in the Tollowing
section of this report. together with details of the Ay, ,
bands and the interpretation of these highy orbital
bands as the coupling of the odd proton to a trianial
rolor.

It is ot easy o explain the intrusion of the iy, > and
fy 32 protiom orbaals across the 7 = 82 closed shell 10
appear near the Fermi energy in the odd-nos gold
solopes (and alwo the odd-mass thallium isotopes  see
article m this sectiom)

The detormation sequired i the Nibsson model s
abowt iwice that reflected by the rotational siructure of
the bands built on these orbitals. A strong pairing
correlation  (blockimg) cffect has been mwked by
Newion ctal.” o explam the km energy of A,
funepariile twoholdel states refalive 1o 7.2 Jy 3
{ome-hole ) states i the odd-mass thallivm sotopes. it is
diftficult to undersiand how such 2 g pairing cffect
cai arise when gowg Trom the 5y, 3. dy 2. de. 2. By,
(threehale) states 1o the Ny e 1,2 (fourhole
one-partiche) states in the odd-mas gold isotopes. This
problem. which & fundamental 10 the whule picture of
the ransiion from the spherical shell model 10 the
deformed Nilsson mudel. s being exphwed (wrther.
particularly with regaed 100 the rale of the pairing force.

1. Guotyss Insintmic of Teshmshyey. Athamty,
L. ) ownrana St Unnergy . Baton Revapr.

3. UNISOR. Ok Ridee Asswviated Unaversties. Ouk Ridge.
Tenn

4. Uniweruty of South Carolina. Columbia

S. Phvs. Div. A Prog. Rep. Dec. 32 1974 ORNL-5028
1975 p. 72,

& b F Zeanprct ol PRy Letr SIB. 15911975).

7. J.O. Newton et al. Nucl Pl A236. 225 ¢1974)

TRIAXIAL ROTOR DESCRIFTION OF THE

ODD-MASS GOLD ISOTOPES
J. L. Wood' R.W. Fink'
E.F. Zganpar® ). Meyerer-Vehn'

Recent work by Meyer-ter-Vehn® has demonstrated
the remarkable ability of a triaxial rotor modet with
Corivlis and pairing lorces to describe the coupling of
single high/ nucleons to the nuclear core in regions
traditionally refevred to as transitional (i.c.. between
spherica® and strongly  defurmed prolate shape). The
hyy,2 band m *7* Au has played a distinctive role in
this development.® The extension of the model to the
systematic behaviur of the 4, ;., bands and the Ay,
bands through '" 7' ”* Au (Figs. 1.5 and 1.6) strongly
suggests an elfective core concept. namely. that the
hyy:: and hg, > bands in the gold isutopes are largely
determined by the even-cven cores corresponding to an
hyy:2 hole and an hy,; particle. the presence of the
odd nu leon having very litthe etfect on the collective
parameters of the eveneven core treated and a triaxial
rotus. Figure 1.7 illustrates this for the unique nuckus
'**Au. where the 4,2 and hy;p states have the
effective cores '*"Hg and ™" respectively. The
wianial rotor parameters defined by the energy level
specisa of '""He and '""P1 are comsistent with 3 =
013 v= 237 and 3 = 0.1%. 7 = 23" respectively . { Note
that the kevel spectrum of an even-even nuckeus cannot
distinguish between prolate and ublate shapes.)

When the &, ,,; and by, 2 bands are scaled in energy
by the factors shown i Fig. 1.7. they show a striking
similacity. This s im agreement with a particle hole
symmetns predicted 1o be valid for singhe shell triavial
rotors and i thes cse 1 given by

N2, 1 [E AY. Ba.; panicled)

=l 60 vy, hole)
The bands . the odd-mass guld isotapes have also been
discused wm terms of e clsier-phonon coupling
model” and m 2 mictascopic mudel based on the
paewdo Sl ) coupling scheme.” however. neither of
these muodels can describe 2 smple  pasticle-profate.
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holeoblate symmetry. A mixeds triaxial rotor ap-
proaxch is also being considered for the positive-panity

statesin ' 7217 Aw

1. Goongin Inditete of Technolaey. Athanta.

2. Lowisiana Stase University. Baton Rowge.

3. Lawresce Berkeley Laboratory. Berkeley. Calif.

4. ). Meyer-ter-Vehn, Nucl, Phvs. A9, 1 1009750 and Vil
Phes. A299. 141 £1978),

5. ). Meycr-ter-Vehn, Phvs. Rev. Lerr 32, 1383 41974)

6. V. Paar et 2L, preprint. 1978,

7. K. T. thexht. Phys Lerr. 588, 253 11955).

STRUCTURE OF THE ODD-MASS
"7 "Hg LEVELS

G. M. Gowdy' J. L. Wod*
A.G. Schmidi?  R.W. Fink*
E.F.Zgarjar®  R. L. Mkckoday)®

The levels in '* 7' " Hy populated in the decays of
27V 77) have been investigated buth on- and off-inc.
Gamma-ray and conversion-clectron multiscaled singles
specira and v-y and conversion-eleciron-gamma coinei-
dence data have been oblained (o siudy these nnclei.
From thesc data. rather complicated. preliminary level
schemes for the mercury isotopes have been con.
structed. (See Fig. 1.8 {or an examplc.)

Figure 1.9 shows the feeding of the mercury levels
from their thallium parents. The heavier thallium
isotopes (A -+ 195) 8* decay only from their fow-spin

syyz ground states: '* Tl and *”’ Tl are vbserved in
UNISOR experiments tv J° decay from the high-spin
hyyy isomer. whereas '*"T) and '** Tl are shown by
our data 10 3° decay from both high- and low-spin
states. The '***™T] isumers arc especially important
because of their ease of production and the information
they yield concerning both high- amd fow spin structure
in the mercury isntopes.

The low-spin Hg structure (Fig. !.10) is being studicd
and compared with the theoretical predictions available.
wing quasi-particie-plus-phonon’ and mixed4 1riavial
ior* miodels. The high7 band built on the i)y,
mercury isomer is alsn under study. incorporating the
yrast Jevels reported by uther authors’ and the non-
yrast levels for which 2 scarch is being conducted at
UNISOR. Detailed comparisons of the experimental
resulis with those from the isotonic platinum isotopes
and the singles rriaxial rotor model® are also heing
undcriaken.

1. Ok Ridee Gradwate Fofos from the Schond of Chemintry.
(weweia Institute of Tochnohey, Atlanta. umsder appomtment
Frowm (3ak Riddee Aswwciated Universities.

2. INISOR. (Oak Riglee Asswiated Unmiversities. (uk Ridee.
feon.

I Louniana State University. Baton Rinaee,

4. Schomd of Cheminisy, Georgia Inditute of Fechanbogy.
Atkanta.

5. 1. Fényev et al.. Vvl Phyvs. AZ47, 103 ¢1975),

b, . Fokiamd A, Facwher. Yol Mivs. A283, 231 11975).

7. R. M. Licder et ale. Nieel. Phvs. A48, 117 11978).

K. ). Mcyer-ter-Vehn, Vil Phive. A9, 111 (197$).
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TRIAXIAL BANDS IN '*3-133 7
FROM LEAD DECAY

L. L Riedimger' A C. Kahiler'
L. L. Collims’ C. R Dingham'
G. D. O'Kelley*

in the past year. much has boen icaned sbowt bands
of Jevels built on prosom states im the odd-A gold snclei
(eg.. soc the UNISOR contribution to this repusth
Theve the particle states ase quine representative of a
pistinum core. whereas the bole states reflext the
mercwry cove. To (urther vest these ideas. we have been
performimg experiments on levels i shalliom swchci.
wieve mercury and Iead are the effective cores of the
expected states. Levels in ' *2-' **T] hawe been imvesti-
gased theough the radintive decay of '**-' "*Phb. mass-
sparated at the UNISOR facilicy. Abwost a2l the
observed states ase populated in the decays of 16.4-mim
'."” and 5.5-min ."‘“. e i.,,: isomer i cach
[y
The sysiematics of the single-particle states through-
ot the kight 71 suclei are shown i Fig 1.11. The
hyy 2 siase s 2 lowerdying wellknown sise m gold
wuchei but had not been seen before i the T naclei. In
contrast 1o the rather constant energies of this and the
low-spin states are the rapidly fallimg hy/y and iy,

AN D28C TS TSMeY

1® e L] e .
1 Z 1 X 4 s,
?
kel 7} B "n td 7 b 7

Fig 1.1). Tremds of sivgle-patinie stavrs i light Halimm
wachei.

levels. These aee intruders imto the 7 = K1 sy fnm
above the Z = A2 gap. hwered porialh by 3 e m
pairing energy aml pantialh by Jeformution of the ok
To sest in detail the shape of te suclews i these high+
shell-model states. we feel that it s smpurtant to stedh
stracteses of bevels built om these states. This has boen
done quite seccessiully i the case of the by > bamds m
1SNISSTL A peckimimany devel schewe W Tl s
shown i Fig. 1.12. Note fist the presence of rather
highcwmergy tamsitions feeding owr proposed By o
state. These spacings seem o reflect the appanimaiely
1MeV first 2" cmempy of the bead cuwe b the
powabule state. By awmtrst. e approvmich
400keV spacimgs in the by ; bamd e yuite repwiae
sheoughout the thallimm isotopes [o.g.. e the (FL1_vm)
contribution to this report]. The sogquential aondering o
shese yiast states imdicates an ublate core. 25 discwssod
by Newton et 2l However. to answer the questas of
cure Symmnctry oW symmeein. one must ounadet the
wuns T3t members of this stractere. In ' 7 Tl we hase
seven such levels which branch (o variows 1388 em-
bers. These levels ase divided imto two cascades. wae
beginning with spin lower than 7 amd comsesimg of five

L %4
e >re
mlrv—l‘ - - T
ae [+ 340
€ %‘ 30
N Sy 4 -or
i NS
J...‘ <
™ e o Dk 7
"2 g
1t LA ..
» [
L [ o
wi.tem2_ ...
> e ‘2o
»e
”e
LT SNTWEE . 77 S -
L . AY LL USRI < ZUNNNY NI § 4

»2°

1 Py, 3 L7 o

-,

Fig. 1.12. Prciminery scheme of levels populosed in 'V*pn
dexwy.
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kwch. the uthes bepmamy with spm ' 7. The 2 -
ety rutse smadcl ol Morer-scr Velm® prednts sah 2
bchanw. Assuawng 3 =613 3d ) = 37 tiaken from
mescuny cuse lovelsl e has preduted aband s “ 7T
bopmmny anth 3 /. satc mancdisich belun the ) rast
"% iewcl amd amuthes sude bond Sepmmny weth
sound 7 statc belom the vl "4 . Reoomsh
anguwed data uc bemg malvsed: e tae we 2 Rt
orvtam ot the madtpulants of the 691 eV 1amiton.
However. u o possible 1hat th- Slcalatioms b ‘7T
am it the wbicrved levels "7 TL Yhwe caloulptens
will be peitarmed. but mwolong cosc Uity appean
cxcatisl W cypham this &y > sirectwe. A sl
pctuse sesalts from ows "' docay stedies. Staes
e samelas to the second * 7 and ' % ave seem. 2 ave
thece levels amabhgpous to the luwerspen ude band. The
e thee appaan to be sather comtam for the hght
thallhmmn awcler.

5. § mewrves o Jcamnwy. Amevulic.

2. Chewsuns Popewn.

21260 vwuio. ) S Sicpicon. od R W Duamed. V!
Pers AR 22500970

& D Weror-ter- Ve, Ve Mo A2 106 ¢0978,

DECAY OF ' ""TIAND '~ T1: NEGATIVE PARITY
BANDS IN MERCURY

C.R Bmgam' F. L Temer'
L. L. Rucdimges’

A stndy of the decay of '*“T1 and '*° Ti has been
made. winy wais-xcpmated sowcors. The data comist of
the multiscaled spectia of gawema 12ys. imternal com-
version clectrons. and 87 ad of Y1 ad yxo
coincidence data. The sesnlts a0e extensive. and for the
case of " " Tl we have prepared 2 papes fos publication.
Some of the waim scsults relatimg to the decay scheme
will be discused heve: the 3° endpoimt energies asc
dscusacd chiewhere in this report.

The cven thalliom sotopes are belicved 10 have 1wo
mowmers with spims of 7" amd 2. The presewt data ase
also mave consisient with these values tan with amy
othey possbility. dthough 3 few slight discrepancies in
the """ T1 decay are wmenplained. The halfdives. which
weve determined (rom gamewa-ray melincaled specira.
M 37:03mim(7 )amd 2603 mim (2 Vlos ' T}
and 108 : 03 mm (7 )amd 86t 0.3 mm(2) (o
l’!"'

The grownd-siate bands of '“"Hg and ' **Hg were
observed up 10 the B° state. and 2 number of Aon-yrast
peitive-parity lkevels were observed. These positive-
povity levels fit (airly well within the framework of the

whasonsl medel. pustanlarly if insctactions between
phomons such 2 propesed by lachello and Asme’* e
mcieded. The scguievepusuty states can aso be eox-
phawcd = yxh 2 meddd  they e based om octupele
phonces miceacting with quadrupole phosons. How-
cver. mkm-da.am-amd

uses (hg. 1.03) Thee negativepant)y sistes e
bedicved W result from: the coupling of two Rewtrons.
t.*l.,,:Md**.l';,;ﬂ’”z
orbual. W different sotateonal uaies of 3 slighth
deformed core’ In the odd mevamy motopes (eg..
"“'Hgh the 455, bund sppears to exhebit 2 Conulis
aligmment of the iy 3, newtron slumg the rotation s
wmoe the Y. "L, | meembers have essentmily
uumauo;:' ", ... vels of the
cvend cwwe.' The other states of this band. thet is.
A AL A appess 2t hugher emergics and aguin have
M-ﬁlw*md&t'l L
levels. The 5. 7.9 ... lewehs of ttm
mercuny -:ki.uiiﬁhndnbmpwﬂdh
ta.xn) reactioms.” probably resslt from the coupling of
3 P2 ncutron with the coredecowpled 'Y, ' %"
UL members of the " %" band. Siwilacly. ome
u-ilcwmo 210, ... sistes resulting from the
ks fawwed ‘70U ’-‘I;. ... mewbers. Thes
p*ahw:mmiﬁdhkdcdui'd
Necrgad. Vopel. and Padomski.” the resalts of which
e dwmunin Fig- 1.13.
The bowest 5.7 .20d 9 siates i "““Heand '*“Hg
»e well cstdblished. both by the present experament
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md by imbeam work * Thise bevels fit veny well with
the peedintivms of Neergard ot al.” The level i "*“He
A2 keV st be S 6. w0 77 based um the F2
Jearacter of the transstom (o the first 5 lovel 2l
the presemce of 2 tramsitoon 1o the 6° level. This stae
Bes above the 77 level of tee 5 bamd 2nd ths 5 3
candidate for the 6 member by amalogy to the it
ot the ' %" avcmber of the iy 3, > bamd hes abuve the
"7 stase. Sikarly. the 8 should be at 2 shghtly
higher cnergy tham the 9 band member : levels observed
at 23921 zad 24249 keV arc candidates for this stae.
" He. the probable 6 state agrees well with the
theoretical prediction. but pussible 3~ states appeas v
be sumewhat luwer tham the predution. though still
withis. 100 10 200 keV. In '* He the odd-spim
acgative-parity siates have beem vbserved wp to the 15
member by the (a.xmy) experiment:” these states aso
agree well wath the dheony of Neergard. Vogel. and
Padomski” The state mmediately below the 97 staie in
"*“He was assigned = 8 in the mbeam wwrk.” A
similar stare below the 9 i ' ""Hg. also assigned /= 8
m el 7. is within 0.2 keV of the secomd 37 stale
observed in the present wak. it is diffult to under-
stand the dificrent assipn:nents m our wurk and that of
Licder et 3.~ pussibly. there are two chosedy ing states
near 2318.7 McV. Tae secomd 57 state could result
from the coupling «f 2 fc.: newtron with the ' %
state. Neergard. Voprl. and Padomski® published only
the lowest siate of 2 given spim and pavity: hence.
comparison with the theory is not possible.

1. Unwersty of Tommessee. Kmnvvile.

2 F. bl and A Ak, Phsx Lerr. SIB. 309 11974)

3. A. Arwwa and K. bacivclio. Phvs. Lerr STB. 39 (19750

4. P. 5. Daly et d. p. 193 m Pvwredimgs of the Inr-rwaivnsl
Confevence vy Naclear Phvacs. Manak. Germmmy 973 5. de
Boer amd . 3. Vamg. Fds.. North-Holland. Amsicrdam. 1973

S. H. Bewscher et al.. Py Rev. Lerr 32 B3 119740

6. K. Neevpard. P. Vopel. ond M. Podomske. Vol Phre
A238, 19941975).

7. R-M. Lacder o1 2l Sl Phve. AMS. 317 (19750

POSITRON MEASUREMENTS AND
MASS DIFFERENCES

J.LWeil' B.D.Kem'

The pusitron decay of several proton-rich nuclides in
the A = 116 and A = 190 regions has been studied with
the use of plastic scintillators and lithium-drifted
germanium  detectors. Timesequential spectra were
obtained in the positron singles and in the positron-
mma coincidence modes.

The work vl 29sec ' | was completed. B devns
W the ground state and to two cxated states 2 06097
and 1219 MeV of "'“Te. The puumdstate docay
produces positross with £, = 609 McV A g9
comcidence establishes the presence of the other twu
leves. The @; cakubited by mveral of the mass
formelzs 8 m goud agreement with the expenmmental
0;=7.71 MeV.

The decay of '*° Tl to ' *"Hg yickds two identiiable
pusitron endpomt encrgics of 570 + 008 MeV amd
4.18 * 030 MeV. Theomgh selective prodwction of cach
of the two somers of ' " TL their hifctimes have been
mezmred: The S.70-McV pusitron growp s assigeed tv
he decay of the 2 6-min 2 somer and the 3. 18 MV
group to the 3. 7-mim *° isomser. The precsion does st
permit the determmimation ¢ which samer is the ground
state. but their separation appears to be approxamately
100 keV. (A report om this is to be published soon.)

in the mas 4 = 197 radivactivity. there has been
measered 2 posiron endpot emergy of 4.26 *+ 030
McV . belomgimg 1o cither " Tlor ' **Hy.

A chemicaliy separated ' *Pb sowsar was stwdicd.
vielding a pusitron endpuimt emergy of 361 ¢ 0.20
MeV. Thalliem-194 was fownd to decay with 3 maxi-
mam positron energy of 4.4 ¢ 0.3 MeV.

1. Unwerwty of Remtacky. Lesmygton.

ON-LINE MASS-SEPARATOR STUDIES OF
THALLIUM AND MERCURY ALPHA
EMITTERSWITH A < I

K.SToth J.Lw’
M.A lp' E L Robinson’

Alpin decay sor Malliom isotopes (7 = 31 ) has never
been clearly established even though 2 hrge aumber of
aipha-emitling mercury (Z = 30) amd lead (Z = R2)
nuclides are known. The existence of thalliem alpha
emitiers has been mdicaied in heliom gas-jet experi-
ments petformed here 3t ORIC* and i Orsay. Framce.
with the accelerator ALICE.® The ORIC gas-jet resslts.
obtained i '* O bombardments of ' *' Ta. showed that
if thalliom alpha emitters did exist. their decay enerpies
were simiar to thase of mercury sotopes 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
because. from alpha-decay sysiemalics. one would
predict it to be the heaviest (and therefore the easiest to
study from the dandpoint of a2 production cros
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section) thallien nudide 0 have 2 reasonably lawpe
alphadecay baanch. Abn. its deciron caprure (HC)8”
decay had already been mvestipated by the UNISOR
comuntiom” A tapet of ienrnhed "W was
bumbarded with 16538V **N iums to produxce " T1
m the (**N_I0w) reaction. Ondine multiscie data were
oblamed e 4 = 136 Bolupes. simultancowsly using
alpha-particle. gawrma-ray. and x-12y detectors. Figure
1.13 shows the measwed alpha-particle spectrom- In
aldition w """ Hg a clusedyving dusblet is observed:
15 ""“He (£, = 5.653 MeV) and {2) 2 mew alpha peak
with £_ = 5.641 * 0.010 MeV_We assign this new group
to **“ TI becawse the peak decayed with abowt 2 30ec
halidife. that B. dose 1o the valwe of 28 ¢ 2 sec
repurted fr "7 T1 EC:8° decay.* It shomid be poimted
ont that the alpha branch of '*‘Hg is more than 300
times barger tham that of """ He” A small amoent.
<0.37. of auss contammation s accosnts fos its
presence im the A = 186 spectrum.

The 405.3keV 2° ~0° ramsttion in ' ** He is known
1o emcumsass essentally all of the EC/8° decay strength
of " TI” From its imstensity in our gamma-ny
spectrom. the alpha-decay branchimg ratio of * *" Tl was
then determined (o be (6 + 2) > 107,

70 R

$Ianty

g = 5119 MoV

o o -

3 g

Preliminany  sacasurements were aso made for 4 =
185 and 184 wuclides. Some weak amd previowshy
wubscrved alpha groups were seen. The xv2y spectral
measurements indicate the (' * Noor) vields 10 be small.
Mre data are therefore needed befose assignaments can
be oxade for these new alpha growps.

Sipnificant mformation. however. was obtained a3 2
resuh of the 4 = 135 and 184 measurements. namely .
the fist comfirmation of the i emeTgies
repurted by the ISOLDE growp for '** "*“Hg. This s
shown i Fig. 1.15. where we have plotied experinental
F. vawes for I Pb. He Aw. 20d Y nuclides & 2
function of nestran number. Note the abrupt discon-
tnuitics that oocus for the mercary isotopes 182 186.
which are absemt tor the other muchides. These
amomalics may be related 10 the sudden chamges m the
muciear charge radines observed for '"Hg and ' *“He "
m comrast to the smoothly varying values seen im the
heavier mercury notopes with 4 = 187 10 204, In owr
scach for thallem alpha cmitiers with A < 186. we
aso micnd to investigate the alpha-decay properties of
the mercwry isotopes with the same mass sumbers. One
ase i point s ' " Hyg which is reported 10 have 2
owes £, than ' *““Hg(ref. TV iFag 1.15)
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Fig. 1.14. Alpha sprewem measered a1 A = 180 in 4N Dombardments of "O3W. The new § 681 MeV aipha group is asemed T
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DECAYOF '**P

E. L Robmson’  B. H. Ketclle®
8. 0. ibmnah'

Both multiscaled gamma singles ard gamema-gamma
comidence spectra were oblained in studyimg the
decay of ‘*'Pb. Sixty-nine gamma (ransitions arc
identified by halfdife as belonging 1o the devay of
'*UM. Al the sirong lines and 2 number of the ks
miense lines are fitled into 2 proposed decay scheme.

Internal conversion  coefficients were measured fin
the J04.. 225, i6X-_ and 5A2keV hines. The first three
are largely M) transitions, whereas the 582-keV line has
a large £2 admuxture. Both the low intensity of the
amihilation peak and the failure tv observe 2 positson
spectrum with the proper halfdife support the con-

Jwsawm that ' *Pb decays predummanthy by cictron
cprure.

There 5 evidence from buth sysiematns amd troun
amsiderations of available shell-wnnded kevels that there
axists 3 )7 evel m ' T whnch shoeld perot 3 stromg
Gamow-Teller tramsitom i the decay of *7'Pb. A
probable candidate fox this B the 1519.4%keV devel.
which s highly poputated and which devays 1o the 2
groond state with an micasity of 1027 relative o the
204-keV first excited siaic 1o grownd state Tranvinon.

1. Unwerury of Akoma m Barmwcham.
2. Chemnirs Idnvan.

FEASIBILITY STUDIES OF UNISOR EXPERIMENTS
N THE 4 ~ 60 A0 REGION

A. C. Rester’ J. Galambus'
H. Kawakami® A. Delinm®

R. M Ronnimgen ). L. Wond*

. K. Carter® k. F. Zgangn*
M. D. Warker’ 1. H. tamilton’

Precntly. there is considerable research  activity
centered in the nuclear region 4 = D RD. There is an
mferesting controversy®-” over the nature of the
anomalowsly Inwdying 0° exciled states in the even-
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coen pmier. anh N or Z appeoxsmmech equal w0 30
Abs. m-beam gamma ) SPOctecopy Cxperments ot
ORNL and m Copenhagen™ have revealed unuseal bond
sratere | sumr of the sadet i th region. n-bean
stwdees and (7)) reaction expeviments e beimg con-
ducied m this repun 2t ORNL. Sendies 28 UNISOR will
provide 2 valuable complement 1o these measwsewenes.
Tugether weth the extensive nuciear-medel caloulstions
bewmg done 2t Vanderbilt and Emury Universitics. the
cxpernmerts form 2 waified grogram of mtemsive -
wach.

To explore the feasibility of medivm-mpss UNISOR
expermnents. we wsed 2 helom gatget tramspon sysiem
to collect the activity from the reactions of '*C and
'*O beans om ‘*Ni and ““Zn tarpees. Gamemn-ay
spectium multscaling measurcwments weve taken 2t 60-
0 5V bombardment emergies. The emcrgies. in-
wnates. and halfdives of e gowema ravs were
wed 0 comsirect rebtive cromsectam cwrves. The
**Zm’' “Cxx) results avc showm = Fig 116
From thes wurk. we conclude that acetron-deficient
sotopes frwm copper 1o rubidiom can be produced i
sufficent quantity for expermuents with the heavy -lon
beams cwrrently available 2t UNISOR. Those isotopes
produced m brge quantities which sy be pacticulady

2 ouR, - P TS - 30489

2 tM5e 59
Py apnt ™08y
2o
S ] e T TN

BELATIVE  ABUNDANGE
8 .

82n"gg!
.

-:-«"vn%
* ;
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Fig- 1.16. Relvtve sdundence of the owst prominently
whwrvved iswtwpes in the sedivective decoy sprctvs fallowing the
20! 3C.2x) resctimn 3 2 foncsion of bombordment cnergy.

worthehile for UNISOR experiments ase *“Ga. *"As.
TiSe. . i, TR, and IS, with halfdves
ranging fram 2.5 to 6 mem.

1. Esnry Usseereity. Athata. Ga-

2. Vamdeshih Unimerury . Nashwille. Tenn.

3 UNISOR. Ouk Rudpe Asocised Lnweveities. Osk Ridpe.
Temm

4. Geresgaa st of Tochmelagy. Athass.

5. Lountums Seaor Usvnersiry. Bosen Reuge.

6. A C. Rewer ad 5. Vodemomn. Prer. Jur. Cont. Nwdl
Finye Nawck 1 180019730

7. . N Fomdven et sl M Rev. Leor 30294199

A ML Nuiberteiah Ball 4 Mivx Soc. AL NIT24197S0

GYROMAGNETC RATIO OF TRE FIRST
EXCITED 2° STATE IN " **Xe

KS.R_Sastry' A. V. Ramavya®
RS Lee? J. H. Hamihon®
R. L. Mekodsji’® X R. Johason’

The gyromagmetic ratios of the first excited 2° states
of 3 lwge sewber of cwencven wodei have been
measgred in recewt years. wsimg 2 wriety of experi-
wental techniques. The £ facrors for the lghter neo-
dvmiom and sosariem notopes show 2 shwp dop =
the dosed .V = 82 shell is approached from the region of
highcr westron mumber: this behavior s contrary o
lz._".hd IJ.-IJ.. w*mmn
S N < 82 K would be of imerest to see if the g factors
for these nucies with newtsons on the lower side of the
dosed .V = 82 shell show similas bedavior. Thes we lave
The presest work is concerned with the 329-keV first
excited 2 bevel im " 3¢ Xe.

Radicactive '**1 ws prodeced by the
"2 Te(pn) 3*1 reaxction 3t the Ouk Ridge 86
cyciotron. The high ewrichment (S98%) of the target
contamimation from other isotopes. The '?*1 was
converied to Agl. dong with mimimsl amounts of stable
UMISOR facility in the off-ime mode. The ' 2°1 ioms
were accelerated 1o 65 ke and implanted into 2sm-
thick iwon fails held 31 room tem.peratu-e. A separation
efficiency of sbout 5% wm achieved. and th cc such
implantations were performed. The foils were rolled
mto a2 thin cylinder and placed Between the pole faces
of 2 swall clectromugnet with a field of 1.5 kG. The
precession of the sngular correlation petiern was then
measured. using 3 Gef Li)-Nal coincidence system.
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The angle of peecrmion was found %o be -54 ¢+ 10
wmilliradians. the sign being infcyved from the semse of
the rotation. Using the walue of 864 kOc for ehe
swernal ficdd expevicnced by vewon 2tows in the ive
boice. we obtained 2 walue of ¥0.2° * 005 for e ¢
factor of tee 309keV 2" level im " Xe. This s im
reasomable agrecment with the cxpevimental value
seporsed by Gordon et 2 * wamg the Coulomb cxcita-
son recoll amplastation method. Owr sesulk is avo
poud :weewment with the theovetical vabee of 0.6
caiculased by Kimlimger and Sowmsen® wsing the
puicing pins-quadvupole model and  quesi-purtice
srandom-phase zpproximation. induling onh pwticles
i the omer shells. However. the bydrodyr—:ox vatar
of the g factor for *>* Xe is 0.43. wiereas calcwi.tioms
by Greimer ™ give 0.36.

1. Universty of Saupchusetrs. Ambevss.

L Vanderbilt Usivervity. Nowiwille. Tean.

3. UNTSOR. Ok Ridpr Asswcioted Ussersisers. Ok Rulge.
Tem

4. Chemistry Division.

S DM Gavdenetal Pivs Rev. CIL 628 ¢ 19750

6 L. S Kinlinger 2nd R. A. Sesemecn. Rres. Mol Mhns. 35,
$53 41983,

7. W.Grcimsrs. Nl Pirss. DO 117 11966)

UNSSOR DEVELOPMENT
R. L Mickods' E H. Spejewski’
H. K. Carter' A. G. Schwmidn*
E L. Robimson' -* B. O. Honmak'
F.T. Avigrome II'-* L L Collims®
G. M. Gowdy'-*
Jon-Seurce Developmeent

The Niclsen-type® oscillating-cleciron jon sowrce has
been tested for the om-lime separation of rrecarth
product auclei. Figure l.ITQwslbcm
Mwﬁuofawcn abnu-'ndulo

wa
thought to perhaps be due to the slow diffusion out of
the grephite atcher (T = 1200°C). A new graphite-felt
catcher ohmically hested to 1700°C has not. however,
given 3 significant improvement in efficiency. Replace-
ment of the graphite catcher with one of lungsien wa
tested (0 elimmate the possibility of formation of
nefraciory compounds between the carbon and the

eccath products. The tungsten catdey wans uperated
a dbumt J0C. yet s mvanpement aso gave 2

by bm
that the Enwting tctor 5 st cunsectad wuh U
cascher but. rather. sy e commncted with 2 e
dormtion probabiity o with the tact that the oeevall

The carlbon window and cvicvmal taspet Sechasoncs
developed for CCL;, wae weth rave-carth products o
Taave othey apphcations. & s been found. for cxample.

Ol -ONG 72-000WRa

Fig- 1.17. UNISOR ontme mn ssurce with corbon window.
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ot the we of (UL 25 the tonsmece suppart En
ampeoved the cffacarncy Soe the on-dmr scparation of
wad and brswmth sutopes. The corbun wmdon am also
be 2pphcd » s when 3 lswer meling-pomt Lapet
must be salaicd fram she hagh semperature of the on
-

A nre me-sowsce sarton ks been sested whese the
et o arfbon wmdos » placed disecth on the
praghute i Thas ‘B lower tomperasare scpson be-
tween the tarpet o wimdow aad she graphote catcher
tswe Fig. 1.17) o chanimased. Tha lowey scwmperature
repm cunkd tend 10 retam lon Yapus pressmee prodects.
The mined cxperemor 0 date mducates thm e
avanpewnest fanctons o least 3 well 23 the carliey iom
sowrces by predects of He. TL P and IR
Several new ot of Largets hawe boen swocessfully
R Raponicd wa 2 subsirate of tastalem. These
1 werz quate susiaciory cven though the *wo
mcal ncald normalih scporaic durmp vperation and
the twpet wuuld be destroved apua remoral. The
capuiatee and speticrmg of the lan-sowrce filaswent
matcrial ! camsed problews i ewdy wRsowmce
Jesagms has been wed 1o fabncte Larpets divectly i the
we werce. Rhcnewm targets were made by wsang 2
thenmm wwe [ the mm-sowrce filament aad placng 2
albstrate of thim tantalem @ the annde wall. Rhewinm
deposits of | 10 2mgcm ' ave cullected durmg
ww-sowrce aperaton. The graphite-fel ctcher has aso
heen wed 35 2 substrate onto whech 1get material has
ber s divectly evaporated.

A new sweface wmisatmn son-sowrce sysiem. desiped
wamly with ondine rarccarth seporation w mind. has
nspe of sowsce holds great promise becawse off-lime
cfficiencies for this type of ssmce for rase carths
exceed 80 The mam problem area anticipaied is the
smsonice window. which must be thin eanugh 10
trawsmit 2 large fraction of the reactim recoils yet be
sirong enowgh (0 withstand tewseratures of 2000°C or
morc. m additne 0 bombardment by am miensc
heavy don beam. Tavialum and carbon windows will be
wsed mitally.

Tage-Tramspert Development

The capabilitics of the tape-transport system have
bren substantiolly increased dwring the kst year. Two
mew Tanpements mvolving 2 theee-detector asray for
simultaneous counting of one somple have been de-
veloped for ondime use. In ome case. an x-13y detector
and a thim-iransmission-mount alpha detector are posi-

wmed » cdvee prusectry. ane on cither nde of the
oollechon tape. A Getli) devsector 3 then positioncd
bchand the apha drscctor for desecuon of the trans-
misied gomma r2ys. The second system = besed on the
collechon tape wavelimg out 10 3 sl solley where the
tape tovns 180° and thea returss. The tape 8 pasitsoned
w that the colleciod mmgple ssops 28 the «.otes of the
roller. Ths systew 8 typically wed wish 3 cooled SiLi)
clectron detectorn loolong disectly at the sowsoe and two
Getls) gammec2y detectors ot *90° relstive 30 the
chectron detecior. Two types of Hhwee-parametes caine-
deace data (e Jowene-wmne and gamsne-clecivon-
tme) ac then reconded smultancowdy. = well s
gamana and clectiron mulispectrom scaling.

A mew lugher-sesolution on-lise electron desecto. s
been imstalicd um the tape-transport pyssewm and B wow
prowding much wwpwoved ondine clecaron dxta. The
valme cectron detector stuation has also been aw-
proved by the addition of 3 vrbumolecula pump o
the tapetaamsport vacwam asiem. This pamp will
peovide deamer. move effective puwaping 2t the clectron
will 2o sevve 23 the pumping systom for an on-lime
Gerholm dlectron spectrometer system. The assembly
of the Mucrholm sysiem has bern complesed and will be
added to the tape-iransport system.

Side-Maws Facilities

The UNISOR [t tapepullmg mstem  has been
cxpavicd 0 two wnits 0 that sowrces from twn
dufferemt side masses can be rapidly exiracicd from the
collection chamber. In addetonn. 2m alpha detector has
been added 10 ome of these wnits. sllowmg alpha-
paricie cxperiments 1o be carried vut directly im the
collection chamber.

The olfdme cleciron detector sysiem was sundificd (0
aBow we of 3 Gelli) pmmaray detector for close-
pgeometny clectron-gamma experiments. The vacwum of
the of{dme clectron detector has also been wpgraded.

The TP-5000 data xquisition sysicm has been wn-
proved with Tenmecomp's mew (aster sofliware system
TPOS. The Tenmecomp systers has also been mierfaced
for divect data tramfer 1o the on-dime SEL. computer.
The data analysis capabilities of the TP-5000 have been
peathy cxpanded dwing the past vear by wser-
developed programs that include automated peak-fitting
programs wnd skewed-Gaussian peak-fitting programs.

A mew amlyrer sysiem. the Tracor Northern
TN-1700. has been acquired and placed in service. The
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amitspectrum scaling capalaliey of this prograsssable
gy rev has made ® 2 most vahaie addinum 3> the

L. UNISOR. Ook Rudpr Awsciated Umwerasers. Uk Ralipe.
Tean

T Caserany = Aldus = Bramaghom.

3 Usmerary ot Septh Cascln. Colombu.

4. Umwerwrs of Tcomessce. Kmonwilie.

L. Googgm butat,. ¢ of Tochmedagy . Ashants.

& O Almes and K O Neddeen. Soxf Sewwmen Srshods B,
2 9T

7- B K Coney and K L. Wichoday Nani Aastusn Wethnds
138, 611 « 19780

MEAVY-SON MACROPHYSICS

STRONGLY DAMPED COLLISIONS INVOLVING
MEDIUM-MASS TARGETS

A hope 3moumt of expevimentsl data on strongly
damped colisions cxis for 5- 10 10V wadewn
beams of sitragen throwgh xewon on Cpets ranpRg
from silver 10 sraniom. The rexction mechanism levweed
“swrongly damped.” “decply mcdmtc.” o “qun-
fusion™ appears 1o be poesent %o 2 varying exdewt i Al
msieons stodied. Fewer data aee availible for modiom-
wass tarpees (A4 ~ 60). To sndersiand the satwre of this
rexction mechanism. i s impartant o have sysicmaic
dais showimg how s charactensics vary with pro-
pectide. target. 3ad bowbanding energy. Too this ond.
several reactions imwalving mediom-mus  targets are
currently eing studied 3t ORIC: prclimivary amalyses

ave described below
*Ne s NG
M. L. Halbert F. Mxd
D.C.Hemley  R. L Ferpwsow®
R.G. Siokstad F. E. Obensham
A H.Sacl' F. Picasomion

These experiments included bumbardment of wichel
by 164 and 173-McV *"Ne. The rexctom prducts
were detecied with an  nication-chamber  silicon
position-sensitive detector (P3D) iddescope (described
chiewhere in this repnet’ ) The telescope covered 3
rampe of 97 31 ome scitimg and ~ffered evcellemt
separation of Z values from 2 to 3t least 30. Fygure 1.30
{see ref. 3) s am example of The computer prmiout for 3
typical set of data.

Principel features of the spectra ae iBustrated i Fyp.
1.18. which shows spectra of even/ producis from
173-MeV "Ne on nickel at 15° and 22° (lab). These

were obtmacd by sasking 20v2ys sch 23 m Fop 1. 30
Z well remmwved fram thot of the beam. 2 smgle bovad
peak s cbecyved. When ameming 2 twe-budy Sl stose
nd 3 wan corespundng o the munt stable Betope of
chement Z. s 0 wiboe for the poak 5 abent 75 MeV.
angie of shacrvation ad sightly kn mcgptrer with
mcveanng Z. The wedsh s betacen 20 and 40 MV

For predecs wish Z acas that of the bram_ 2 sharper
peak 5 em A 2w enegy cwvespumding to the same
velooty 23 the beam Theye particies may be due o
docay of an excived pywpectilelilie feapment. i sappert
of his u the Gt th she pastiches ase sonch mure
meewae fur Z below 10

The Z distributions for the doep-imchastic prak shoe
an wideven efiect. U cvenZ products bemg mmere
memse. Ths s llestrased i Fig. 119 There &
proesally 2 docvease of crems sechon wih ncveasmg Z.
The 16800V ““Ne daea. tlken with 2 lower g
Jvewure m the AL cosnter to sbecrve products with
higiney £. sugpest thot the yicid mcrcmes agpam Jbwee £
= 21. the mmuwmm brmg 2t 3boet £ * 25 (Thes bivey
st prram o ~30° enly aud s Bt yet been
wenficd far angic-micgated viekds. )

Fig e 119 3lso shens 2 strong decr aoe im vicld for 2
pven £ 33 2 lunctem of ange: thes 1 scen seese dearly
mFg 1.0 The sngeler distnibatoms for £ 7 14 20
pproumateh V'em 0, o, . Fu 7 < 14, the fawand
peking B stronges.

Lstimgtes of the tolal crom sectmm for cach £ wene
walc by cxmapelating m scveral wars wver e -
weasared angies. These i turm weve suwmad over Z o
gve an cstmmte of the lotadl crous section for the
strongly damped procesacs. The wncertamty m thew
estmsics coxws partly feom the extrapolation | ~107)
but mainly from the bk of sldeguote knowiedpe of the
lowZ yiehds. For ““Ne ¢ Ni ot 173 MeV. the
deep-metasine cross secton swwend fr 6 Z < I8 s
S * 30 mb.

0+
R G. Sohstad . C. Hensley

The "0 + N reaction was stwdic - 2t 3 bombarding
energy of 113 MeV by ming two solid-state comnter
tedescops havimg silicon A2 counicrs wath thickneses
of 13 and 25 u respectively. (Thewe studies weve begun
before the position-semsilive counter idlescope became
awailable.) Figure 1.21 shows a specirem of oxygen ions
scattered at 32", which illmsirates rather well the eimtic

——




PRI w2 - e——— i .

R 0 e - e - |

L LT e ST

- "% ™72

Fig 1.IR Sprcins of even-/ seacton praducts uk coroed 51 160 13 aod 609 17w v Dembcondument of soched by 1733V 1%,

Ihr cwergy « sic v hawrd an flee acawrcd pabes hewght! m e doppme detcater, 55 drcs Bt mcimle S CCIIC TN Tt eRergy s of

the pattoches i the Sden and giv of the wmzastom chamives ot W the farpe:

J e LT Al

A N L LTI Ph

Lah aem o e 2 . Mo Sk d A ek Ad B i asad - - et




Y -G TH-3TY

1
R

{20 /dfNY o iMD/A1)

02- -

OF o e

6 8 Ll¢] 1° " % " 20
z

Fog. 1.19. The 7 disiribution of reaction products from
173-MeV 29%e nn mickel for vasions laboratury angles. The two
et cunes are sumn of mine angies e 1 steps,

scattering. inelastic scattering to low-lying excited
states. and the broad bump representing the strongly
damped collisions. A'so shown are spectra for carbon
and nitrogen reaction products. Note that. although the
deep-ineiastic yields for nitrogen and oxygen are com-
parable. the carbon yield is about a factor of 2 higher.
The major fraction of the carbon yield is ' *C. As the
angle of observation is decreased tv angles smeller 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 sc. ttered beam. In the case
of nitrogen iors, 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

ORWML~-DWE 763474

(do/afl), n {Mmb/en)

ot :
0 20 40 60 80 100 120

‘g.. "‘.ﬂ’
Fig. 1.20. Angular distributions for products of selected Z
values from 173-MeV 29Ne on micked. The points beyond about

50° are from wms of spectra covering an interval of 9° (kab).
The Irsin o curve is normalized to the Z = 15 distribution.

inelastic products with Z = 5 to 9 all rise more rapidly
than /sin 0. ..

] zc + h]c“

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

The reaction ' 2C + **Cu was studicd at an energy of
130 MeV by using a 0.15.mg/cm’ -thick target and the
pusition-sensitive counter telescope. The energy distri-
butions of reaction products with 3 < Z < 16 were
determined at angles between 0),, = 10° and 59°. For
Z > 6. the energy distributions are peaked around Q =

80 MeV. with a width that varies between 20 and 40
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Fig. 1.21. Spectrum of oxygen. mitmogen, and carbon ions

3t gy = 32 and prodeced by 113 MeV 140 wms on
mickel.

MeV. This is a remarkably nezative Q@ value when
considering the fact that the energy available in the
center of mass is only 10% McV. For products with Z €
6. the spectra at forward angles contain sizable contri-
butions from quasi-clastic events that cannot be sepa-
rated from the strongly damped component. The
angle-integrated yiclds show an odd-even effect. with
ceven valucs of Z showing the higher yields.

A remarkable feature of this reaction is the appear-
ance of two components in the encrgy spectra for yields
with Z 2 8. Neither of these components is quasi-
elastic. This is illustrated for Z = 10 in Fig. 1.23. which
shows spectra at three angles 157, 317 and 55°. At
the largust angle. only one peak. having a ¢ value of
~ 70 McV, is present. The relative kinetic energy
implicd hy this is about 157 greater than that expected
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Fig. 1.22. Spexra of cabom reaction products at Iwo
aboratory angles. The smgle arrow denotes the laborators
enerey. F.oot the clastically scattered progectiles. The double
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for a Coulomh separation energy at a distance of
120433 + 4Y/%) im. This peak. therefore. can be
1aken to represent the strongly damped process as seen
alsoin "*0O » Niand *"Ne + Ni.

At more forward angles an additional peak appears at
an even lower energy. The angular distribution for this
componant 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.

Figurc 1.24 shows angular distributions (do/d@ in
millibarns per radiar in the center-of-mass system) for
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Fig 1.23. Enesgy spectra at theee angles for neom ions produced in the 3¢ + $3Cq reaction. Note the ckear presence of two
components at ~31° and the asymmetric nature of the peak at ~15° . which also suggests two componcnts. The decompusition of the
yield mnto two components as shown i b and ¢ s done only av a guide o the eye. The rapid rise in the yield at encrgics below ~1 8
McV represents evaporation resadues which have the same encrgy loss as the neon ions at low energies.
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Fig. 1.24. Center-of-muns angular distributions, in milliberns
per radian, for the total yield of neon and magnesiom products
from bombardment of $3Ce with 130-MeV '3C ioms. The
presence of two components in the yield is also apparent in the
shape of the angular distribution for neon ions. The comprment
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 encrgy component is seen to
have an angular distribution given by do/d2 ~ 1/sin 0.
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 2
shorter “sticking time.” it is not clear why the scission
process should produce in this case a smaller separation
enesgy. 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 segion 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 larges yields. This suggests that
the light fragments emerge from the coflision in an
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excited state and subsequently decay to more tightly
bound even-even nuclei.

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

. Z.Z.c
t('-"o-r,(A:”fAi”)' 1))
In general. it was found that the value of 7y deduced
from Eq. (1) varies with the scattering angle and the Z
of the fragment. Table 1.2 lists measured @ values and
deduced values of 7, 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 ecmphasizes 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 0 except for the highZ
products of the *°Ne reactions. which are well de-
scribed by I/sin 0. The angle-integrated cruss sections
summed over the measured products may be compared
with the total reaction cross section. as estimated from
the quarter-point recipe. For 173-MeV *°Ne on nickel.
0p.1/0cac = 25%: this ratio is 16% for '3C + **Cu.
For '*O+ Niat i13 MeV. the ratio is about 22%. but it
is only 3 10 4% at 96 MeV.* This remarkably 1apid
change with energy will be investigated in fulure
experiments.

A signilicant feature of the carbon-induced reactions
is the presence of two componients in the energy spectra
tor Z > Zpeam- This phenomenon appears to be absent
in the oxypen- and neon-induced reactions. at keast in
the preliminary aralyses we have performed to date.

Table 1.2. Appronimate energies of deep-inclasic

peaks 3t large angles
Beam Laboratory 0 ro C0.1F
Reaxtion eneigy angle

(M:V) {degrees) IMeV) {fm)

R TR ES 51 Al 1.45
"0+ N 9% 40 3 1.16
"0+ Ni 13 25, 32.5.48 45 116
I%Ne + Ni 164 26.42 71 1.19
0N+ Ni 173 1 75 1.1}

*Radius parameters derived from Eq. (1) and the measured
valve.
PErom ref. 4.

L - R . .a .
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Further investigation will be required 1v understand this
phenomenon.

1. Comsultant.

2. Chemistry Divisen.

3. Sec this report, R. G. Siokstad. D. C. Hiensley, and A.
Secll. ~Pusition-Semsitive Counter Telescope.™

4. R. Abrecht ct al.. Phrs. Rev. Lenr. 34, 1400 t1975).

HEAVY-JON-INDUCED FUSION. FISSION.
AND QUASI FISSION

The aim of ttis program is to provide an under-
standing of the macroscopic characteristics of inter-
actions between complex nuclei that may be related 1o
such fundamental properties of nuclei as viscosity.
moments of imertia. and compressibility. For a given
system. we measure the individual cross sections for the
reaction products {evaporation residues. fission frag-
ments. quasi-fission products. eic.) 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-E telescopes. in
which AE is measured by a gasfilled ionization
chamber or proportional counter and £ is measured by
a soliu-state detector. Mass distributions are obtained
by time-of-flight measurements at Berkeley and Orsay.

Competition Between Fission and Particle Emission
i the ' > Tb Compound Nuclews

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

In this study at ORIC we investigated the reactions
Z!’DNc Y l.l)(-vs - l!.\Tb. M l!(~ + ”'Pl’ —- ISJ'rh._
Fission excitation functions for these two systems were
presented earlier.” and it was pointed out 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-momentum-
dependent fission barriers.** Results obtained for
'53Th should provide a test for this angular-
momentum-dependent fission theory.*

We attempted 1o measure the evaporation-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 2°Ne and 120 McV
for 1C). At lower bombarding energies a map of F vs

Y

P



AF shows that the low-cnengy tad of the slitscattered
progectiles nxages with the low -QF portion cf the
evapovation-residue regiom: it s impussible to resolve
the two types of events. This appears to be 2 tunda-
mental limitation of our M-£ method. and we may be
forced to use theosetical predictions for the energy
dependence of fusion to generate the evaporation-
residue excitation function.

L. Chemistry Division.

LFE P po 107 in Proverdmgs of the Internationel
Conjerence on Rewctwons Between Complex Nwcder. Neshyille.
June 1974, vol. 2. R. {. Robinson ¢t al.. kds.. North-Holland,
Amsierdam, 1974.

L. F.Pasict a.. Phve. Drv. Annse Prime. Rep. Dec. 37 1874,
ORNL-5025 11975} p. 32.

4. F. Phasi and M. Blann. M. Rer. C 11, 508 (1975).

5. S. Cohen, F. Plasil, and W. ). Swintecks. 4m. Phas. (VY.
82, 557 (1974).

Neon-induced Fission of Nicke!

F. Pleasonion R. L. Hahn'

R.L. Ferguson'  F. Hubert?

F.E.Obenshain  A.H. Snell’
F. Plasil

Fission is predicied 1o compete favorably with other
modes of deexcitation for compound nuclei in ail mass
regions when the angular momentum of the system is
sufficiently high.* Thus. characterisiics of the fission
process can now be determined over a greatly increased
range of mass. excitation enesgy. 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 deteciors were used to measure 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 (o support the theorctical predic-
tions*-* that this very light system fissions asymmetri-
cally. However. this conclusion must be considered
tentative. because the mass distributions obtained are
very sensilive 1o the precise values of the measured
energies and hecause. during the data analysis. we
became aware of possibly serious uncertainties in the
cnergy calibrations, It is likely that definitive measure-

ments and answers o thewretwal questions will have 10
wait untd we can repeat the experment with the
time-ol-tlight method.

f. Chemisiny Dvnawn.

2. Centee d'Frudes Nuckeawes. Borndesun. Frame.

3. Conwaltant.

4. 1. Pasid ami M. Bban. M. Rev. C 1L SOR 01975,

S. Ul 1. Buvinaro and S. Galhe. Naore Concate 5. 315
IS

6 R Y. Covwn and K TR, Davees. prvate commauntcatnn
snd contrsbution to this annual wport.

Argon and Krypton Reactions with
Copper and Silver at Ewevgies of
410 S MeV/mum

B H._Eskilla’
R. H. Stokes®
H. H. Gutbrod’
M. Blann*

R. L. Ferguson'
F. Plasi
H.C. Britt’

Counter telescope measurements have been made of
reactions *“ Ar + ' " Ag at energies ranging frum 169 1o
337 MeV at the LBL Super-Heavy-lon Lincar Acceler-
ator (Super-HILAC). Crins sections for evaporation-
residue products have been extracted and compared
with predictions of 2 particle-evaporation model thay
includes angular-momentum-dependent fissivn compe-
tition.® As was reported earlier.” abuove about 200
MeV. the excitation function for evaporationesidue
products appears to he detenmined by fission competi-
tion. In the above experiment we have also measured
elastic scattering and fission-ike products and found
that it was possible to decompose exch fission-fragment
charge distribution” into a quasifission compunent and
a fission component. These decompasitions of inte-
grated charge diswributions are shown in Fig. 1.25. Also
shown are distributions for the Kr + Cu system. In this
case decompaosition is impossible because the masses of
the target and projectile are similar o those obtained in
a symmetric mass division of the compound system.

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 a1 1";” with respect to the beam in
an cffort 10 improve the accuracy of our results. The
cross sections that we have obtained so far are
consistent with the evaporation fission competition
model*

Must recently we have measured the mass and charge
distributions  of evaporation-residue products simul
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Fig. 1.25. Vicld-charge diswibution for the reactions *®ar +
'.'A. and OOKs + 85Cy. Laboratory encrgies are indicated.
The solid dimes in the *%Ar+'9%2¢ case mdicate de-
composition into a2 quas-fisson component (cemered near
7 = 18) and a fiswon compunent.

tanenusly from **Kr bombardments of **Cu. At 3°
(lab) the average mass number was found to be ~178.
corresponding 1o 23 evaporated nucleons. The width of
the distribution was 7.5 amu. The average ch.rge was
~60. and the width of the charge distribution was ~5
units. These numbers, however. are only tentative due
lo calibration uncertainties. In the future. by further
analysis of the data. we plan 1o look for structure in
these distributions and compare it with evaporation
calculations.

1. Chemistry Division.

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

3. Gesellschaft fur Schwerionenforschung. Darmstadt. Ger-
many.

4. University of Rochester. Rochester. N.Y.

S. F. Plasi and M. Blann, Phyvs. Rev. C 11, SOR (1975).

6. M. Blann et al. Phys. Div. Anmu. Prog. Rep. Dec. 31. 1974,
ORNL-5025 (1975). p. 33.

7. U, L. Businaro and S. Gallone. Nuoso Cimento S, 315
(1957).

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

Quasi Fission in Argon and Copper
Bombardments of Gold
C.Ngo'  B. Tamain'

J.Péter’  F.Hanappe®

F.Piasil M. Berlanger?

The purpose of studying the Cu + Au system at 443
McV was to compare the results with those obtained at

365 MeV and thus 10 oblain information on the energy
dependence of quasi fission.' It was found that quasi
fssion continued to account for 2 large fraction of the
total seaction cruss 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/d@ was found to have a broad peak
forward of the grazing angle and to have a fiite value
at 0°. This may imply the existence of nuclear orbiting
at this higher energy. The mass disuibutions. as 2
function of angle. showed a saniar behavior to those a1
the lower energy. but they were somewhat broader. The
contribution of fission was larger at 443 MeV than at
365 MeV.

Previous experiments with argon on targets such as
goid were all carried out at znergies relatively high
above the interaction barrier. The purpose of our study
of Ar + Au at 220 MeV was to see whether. at an
energy close 1o the interaction barrier. quasi fission can
be observed as a2 well-separated process. This was indeed
found to be the case. Quasifission events formed a
characteristic peak at all angles (except at the grazing
angle. where they merged with pantialy damped
cvents). The peak was well separated from the fission
peak. The angular distribution of quasi fission wus
found to peak forward of the grazing angle. as was the
case in studies with heavier ions 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. [t i< likely that the extent of the
quasi-fission contribution 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 momentum.

1. Institut de Physique Nucléaire. Orsay. France.

2. Université Libre de Bruxelles. Belgium.
1. Expenments conducted at Orsay. France.

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

R. G. Stokstad J. A. Biggerstaff
J. Gomez del Campo'  A. H. Snell?
P_H. Stelson

The cross section for the fusion of heavy ions at high
energies is of interes: hecause it depends on the
properties of the entrance channel and can give infur-
mation on the highly excited compound nucleus.
Experimental data for very light systems have not been
available. however. possibly because the cvaporation
residues produced at higher bombarding energies have
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masses comparable to or even less than the projectide. In
this case. separation of the prodwcts of inelastic direct
reactions and of fusion is no longer routine. Fusivn
measurements at high energies and for light systems.
however. are of pasticular interest because systems
having fewer nucleons might exhibit phenomena quali-
wtively different from those observed for heavy sys-
tems. Possible differences ase (1) a dependence of oy on
microscopic propesties of the entranve channel or (2) 2
limitatios. of o5 imposed by angular momentum restric-
tions in the compound nucleus rather than by the
entrance channel.

Beams of '*N at seven energies ower the range of 43.8
to 178.1 MeV were used to bombard a carbon foil
having an areal density of 272 pg/cm®. Reaction
products with Z = 3 10 12 were identified with 3 AE-F
counter telescope in which the AF detector was an
jonization chamber 9.5 cm long and filled with methane
at a typical pressure of 20 torr.> Angular distributions
were measuted over the range of 4° 10 40° (lab). In
some measurements. an ionization chamber mcorpo-
rating 2 solid-state PSD was used.*

The yields of neon. sodium. and magnesium nuciei are
wearly the residues of compound-nucleus formation
followed by evapuration 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-partide emission. The
yiclds of lighter elements. however. may contain contri-
butions from two-budy reactions in which vne or more
nucleons arc transferred. These contributions appear
with a3 velocity characteristic of that of the projectile
and thus have an energy typically higher than that for
an cvaporation residue of the same mass.

We believe that it is possible to separate these two
components with sufficient confidence 10 enable the
extraction of fusion cross sections. The separation relies
on the expectation that the encrgy distributions for the
evaporation residues change consistently from element
to clement. As the 7 of the residuc decreases the
centroid of the encrgy distribution decreases and the
width increases. These considerations have been quanti-
fied by devcloping a Monte Carlo computer code.*
which uscs the Hauser-Feshbach prescription. including
angular momentum. for the statistical decay of the
compound system. In this way. the relative intemsitics.
energy distributions, and angular distributions of the
cvaporation residues may be predicted in the laboralory
sysiem. We emphasize. however. that vur analysis of the
reaction products is not disectly dependent on this
madel: the calculations serve only to give conlidence
that the peak shapes assumed in the analyses of the

energy spectia correspond 1o those expectad tur evapo-
ration residues.

The foreguing remarks are dlustrated i Fae. | 20w,
which shuows measured amd calculated energy spexiia
for sodium amd nitrogen nuclei produced at bombard e
energics of 863 and 167.) MeV respectively . Samilar
agreement has also been obtained at wiher bombarding
enengies from 43 to 178 McV for the encrgy specira and
for angular distsibutions of wther clements. The chanee
in the ciemental distribution of the evaporation resadues
with bombarding ¢nergy 8 = would be expected from
the decay of a compound nuckus formed with n-
creasing excitation cnergy amd angular momenisn. A
comparivwn of measured and predicied relative vichds
for evaporation residues at Iwo encrens s shown in Fre.
1.26b.

The experimental results are presented in Fre. 127
Figure 1.27 also iacludes measurements by Kuchner
and Almqguist™ of the fusion cross section af lower
encrgies. Abwe 40 MeV. the average lTusion cuns
section, g, is X12 ¢ 27 mb. Considering 3 svsiemain
error of 77 of g, this corresponds 10 3 critial tadius
paramieter 7, = LOS * 004 Im. A pownd [t bo the fow-
and high-energy data 1s given by the nudel of Glas and
Mosel” with the parameters 7., = 106 TR )= 0.0 7,
2 ) 4T and IR )= 6.3 (ki 1.27)

The values of o, at high cnergics theretfore may be
explained by an entrancechannel requirement that the
colliding ions pencirate 10 a critical radius. In the
present case this radius corresponds o a combined
nuclear density p, in the overlap region of 0.6p, 10
090, . where po is the central density. This value s
comparable 10 the value p, ~ pn vbtained for heavier
systems” (r,. ~ 1.0 + 0.07).

An altcrnative explanation of the limitation on o,
involves the maximum angular momentum of the
compound nucleus **Al for a given excitation energy
{the yrast line). This is shown in Fig. | 270 Here, the
values of J, delined by o, = #R*(J, + 1) are ploticd vs
excitation energy in ~* Al. The data determine a straight
finc on a J,(J, + 1) scale. which. in a rotational madei.
indicates a moment of inertia 2 9 2 7.7 2 0.7 MeV !
and 2 hand-head excitation encrgy of ~15 MeV. The
above moment of incrtia corresponds. for example. (o a
strongly deformed ** Al nucieus (3 ~ 0.5 for a prolate
rigid rotor) or 1o a "C pucleus and "N nucleus
orbiting at a separation «f (1.06 L 0.0SHA}* + 4}/
fm. The band head is located. perhaps not coinciden-
tally. at the separation cnergy for **Al = '*C + '*N,
Thus. the ohserved values of n; at cnergics greater than
40 McV may he explained by postilating 2 compound
nucleus that. for excitation cnergy /. has a maximum
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Fig. 1.26. Represeniative energy specina snd clemental yiclds
for 13C + V9N geaction products. ta) Fnergy specirum of
widium mns at Ay, = 8° tEray = %6.3 McV)_The histogram is
the result of 2 Monie Carbe caleulation, normalized (o the otal
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5 10 12.th) Comparison of meawred and predicted evaporation
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Fig. 1.27. Deduced fusion cross sections and critical angelar
momenta. td) The measwured fusion cross sechons (wolid points)
as a3 tunction of bombarding encrgy 1lab). The dats shown as
croswes are ftom ref. 6. The dashed line 1s a2 theorctical
prediction trel. 7) discussed i the texi. (A The measured
vritical angular momenta as a function of excatation cnergy i
2% Al The dotted line corresponds to 2 moment of incrtia M =
0.58 4,. whered, is the rgid-body valuc: it is an estimate for the
ground-state momwen( of meriia.

angular momentum J,. given by

Ex=(17MeV ") J.(J 4+ 1)+ IS MeV . i

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
experimental data suggest that the ** Al nucleus (1) is
very deformed for excitation energies £, 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

§. On abbaiical leave from Instituto de Fisica. University of
Mexico. Mexico City.
2. Consultant with the Physics Division.
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3. Scc dus report. A, H. Secll. “Modit~atem of 2 Propos-
el Counter 10 20 laizatos (hamber.™

4. Sce thes repawrt. R G Stohsaad. Do C. M nsbey. amd A H
Sacll. “Posnvn-Scastive Counrer Tebewuopr.”™

5. Scx s repont. 3. Gommerz el Campo 20 ud R, G. Stokstad .
“Moate Cardo Hawser-Feshbach Computer Code.”

6. 1. A, Kechner and £, Ablmgsict. Py Rer. 13480 1229
11964).

7. D.Ghas and U Mowel, Nl PRy A237.429:19750

% J.Galmetal Phre Rev. 9, 10X (1974)

9. S Coben. F. Paul and W. 1. Swuatecki. 4o Phis 82,
$87 U974

TRANSFER REACTIONS THAT LEAD TO
THE NUCLEI ***Cf AND ***Cf:
INTERACTION OF ' “O AND *°Ne WITH **°Pu

R.L.Hahn'  P.F.Ditner'
F. Hubert? K. S. Tuth

In 2 continuation of studies of transfer reactions.
previowsly reported for the reactions of '*C +
23%py2* we have measured excitation functions for
reactions on ** Py induced by ' *0 and *®Ne beams.
leading 1o the radioactive nuclides ***Cf and ***Cf.
The experiments involved the use of helium gas-pet and
radiochemical separation techniques.

Prelimir.ary analysis of the data indicates that (1) the
magnitudes of the cruss sections for the reactions X +
13%py - 2%5-2%4Cf when projectile X is either ' 2C.
'*0. or *”Ne. are about the same. with maximum
values of 7 1o 10 ub. and (2) the shapes (i.c.. energy
dependence) of the excitation functions obtained with
the ' 2C. ' *0. and *°Ne beams are all very similar when
plotted as a function of excitation energy.

These results strongly imp'v that a commeon transfer
mechanism is operating in all of these reactions. Resull
(1) indicates that the califomium products are not
produced by compound-nucleus reactions or by radio-
active decay of nuclides with Z greater than that of
caifornium, because the cross sections for such reac-
tiors 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 2 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 a model of the kine-
matics of transfer reactions.

1. Chemisay Division.

2. Guaewt Scentst wm Clemears Divpaw  from Cemtre
d'Frodes Nuckéswes. Bordeaun. Frame.

3. R. L Haha et ol P Drie. Anem. Proxe. Rep Dev. 3.
Iv73 ORNL-5025 ¢1975). p. 6.

4. R L. Hahnetal P Rev. C 10 1889019740

MONTE CARLO HAUSER-FESHBACH
COMPUYER CODE

J.Gomez del Campo'  R.G. Stokstad

A vomputer code has been developed [ur predicting
the rclative intensitics. energy specira. and angular
distributions of evaporation residues produced in hexy -
ion reactions such as ' 2C + " *N. The Hauser Feshb: -h
prescription for the decay of the compound nucleus is
used in conjunction with the Monte Cario method to
calculate cross sectioms in the [aboratory system.
Angular momentum is included explicitly and found to
be extremely important. particulady at high bom-
barding energies. Approximations that have been
made are (1) a “constant-temperature”  expression
for the densitics of levels in the residual nucki. (2) a
tisin 0 m_ emission probability. and (3) a sharp-cutoff
approximation for the transmission coctficients.

The cude 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
“evapurale” particles depends on the maximum angular
momentum of the compound nucleus. Sy, «. For Ji .«
= ]2. 1he rate is ~37 pasticies per second. but for Jm ¢
~ 26. the rate drops to about 22 particles per second.
These 1wo angular momenta correspond to ' *N bom-
barding energies of 43 and 167 MeV respectively.
Because the average number of particles evaporated by
the compound nucleus is 2 and 5 in these iwo cases. the
correspording running fimes for 10° fusion events are
1.5 and 6 hr respectively. (The 1BM 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 2 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 ' 1C + '* N reaction and w.ll be
of general use in extrapolating angular distributions 1o
very forward angles where measurements are not

possible.

1. On sabhatical leave from Instituto de Fisica. University of
Mexico, Mevico City,
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Fig. 1.28. Comparson of Moate Cardo peedictions (o the
cyperimental data. 1u) Facery spectrim tor sodim resdues ar
LT A "‘N - 437 MeV. Fhe central peab correspunds o
cvaperstion of two protons amd o neatton, the lghest and
fomest encry puabs anwe Stom alpha-parinice cmisan at
backward and forward angles. sespectneds i the conter-of-mas
ssatein. Fhwe oxperimental date are shoewn wath crror buis, shw
valculation as o histogram. (b Predicied and mcassrcd anesibar
distobutions Lot ovveen resuducs prsbuced ot tan Y0 3
MeV. and predicicd and wasired angular disicibutons For
nitroen reskfues produced ot 167 1 Med

MODIFICATION OF A PROPORTIONAL COUNTER
TO AN IONIZATION CHAMBER

A.H. Snell'

tonization chamburs offer certain advantages over
proportional counters. which may be exploited pro-
vided that the particles 1o he detected deposit sufficient

cnergy m the sensitve regon that dectrons: nutse s pot
a sgnificant fxctor. This s wsualh the case for heavy
wom. The type of propurtional counter telescope that
has been wsed m heavy-won studies at ORNL n the hu
few vears has been converted to an sonization chamber
tefescupe by 2 simpk madification. The thin wire (2
few thausandths of an inch m diameter) was replaced
with 2 0.040-in.diam nikel rod to prevent electron
multiplation.

A covlindrxal Frsch grid was constructed  from
937 tramsmassion  nickel mesh by wrapping the mesh
around a % -n -dam form. The grid was then placed
around the 0.030-n.-diam anode. Other than minor
changes in electrical conmections. no other modifica-
tons were necessary. The counter performed quite
satslactonty and has been used extensively m the
studies of the fusion of "*C ¢+ '*N and in other
heavy -ion reactions.

1. Comultant with the “hyscs Disivion.

POSITION-SENSITIVE COUNTER TELESCOPE

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

Solid-state PSDs provide pood energy resolution and 2
large solid angle without loss of angular resolution.
Many heavy-ion experiments require these character-
sslics in gddition (o the identification of the detected
parinles. Becsuse the Frischgrid ionization chamber 1s
widely used as the enerpy-loss detector in 3 counter
tekescope and because it can be made large. we have
combined these two iypes of detectors into a single
system. Figure 1.29 s a2 schematic dagram of this
counter Ielescope.

Presently. the detector is ased in the 30-in. scattering
chamber. where it sublends an angle of 9. the total
solid angle being about 3 msr. We have used pure
micthanc at pressures varving from 10 to R0 torr. typical
ckctiode  voltages of several hundred  volts. and
Formvar cntrance windows of 40 10 80 yg'cm?®. The
clectronic noise of the AF jortion is ~50 keV when
using an ORTEC-124 preamplificr.

The data are stored in nine separate two-dnnensional
M by E o+ N arrays. cach correspeerding (o 3 = 17
and having 3 maximum size of 55.000 channels. A new
mede of ondine data processing using the Systems
Engincering Labhoratory (SEL) computer was developed
for this detection system and s described clsewhere in
this report.” Rates of up to 3 kHz have been accomma-
dated. and resuits are available in the form of two-
dimensional arrays during the experiment.
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The performance of the detector is dllustrated in Fig.
1.30. which shows a M X F array for the products of
the reaction *"Ne + Ni a1 173 MeV. A projection onto
the AL axes of all events in 2 narrow segion of QF ¢+ F
centered about 15 MeV s shown in Frg. 1.31. Here one
can see the resolution of adjacent elements up to £ ~
8. Most of the vhserved spread m M originates with
cnergy-luss straggling. 1t appears that higher values of Z
would also he resolved if they were produced in this
reaction with sufficient energy and intensity. Becanse
the thickness of the JF detector can be varied casily . it
has been possible to use the detector for a varicty of
reachions and for observation of alpha particles as well
as heavy ions.

1. Consultant %ith the Physus Divison.
. Sec this sepust, DL C. Hensdey. "ORK Data Acquimifion
Sysiem Developmens,”

GAMMA RAY MULTIPLICITIES IN
“*Ne + ' *“Nd BOMBARDMENTS

D. G Saaane' 3 H Barker'
S A Grmemever' M. L. Halbert
E. Exhier” D.C. Hemiey
N R .'!‘Ihun: R.A m}ll\

The meurement of the pumber of zamma rays
acompany ing nwleas reacttons has been shomn tobe s
promisane tod o studvme nuclear reaction axecha-
asms. opevialh for ivestiganne the dstnbution of
angular momentum n the parent ncler 1t p particu-
larly micresting to stmdy heavy-on rectom near
MeV nucfeon. a pomnt at whah other b pes of evpen-
ments sugeest that the compound-nuckeus mechansm
Ve Wab 1o different provesses.

A multsdetector apparatus comsstmg of cight fead-
shiclded 3.0%. by 7.62cm Nal detectors. a reachon
chamber with a W port tor a Getla) counter. and 3
support sland was constnkted a1t Wohington Ui
versity. The Nal counters swew the target at sanons
angley between 43 and 10 10 the bvam. Thn
appasatus and the ssoviated clectionw: equipment were
brought 16 ORIC in December and used i a tour-shilt
tral run. We successiully acquined data on sanina-say
multiplicitees. relative ntensities. excitation funchions.
and related quanties Srom the bombardiment of a
'ONG target with "Ne at 125 14 165 and 173
MV,

The Nal detecton turnohed only vo» o signals a5 1o
whether ov not a pulse in comncidence with the Getly
Jetector had occurred sbove thieshold ¢~ 100 keV).
The events were tagged according 1o the number of Nal
counters that had been trpecred and were sorted into
sixteen 3K spectra in the ORIC computer by 2 specially
developed  data-aquisition program. One of  these
spectra was used to store Ge(Li) singhes (no Nal
coincidences). Bigd spectra were for the 1-fold Nal
comcidence events for ¢ach of the aight Nal counters.
The seven other spectra contained 2-fold. 34o0ld. .. .
B-fold cvems without regard to which of the Nal
counters had been trigeered. For the amlyses done thus
far. the cight i-told spectra were summed 1o one
spectrum. Figure 1,32 shows an cxample of these
spectsa for the 1 23-MeV " Ne beam.

Prcliminary analysis gives the following sesults.

I. Most of the discrete gamma rays correspond 1o
known transitions in the ground-state hand of w
and avn products. with x from 5 10 10. As the
hombarding energy is increased. progressively more
ncutrons are cmiticd. as expected. At the higher
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bombarding energies. the axn produts cary more
than hal? of the x» + axn observed cross section.

. For 2 given exit channe:. the average gammaray
multiplicity (W) tor the observed {J + 2) ~ J trami-
tions is independent of J.

3. The average multiplicities vary from about 1010 30
(sce Fig. 1.33). They vary smouthly as 3 function of
beam energy (inureasing with encrgy for a given exit
channel) and as a functios: uf x (decreasing with ¥ at
a given beam energy). For 2 piven x and beam
energy. () is smaller for the axn channels than for
xm channels. The weighted average of () for all
observed channels is about 20 and is substantially
independent of beam energy.

4. The standard deviation of the Multiplicity distri-

bution is fuund to van between 3 and 8. invreasing

with wncreasing bombarding energy or decreasing
number of emitied neutrons.

[P

5. The skewness is negative.

6. 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 caer-
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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Fig. 1.33. Averagr smitiphcities for vasious exit chanmeds as 2
function of bombarding encrgy .

ments of Nal pulse heights. amd angular corselation
studies.

1. Washington University, Samt Louis. Mo,
2. Chemistry Division.
3. Saint Louis University. Saint Louis. Mo,
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HEAVYON MICROPHYSICS

REACTION ' “C1*Li! Me)' *NAND DISTRIBUTION
OF GAMOW-TELLER STRENGTN

C D Guwdman D.C. Hemshey
W R Whartea'

Many alhwed beta devays proceed with rales that are
wrdens of magnitude slower than the rates implied by
the weak mteraction and kepton dymamics. Thes puzzie
has lueg been recugmized in nachear physics. but.
athough the cfiect wemed 0 be due to 2 geaeral
featuse of nuchear struciure. the beginnings of 2 real
understanding of the effect did aot come watil analog
states were discuvered with the (pa) reaction ” Analog
states are connecied by the same matnx clement that
appears in an allowed Fermi beta decay . and. msofar as
thz states are perfect analogs. no Fermi sirength s lelt
over for any ather states.

The stuation cannl be quite so simple Tor Gamow-
Teller (G.T.) decays. but because they alsu are m-
hibited. the suggestnn has beem made tha. GT.
strength 15 alse concentrated in an cncrgy repon that is
not accessiblc 1o the beta decay.’ No systematin
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 2 probe of the G.T. sirength *

The decay of '*C is in extreme example of an
whitbiied G.T. decay: the rate is about 105 times slower
than it would be if there were no nuclear structure
inhibition. We have expluited the smaliness of the G.T.
matrix element. (4N, (ot 40, 10 show first that
the 1. = 0 part of the crass section does not contain
large contributions from provesses not proportional 10
the G.T. matrix clement: that is. that it s m fact
proportionat 1o the G.T. matrix clement. Sevond. we
have mapped the G.T. sirength between '*C, . and
Y4N up 10 about 12 MeV of excitation in ' *N and have
found that the 3.95McV state contains at least 27 of
the G.T. strength. and possibly all of it. Thus we can
rephrase the traditional descnption of the retarded beta
Jecay of '*C 10 say that it does not rcult from an
< cidental cancellation of the G.T. matrix to the ground
stat~ of **N but rather that it is 2 consequence of the
concenttation of the G.T. strength in the 3.95-MeV
state. The measured differential cross sections are
shown in Figs. 1.34 and 135,

Because we can map the G.T. strength over 2 large
region of cxcilation, we are able 1o find sum strength
that cannot he found through beta decay. The sum
strength is sensitive 10 the wave function of the initial
state alone. whereas the matrix clement measures the
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Fig. 1.34. Angoler diswibutions for the ' *C®Li*Ne) re-
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and 9.70McV excitatinn. The crems section for the 1° state a8
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*Lis "*0 tsct 1 rom el 3 and for *Lis P3C et Y with
U= 1898 and W 2 8.0 taken Froun sel. 4



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

Our future plans are to extend the mapping of the
G.T. strength 1o other mass repons and 10 map the
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strength between *7C1 and *7A 1o provide data that
might he useful in cakulating the neutrino-detection
efficiency of >7Cl muove precisely.

1. Rutpers University . New Brumswink . N.J. Prownt address:
Carncpic-Mcilon University . Pittsbungh_ Pa.

2 5. D Amdernon. C. Wong. and J. W. MuClure. Mvs. Res
126. 2170 (1972).

3. M. Murita et al.. Prog. Theor. Phys. Suppl. 48.31 (1971

4. W. R. Wharton and P. T. Dxbever. Phaxs Rer. C 11,1963
11975,

5. W. M. Vios:der and R. A Fereell. Myvs Rev. 107, 780
(95D,

o. S Cohen and D. Kurath. Yol Phys. 73,1 (1965).

'2C + ' 1C REACTIONS

R.M.Wicland' A _H.Snell’

C. B. Fulmer P. H. Stebon
D.C. Henskey R. G. Stokstad
S. Raman G. R. Satchler

L. D. Rickertsen

Progress in understanding the mechanisms involved in
12C 4+ 13C .induced reactions has continued on buth
experimental and theoretical fronts. In the previous
peviod. clastic and inclastic scattering had heen meas-
ured at seven encrgies spanning the range from 74.2 to
7.0 MeV tlab).® N1 was decided that additional
measurcinents al INICIVENINE eNCTEICs WCTe Necessary o
establish the continnous and regular evolution of the
structure in the angular distributions ncar 90° and 10
provide 3 more complete test of any reaction madel.
The new cxperimental data were taken at bombarding
energies of 788, 938, 105, 1120, 1171, 1216, and
126.7 MeV and with a dilterent form of PSD having 25
individual sections spaced 0.6° apari. This detector
offered a much improved efficiency over the previous
detector. The experimental results for the clastic and
inclastic scattering compare favorably with the previous
resufts and do indeed show a regular change in the
structure of the angular distributions with bombarding
energy.

The inclastic scaftering to the 2° (4.43-McV) state
and the mutual excitation of these states is known to be
very intense as a result of the large £2 transition matrix
clement connecting the ground and the first excited
state of '3C. This raises the question as to whether
single or multiple nucleon transfers might also be strong
processes. Micasurements 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
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available, we chuse (o measure fairly compiete angular
distiributions at 938 MeV._ using two solid-siate AF-£
counter telescupes fur this purpose. Figure 1.36 shows 2
representative energy spectrum for one of the reaction
products, ' *B. There are vnly a few strong peaks in the
spectrum cven though 2 laige number of excited states
are available. Figwre 137 cumpares elastic and inelastic
angular distributions (at 938 MeV) with those for
representative one-nucleon and two-nucleon (pw) trans-
ter reactions. Duta for an. pp, and p2x transfers are not
shown in Fig. 1.37: these were ubserved in some of the
AE-E spectra with cross sections much smaller than
those of the onc-nucleon and pwv 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 the:n for pn
transfer reactions.

Both the sefectivity of the transfer reactions and tine
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 inclastic scattering to
lowlying states. The single transfer is of interest in
addition to its usefulness in calibration for calculations
of double-transler processes. it will be valuable to know
how well the optical poteniials derived from elastic
scattering will do in DWBA analysis of these transier
reactions.

Significant progress has been achieved in the analysis
of the elastic and inclastic 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 tham 0 5 ~ 45°. However, at angles
peawer tham 60°. the quality of the fits deteriorated,
with the predicted cross sections tending to be too
small. Various attempts were made usiag Wouds-Saxon
potentials to improve this situation. but nome was
particularly successful. The mtroduction 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 gnod quality m the forward-angle repon.
Although both types of potential are similar in the
extemal region, 6 < 7 < 7 fm, the folded potentials are
significantly more attractive in the region r < 5 fm_ It
also appears that good fits 10 the data require that the
scattering be sensitive to the potential i the region 3 to
5 fm. 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 ptential at 7 ~ 3 fm has a noticeable effect on
the predicted cross sections. 1t thus appears that the
real potential in this interior region of 3 10 5 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 mteraction were investigated. The
Gaussian interaction required a2 normalization factor of
N ~ 0.6, whereas 2 Yukawa interaction gave N ~ 1.0. In
all cases. the fits 10 the data were comparable. and the
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value of N was mdependent of the bombarding energy
ad smilar 10 the values of N found for a2 varniety of
different heavy-iom systems incheding, for example. ' *0
+ 2°%Pp_Recently. 2 more “realistic™ nucicon-aucieon
mteraction has been derived by Bertsch et al.® (rom the
Reid potential. Although we have not investigated this
potential as extensively for the clmtic scattenng. it
appears o give comparable resalts for ¥ = 1.05. The
importaat feature seemss 10 be the greater strength of
the folded potential in the imterior region, and not so
much the particular form of the mteraction used in the
folding procedure.

Figure 138 shows measured and predicted anpular
distributions for the elastic and inelastic scattering at
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Fig. uo.s-:-u“m-.- 102 MeV. The
melastic 3 is the sum of the ™wo rextions
"q"c"az N3¢ and 3¢ 3¢, 20) ' 3Ci2°%). Tie theo-
retical corves ase oblaimed using real potentinls from the lolding
model and transition densities as described in the text and with
am imaginary potential given by W = 139 MeV, rg = .22,
ande =054,

102 MeV. The potentials were obtained from the
*realistic™ interaction described above. The excitation
of the 2° state was calculated with the DWBA using a
folding-mode! form factor. In this case, the transition
density was taken from electronscattering data with
the assumption that the neutron and proton densit: s
are the same. Complex coupling was incinded by
deforming the Woods-Saxon imaginary potential. Be-
cause the nomalization for the real potential and the
parameters fos the imaginary potential were determined
by the elastic scattering, the calculation of the 2°
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excitation dues not invulve any adjustable parameters.
The agreement i seen (o be guite goud m this case.

¥. Oak Ralye Assnintvd Universities fxulty rescanch partni-
Font. 1975, from Franklin and Marchall Colloge. Lamcastey. Pa.

Y. Comsulitant with the Physns Divinpon.

3. R.G. Siokstad et al.. Mys Div. Annn. Pwx. Rep. Dex. 31
1973 ORNL-5025 (1975). 9. 46.

4. ). B. Rall ct 3. Nucd. Pl A252, 208 (1975).

5 G. Serichet al.. to be publnhed .

NUCLEAR REORIENTATION EFFECT FOR
INELASTIC HEAVY-ION SCATTERING

F.Todd Bakes'  Alan Scont’
D. C. Hensley D. L. Hillis
E. E. Gross

We have begun a susvey of the (' C.' °C) reaction: at
4) MeV from s-sheil nuclei. The projectile energy s
sulliciently high for the angular distributions for
excitativn of the first 2° states to have distinct
diffrction structure. Coupledchannels (CC) calcula-
tions reveal that the predicted phase of this diffraction
structure is quile sensitive 1o the asumed quadrupole
moment of the excited state: this sensitivity is due
mainly to interference between the direct (0°+2°)
and direct-plusreonentation (0° ~ 2° ~ 2°) pucear
inot Coulomb) amplitudes.

Preliminary cakulations show 2 *Mg v be prolate and
18Si to be vblate. Dara for excitation of the fiest 2°
state of **Si arc quite different from the **Si data.
which suggests that *°Si is probably prolate. We plan to
contmue this survey by acquinng data from **Mg and
JZS.

1. University of Georgia. Athens.

INELASTIC SCATTERING AND TRANSFER
REACTIONS FROM ' “C JIONS ON *°Zr

S.T. Thomton' -2 JLC . Ford. Jr.
D.E.Gustafson' 2 K.S. Toth
D. C. Hendey

Studies of heavy-on reactions to fimal states indicate
that kinematically well-matched one-nucleon transfer
reactions ™ may be well descibed by DWBA calcula-
tions. However. in cases of pour kinematic matching the
angular distributions precicied by the DWBA do not
agree with the data. although reasonable spectrowcopi
Factors may be obtained .’

Because of the simple shell-model picture i the > Zr
mass region. we have studied the *?Zn' :C.' 2CP°" Zr*.
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YoZa'CI O T and *°Za'iC'BP'ND rea-
nons at 938V ancident energy . Angular distributions
have been oblained for Iramsitiuns to several states of
the residual muclei. NuddearCoulomb interference ef-
fects were observed m the mclastic scattering. By using
DWBA cakulations with cullective form factors, de-
formation parameters 3y and S were obtained for the
lowest 2° and 37 states in **Zr. The 1ansfer reactions
were analyzed using a Gaite-range. recoil DWBA code.
and spectroscopis Taiors were obtained for comparison
with results frum previvus lighi-ion bombardments.

The 98- MeV '2C ions obtained with ORIC were used
to bombard 2 target of 50 ug'cm® of enriched **Zr
evapurated vnto a2 thin carbon foil. The reaction
products were detecled m 2 60cmiong pusition-
sensitive proportional counter located at the foval plane
of the broad-range magnetw spectrograph.

The Q values for the **Zn'°C.''C) and

**2a'IC''B) rextions are 11519 and  10.798
0' M-M' 75-005%9
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Fig. 140 Cenwvof-mass angnies dinwibetions for (e
20211 1C." '8)°" Vb seaction measared 24 an incident energy of
P8 MeV in the prewent expevimest. The ound state and the
0.104-3cV wuatc were wrewived. The wilid fimes e DWBA
predactions. i or the 5.37- and 4.72-McV leweds. prodictions were
made with 1wo Jwnes of aj that revsited m sk sngular
distributon daprs.

MeV respectively. The diiference in the entrance and
exit channels orbital angular momentum is about 7h.
nd for this reason. cffects due to poor angular
momentum matching are possible,

The fits to the angular distributions for states
observed in ** Zr and * ' Nb are shown in Figs. 1.39 and
1.40. The resulis of the finite-range, recoil DWBA
calculations are not in good agreement with the transfer
seaction data. The magnitudes of the cakulated cros
sections are reasonable and yweld spectroscopin factors
consistent with light-ion-nduced resufts. However. the
theoretical curves disagree with the shape of the

measured angular distributivas. The predicted peak
angle of the angular distributions is about 5° larger than
the observed peak angles. Reasunable changes i the
optical-model parancters will wot account for the
We believe that these transfer reaction dala. therefore,
indicate 3 clear Giling of the DWBA. The present
and the incident energy is well above the Couwlomb
barnier. The disagreement seems to be associated with
the large amgular momeatum mismatch between the
eninaace and exit choanels.
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ELASTIC AND INELASTIC SCATTERING
OF 70-MeV ' *C IONS FROM THE
EVEN NEODYMIUM NUCLE]

D. L. Hillws' L. D. Rickensen
E. E. Gruss C.R. Bingham?
D.C.Hensley  A.Scont’

F.T. Baker’

Measurements of differential cross sections for the
scattering of 70-MeV ' *C ions from the 0°.2°. 4" _and
3 states of 142,148 188 3488 ) SOM hﬂ m com-
pkeied. In addition. we have obtained cross sections for
exciting the 2° state of the beam progectile and the b°
state of "3"Nd. When analysed with the coupled
channels (CC) method. these data show an unexpecied
semsitivity to electrc multipole moments.

Elastic scaftering sysiematics are summarized in Fig.
14). where the ratio-1o0-Rutherford cross sections for
all sotopes are displayed. The main feature here is the
dampening of oscillations with incregsing targes mass
and increasing target B; deformation. This effect
undoubtedly due to the removal [ elastic flux by
excitation of the lowJying 2° siate and the rotational
band built on this state. The strongcoupling effects
apparent in the elastic scattering data of Fig. 1.4)
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Fig. 1.4, Elastic scatoering dots for 70.8-MeV ' 3C scatvered
fom the cven neodymivm isstepes. The cahulainms (wind
cwoves) are opical-mnndel fits with the parametcrs of Table | 3.

prompiled us to search for e optcal potential that had
a real part common 10 all the neudy mium nucler and an
mmaginary part that acounted for the differences
between them. It was then hoped that a CC analysis® -
starting with such a potential would eveniually kead 10 2
mure universal potential bevause the many absorplive
clfexts would be explicitly handled. These hopes were
cssentially realized.

The fits of Fig. 1.4) are opticad-model fits mith the
parameters of Table 1.3. The real part of the putential
s common lo all targets. but 2 drastic change in
imaginary geomeliy is then required to fit the more
deformved '**Nd and '*"Nd. These potentials were
used m DWBA calculations for inclavtic excilation. and
they were used as the startmg potentials in a CC
amalysis of the data.

The main features of these calculations are dlusirated
in Fig. 1.42 for the ' **Nd data and m Fig. 1.43 for the
'**Nd data. In these calvulations, we have taken the
view (hat nuclear deformation kengths should be equal

to Coulomd deformation lengths and that. where
available, we take Coulomb matrix clements from
previvas Coulomb excitation measurements * -7 Before
performing e (C cakulations with the couplings
shown m Fig. 1 42, we made a scarch on W and o' with
cuuplings only beiween the 0° and 2° states. When ths
mew putentil wxs used m 3 full (C calculation
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Fig 1.42. T0-4-MeV ' 2C clstic and inchmstic scattesing from
19004, The dusicd curves are DWBA cokwlatnns. and the woiwd
vatwrs ate (U cakulstems mchading the couplmes Jown o
mwis. Knoen matrn ceaxnts trefs. & and 7)) are wned
threvugierat with Jg¢ = 00383 deduved from the CC analyses.
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icluding the 4° state or the 3~ state, we still had an
excellent tit to elastic scattermg.

The dotted curves of Fg. 142 are the DWBA
cakculations. which f2d W account (or various features

Tabie 1.3. Optical- mede! pasameter set with « commen
seal graunetry obtained foum fitting the
clastix scafteving

c w e — . ——— et eeeen -

m the data. If the awcdear deformation kngths are
reduced by abuet 30%. then the 3 7 state cam be fiteed.
To fit the 2° data. an additionsl wpward nonmalization
of the Coslomb deformation lkength by ~10% ©
required. The DWBA single-sicp calcubotion fails on-
tircly Yor the 47 state. These findimgs are duc (o
multistep effects. such 53 recoupling 10 the grownd state
m the case of the 2° state. quadrepole rconentation i

iy Mg ieng g Vioyy the case of all sases. and dowble £ excitation in the
T T T T T T case of the 4° state. Al these effects can be pruperdy
r"rkw :o’“ lm;ls !'I)Jls !‘:Jls 3:] 5 @ 2 (C calculation with the excelient results
7o im) [ t. . R B H - . - »
cifmy 0562 0562 0562 036 osey WowR 3 the solid curves im Fips. 142 20d 1.43. The
WkV) 116 121 163 IMT 1420 quadrepole moments for the 3° siates were derived
7o M 131 1.3 130 1023 1023 from thowe measered® for the 2° states wien assuming
« () 0414 0414 04 0.769 076 a rotational-mudel reistionship. The hexadecapuie de-
7 ofm) V.15 1.2§ 1.28 t.28 1.2% formation_ . was the not desivable
..—. ™ 1757 T V6.2 | S % 33 1.547 L AR "C A d’ L'"""'"
N 19 1 3s 13 ¥ | previows CACHIION METMNWCRLS.
3 0108 ' X111 6.138 0.167 0.9 These results demonsirase that Coulomd encitation
T } -— .. cffects can be extended stiaightforwardly mio the
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Fig. 1.43. 704-MeV '3C clustic and imvlastic scottering from '**%d. The curves arc (T cakwlatioms womg kmvvwrs matrix
clementsircls. b and T) and dow the senstiony o the imknown 3,

[N

-

e o




LY

R e L S TR WP S T 1 T T Y R G RTINS RPN TR TUINE ST ML I 5 e B

00 ; z : - : : < 3

sof T Uwe%t T C

b o Eqpan™ 708 MK -~ -4

m:. EPZQ%. ’“- 7 ) . i :

: S2Z M iyt T T

) —0 L) +03]a, |
. :

|

Bk Ak AT L

~

Sl ima/ae)

o3

02

Gt
0 20 ¥ @@ % «0 0 0 X
Q. loeg)

Fig 1.44. Excitation of the 2° (4.43-30eV) smae in the * 3¢
poinctile snd S 37 (1.50-00eV) smee i * = 705V
Gob) comngy. The cwrees are CC calkculatonms tivat Mwuirate the
snsitwity of the clcolaton Jod the datz to the 2vamcd wgn
and mugnitudc of quairupele mements. Couplmps Bciwicd m
the calculations fov ' IC arc shwown 1 an iesct m thin fagere.
whevess the coupling wwd fof the 37 siade calkulaton arc
shown = Fip. 1.42.

wuciear force domain. Hewvy-ion melastic scattermg
sbove the Coulomb barrier can thew be wsed s 2 probe
of meclear muitipole moments x illustrated m Fip.
1.43 and |1 44. Figere 1 .43 shows the sensitivily to the
vailue of fy. The valee of §; md the quadrupole
mopment of the 2° siate were laken from previous
Couwlomb excitation measwrements.” In Fig. 1.44 we
show the 3° '**Nd data compared 1o CC calculations
with variout assumed valwes for the static quadrupnle
moment to show the sensitivity (o this quantity. The
lorge-angle data. domimated by muclear excitation. are
quite semsitive 1o the sign and magnitude of the
asumed quadrupole moment. Also shown are similar
calculations for the 2° state of the ' 2C projectibe with
the sovae conclusion. The beut fit is consistent with an
oblate shape for 'IC with 2 2° static quadrupole

moment =0 5i0,.,,l.
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MICROSCOPIC DESCRIPTION OF INELASTIC
'2C SCATTERING FROM *** P

G. R.Satchler D.C. Hemsley

JLC. Fod Jr. E_E._Gross

K.S. Toth D. E. Gustafson' 2
S. T. Thomton®

It has been customary to analyze data on the melastic
scattering of heavy ioms by usimg the collective (or
deformed optical potential) model > However. a2 more
with lightion d213.* in this. the tramsition density for
the tarpet muchews. p,(r). is obtained from structure
cakulations and folded with an effective nucicon-
nucicon mteraction v. In the heavy-ion case this s
ferther folded mio the density distribution py(r)
(assumed spherical) of the projectile. The resulting
tzamsition potential.

U""," !’,";”,"'|)"| -0 "“|d’3 .

way then be used 1o calculate the imelastic scatierimg.
for exampie. m DWBA. This approach s a extension
of the double-folding model of the optical potential for
clastic sattering.® and we showld demand consistency
between the clastic and melastic results.

A previous cakculation of this ty,e® used the macro-
wopkc colleciive model o generate the transition
density py,. Instead. we use the results of microscopic
random-phase approximation { RPA) hole-particle calcu-
lations.” which have previously been shown® 1o give 2
good account of the 2° and 3™ excitations i the
398 oy p.p') reaction using 2 similar model.

The 98-MeV incident ' 1C ions were scattered from a
target consisimg of 100 pg/om’ of enriched **Pb
cvaporated onto a 40sugiom’ carbon foil. and the
reaction products were dete:ted m a3 60-cm-ong
position-sensitive proportional detector placed m the
focal plane of a broad-tange spectrograph. The experi-
mental procedure has  been described  elsewhere
Angular distributions were measured between 24° and
55° in the center-of-mass system forthe 3°. 5 . and 2°
states 2t 2.61, 3.20, and 4.10 MeV in *°*Pb respec-
tively. An additional state was observed at about $.5
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MeV in ***Pb for which a defimite spin assipmwnent has
nt been made. Figures 1.45 and 1 46 disphy the
measured inclastic angular distributions: only statistical
errors are shown. and # is estimated that the ttal
umceriamtics are o feast £10%. Af a centeroi-mass
angle of about 42°_ where muciear absorptive begins 10
reduce the eimstc cruss section bedow the Rutherford
vaue, mnterference eff~cts are seen in the inclastc data,
partikularly for the 3 7 level.

Microscopic cakulations were made for the three
lowest siates using the RPA 1raasition densities® [the
$° density was increased by 157 1o maich the vbserved
MES) value®'*]. A spm-ndcpeadent Gaussian form
wa chosen for v. The presept work also assumed 2
Gaussian Torm. 0313 exp (-0.27637°) (with 7 in
femiometers). for the ' 2C density; this gave the same
results Yor efastc scattermg as the shellmodel form
previously used®''f% Each choie for v was nor-

0T/ \my/u)

5 o100

Fig. 1AS. Messwred dilferenrinl cross sections. for imelentic
scattering of ' 2C ions from 2°°Pb a1 an mcident energy of 98
MV, Only satninal cerors are shown, The curves arc miro.
wop  wakoulatmns wwng RPA  transiteom  demities and o
Caussan micractnm of 1.Im ranpe. WSEM refers 1o 2 deformed
Woodv-Saxon mmaginery coupling tcrin. COMPLEX implres o
compley strength for the Cauvaen mntcraction.

o0 /o (mp fua)

Fig. 1.46. Measwred dilfferentnl cross sixtions compused o
collective-model predictions. 5V and O refer 1o the prienisd
o charge deformaieon mraaxias sved A Bonds-Saven
potential was uwd with § =40 MV, W= 28 McV. R = 1032
Im. andg =056Im

malized by fitting the clasiic data’* at 96 MeV. and the
corresponding folded opixal potentials were used in the
DWBA calculations of the inelastic scattering. Coulomb
excitation was included, assuming Bi£2) = 2965¢* Im®,
BE3) = (058 X 10°)® fm*, and BIES) = (45X
1) Im'® (ref. 9) respectively. The maginary
interaction, which s exsential in order to it the data.
was chosen in the iwo ways described abowe: the
Woods-Saxon form that fits the clastic data’ =" ! has W
z }S5McV.R = 1076 fm. and @ = 0.5 Im, w a standard
notation. This was used in the inelastic calculations
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with defosmation parameters 3.V = 0036 8,
007;. and 5~ * 0038 Thesr wese wbizned = the
e way from the EL) wiwrs wamg 2 chorpe radmes
of 711 fm and scalmng s that SR = cumsiant.

As dwren m Fog. ) 45 pond firs were cbtamed wash 3
Gassaan v wth 2 rmgr of | F. exorps that the 2°
o secton had 5o be mcreased by 2 Bacton of D (the
same 2° cnlanoement B aeeded when e cullecnoe
medcl is waed  sec below and 1 Dt enderstond).
The sircwmgsiys. cbtamed foem fittg the chasiic dota_ 2o
(1133 & 1020 MeV_ur 1262 eV of the Wougs-Sanen
wapnay put 5 uwd. The bise: versnen pres 2 shightly
Setier Bt w the chrstc scatiering and s sgfcantly
betacy for the 5~ mekastic excitatom (are Fig. 1.45).

Conswcquently. we conclude ot the porsemt iz
require am inic-aclion wuh 3 ange shorter than that of
the base mtcraction between mucheons.

For comrmwson. sewslts for she cowventaomal collec:
twe model’ avc shown m Fog. | 46, Goud fus are
obismed. Zthough agam the data requec that the X°
coupling steength be morcased by abowt 30, A prowp
with I oxcnatwn oncrgy wex 55 MeV s bheen
repuvted with cither [ = Sirel 130 or [ = 3 (ocfs. 14
and 15). As scer m Frg 1 .46 the present data apree
best with /. = 5 waless the watkermg s duc toam [, = 3
tramatum withowt! Conlomb cxanatam. which scems
very wnbkely Vor smch 2 sirong transitoon.

We used the codes ATHENA. DWUCK. and GENOA.
In the DWBA ahulstoms. 2SO (L. = ) or 203 ¢/ =
3.5) portral waves were wsed. and the micprations were
caned owt 10 dS Tmil. =dow 35 fmil = 3. %),
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ANALYSIS OF THE (' °C.' *O) AND (' °C.' ' D)
REACTIONS INDUCED BY '*C ON ***P%

K. S Toth E. L. Gross

JLC Ford.Ji.  D.C.Hemskey

G. R. Saschier S. T. Thormion'
T.C . Schwewer®

Easlier. we detcnmned angular duinbytions for the
C3C3C) amd 17 3C " U BY renctoms mduoed wm ST PO
by 77-_ amd %5-_ amd 13638cV ' 3C mens? Surpromgdy .
sheee d:12 showed hal for e prstun-SinPPmng reatnm
the peak mgles wxaimed comitamt wath morcaamg
cxcuion ewergy = S B Lt veae. we presemind
o data that had doem abtamed for the ame two
veactions 2% 2 bombardmg cncrgy of 98 MeV? Thew
ncw dutributions were measwred 2 swmalicr  angnlac
mcrements. and omce agae the e offect was mied
for the §' °C "' B) rexctom.

The full fmnsc-raepe (ocvud moluded) DWBA code
LOLA = avamlable 2t ORNL and has boem wsed 1o
walvre B fows smghemachom tramsfer exinms -
duced by ''B mcnemt om COCPB Y EBwvoepr fw the
OB 7B case. whah mffers frm am wnfawerablc
motichey betwoen monmmy and outgumg orbus. e
rreducioms were m prad apreewment with the data. It
wa ol micrest Te see it DRBA cahulatnons cowld
account for e '°C ¢ “**Pb reswlits.

Elasin scattering measusemeents of Y03V ' “C wms

m TP had already beew mad Forw oness
we nicasered clasin scatiermg w the exit chamncls. thas
5. 300V “°C on **Pb amé 4 oMV ''B un
10%8 The three sets of dala. topether with the
optaal-andel (s 1o the ngula distributons. are
shown m Fag. 1. 47 The porameters denved from these
s were thew used (o anadvre e Insferseaion
results.

The LOLA prediciions and cxpernmental data (at 98
MeV) for the £ °C'>C) and 1" 3C" ' B) reaxctions are
shown i Foaps. 1.48 and 1 99 respectively. 11 55 seen that
the DWBA accounts seasonably well (or the 1*3C 1 'C)
anpelar disinbutons exvept pethops 21 (orwad angles
where couni-rate problems were emconntered from the
large clasinc scatlermg crms sectam. In Fig. 1,49,
howewer. ome notes that whereas the expermmental peak
amgles siay comsiant with excitalon cnergy m 2*Bi.
the predicicd values shifi 10 lrper valwes. This 1s dso
evident m Fig. 1.50. where we show the 77. and
116MeV data fos the ¢ 2C." ' B) reaction. disagreement
s most marked at the 77 MeV bombardng emergy. The
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Jasheed curee that fits the Giferential cross sectiva for
the 3123V "7 BN siawe was lcwlaed by arbusanily
wremmg the ''D 7, parameter from the clain
scattermng vahue of 1308 w |4 fm. We shovdd add e
the 95.3eV data could also be hteed if e 7, valee was
mcreavwed o |35 fan

As i e ("'B."°B) car memtwncd bowe. W
§':C. "B reactivns mffer from mismatching between
the entrance and exit choamels. This may accoest for
the fallwee of e DWBA amalyus. Howews. the
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Fig. 1.47. Eluwtik scottving sageiwr Jiassibusions for 96-MeV
Vig g 29000, 70.60-eV '8 on 785, sd 05.0- 20V iCon

mll(‘mw the data prwnts s optical-wwode] fits.
Parammrers devived Trom e fits were wend m DWBA anoly s
of the 0PPuiC CHOTPD md 1PN IC I BRIV
1sanfer-seactoon fota.

2

ndicativns aec that at 3ll three bumbarding cwerpes the
pronuunced x5 the excitation cnecrgy i © I mcreases.
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Fig 148 Angeie Jumibwtions obivioed 31 30 imcident
nergy of 91.9 MV fav 10093} 3¢ 1 3C) puactions Weading
vaidunl et i 2°7P%. Curves e DWBA calculanons: solid
and drbed corves represent ciculations made with 3 Weuds-
Saxnn sl 2 fnkded praentiol respectively .
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Fg 109, Anguiw Jiswibutions obtaimed 3t am imcidens
cowgy of 97.9 eV for 1°%7" 3C.' VD) reucrinm: inding 0o
sesidusl etes i 29985, Curves aoc DWBA calvulations. wivd
wmd drdcd corves wpveant ciculaiens made with 2 Fonds
Savon and 2 folded potewiol respes tvely . Note that the dats. m
contrsst o the predctomms, dn ant dhow 2 deft m 1he prak
angle wWh McTEaWRY CXCRton cvergy B 170y,

Unfortunately. the quality of the 7*°Pi(' 'B.'*B) data
was such that it was mot posgible (o say whether this
same specific effect was dso present in that instance.
The spectroscopic factors extracted for both the
(3C.2C) and (''C.)'B) reaxctions on **Pb were
cose 1o values abtamed m other lighi- and heavy-ion

G e . R e

experinents. The same was e for Ui
105pu' B B) reacuon® despite the fact that the
cabculativas did mot reprodace the anpelar distributions.
This has also been found (see cisewhere m this repori)
for transfer reactions induced by *°C on ** 21

We conclude by saymg that it 5 now appareat that
the DWBA dues not accout for all of the features
Iound cxpermmentally for heavy-om  singie-aucieun
transfer reactivns. Perhaps this is 2n ndication that CC
eliects must be considered even i the case of Jdosed-
shell tarpet nuclei.

1. Universty of Vieginia. Chorletiesille.

2 5.8 Laswem et 3. Plivs Lerr. 928 205 «1972).

3.K.S. Toth ct 3. Miyx Dis. Amm. Prog. Rep. Drc. 3],
1974. ORRL-30253 (1975). p_42.

4.30C Ford k. _ctad PRn Rev. C 10,1429 (19740

S J b Rallet ol Nac! Mhvz A2S2. 208 (197%).

PBEAVYJON-NDUCED TRANSFER
REACTIONS ON ' “*Nd

H. Ocschier’ G. B. Hapermann?
M.L Halbert! B Herskmd®

In 20 cxperoment dome 2t the Nicls Bolw Institste,
transfer rexctions indeced by '*0 and 'O beams on
'42Nd were measured with 2 tme-of-flight setup o
72-MeV mxident emergy. The anguiar distributions are
bell shapes havimg thew mavima 3t angles somewhat
betow the grazring angle. The excitation m the fimal
wuclei takes place. if possible, neas the optimem @
value and is speead over § MeV for the one-partiche
tramsfer rexctions and up 1o 10 MeV (or the multi-
patticie transfers. The cross sect:ons for the ndividual
channcls are explamed mosily by Q-wmdow comsidera-
tions In spite of the differences in the ndividual
chanmels the (otal transfer cross soction mtegrated over
excitation energy. angle. and Al chanmels tams »ut (o
be the same for both '*0 and " O beams. This cross
seciion amounts (0 207 of the total reaction crom
section and nicely fills the gap beiween the measured
fusion cross section and the 1012l seaction cross section
obizimed from optical-model calculations based om
elastic scatterimg data.

1. Om leave from ax Plack-dnstitel for Kevnphysk. Headel-

2 Fxchonge vistor at Nicks Bobe Institete. University of
Copenihagen. Denmack. 1974 1975,

3. Nirls Bobr lnstitete. University of Copenhagen, Denmark.
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Fig 130 Angaies duwitwtinns swamved of incident ancvgies of 774 sl (565 eV for the 290900 3¢ 1 3P*P85 praction.
Curves peproecnt DRBA ansdy ses. Nevic the marked Jult m prak sngie wiih Whrcsay oxcitsiom cwcryy Fowr Hie poodic podl curees o
77.48 McV_m comirast i the data Thee daderd curve. whech fots the dat - prnss foor the 3.12-3e W 2™ Be cacitad wate. was wbismnd by
2rly mcrcaun: the ' 'Brg paramcter Trmm the clavw wattcrwes salwe of 1 N0 (o | & fom

DECAY RATES FOR EVEN-EVEN
N = 84 ALPHA EMITTERS AND THE
SUBSHELL CLOSURE AT Z = &4

WD . SchmidiOn'  K.S. Toth

A poton subdiell ot 64 was finst sugpesied when 2
disccatmuity m e progression of dlpha-decay encrgies
for N = 84 muchides was moted at Z = 64.° To obtan
swme theoretical wndensianding of this subshell closure.
Maxfariane. Rawnussen. and Rho’ made calcubations
using 3 Gausion residual force 3 BardeenCoper-
Schrieffer (BCS) treaiment (o the proton systery of
32.neutron muciei. By sssuming 2 sufficient spacing
between the Jdg;; and hy,,3 proton orbitals. their
zakulations produced a2 discomtimuity i theorefual

bmding cuerpes at / = ol In addstoom. they cakculated
refative reduced alpha-decay tramsstiom probabilities fos
the N= 34 cven mucies. Oace agpim these theorctacal
reduced widiles mdicated 2 significant &ip o Z = 64,
Maxma weie predicted Rt bt Z =0 ad 2 = 74
with the reduced wadths decreasing m magmiude s the
50- and Al.protom choed shells wene approached.
Contrastingly. reduced w:d:h= devermmed from the
then available cxpermmental data for '*'Nd. '**Sm.
199GH. '*°Dy. "' 1Er, and  ’* YD mdnated 2 grmenal
conuancy m value except for a dramatn reduciion (by
Autzlactorol Dio "Dy thats. R Z = 60’

The '**Dy reduced wdth was based o a0 alphs-
decay branchimg ratm of 018 ¢ 0.02° A recemt
measuremeent, wng 2 highacsolation Gefl i) xray
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detector, gave 2 vabe of 0.32 £ 0.05 * This highet value
prudeced 2 '*°Dy reduced wdth very much in line
with thuse fur the other .V = 54 even alpha emitten.
The mewer bramchimg ratio has sow been comfirmed
with valwes of 031 ¢ 0.03. oblaimed once apain from
Ke, x-ray mtemsitics. and 0.36 ¢ 0.03. obtaimed from
the ' **Dy elxctroncapiure devay scheme *

This large decremse in the ' 3°Dy portial dpha-decay
adilife prompicd ws 0 examine the data curremily
avaiksble for these V= 34 macler. It was found that. with
the exception of '*°Dy. no ageificamily different
halfdife wmeassrements had been weported smce the
sorvcy made m vef. 3. Howewes. the alphadecay
m of IOOM lila. I!.m' and l!:E' were
wow mech more xcuraicly detcrmined. Further. we
were in 3 postion o obian 3 new determmation ol the
'4Yd dphadaay ewergy. BSowwman, Hyde. and
Eppley’ have made available 3 list of accunaie encrpes
for sbout 40 Jlphacmitting nuclides. many of them in
the rarccath repiom. Must of these. imcluding ***Dy
nd "> Er. mow hawe quoted crrors of 23 keV. We
recxammined vus caddicr speviral data”™ where ' *Yb had
been obscrved m the mudst of 2 lavgpe wumber of
wucldes appearmg on thes bst? With the aod of these
wiernal calibration standards we determmmed the £ of
'35YD to be £ 318 2 0.005 MeV. The cnecrgy wsed m
rl S wns332002 MV,
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As had been dome m ref. 3. the reduced widtks (8°)
were cakulated usimp the alpha-devay formalism de-
veloped by Rasmussen® The §° valies were detenmined
with the most up-to-date decay enerpees and half-dives
available m the kterature. In Fig. 1.5 le we have plotied
these reduced withs: in Fig. 1 510 we show the &°
valwes lsted m TaMe 1 of ref. 3. The new determima-
tums shown m Fig. 1.51¢. m contrast 10 thuose m Fig.
1.515. mdicate that the &p occurs at 2 = 64 2 the BCS
clculations preduted.’ Abo. m agreement with the
Skulations, the new reduoed widths show an mcrease
mvaec 5 Z =60 and Z = 72 axc approached. Both
mdicativns would be moce apparent if the errur lmits
m the "**Sm §° vakse were reduced. The ervors are due
mamly 1o the 20keV uncentamiy i the nwchde’s
aphadecay emergy. Thus 3 mew measuressent that
could decrease e '*CSm £, uacertamty to ~3 keV
wuuld be of great valee. We should add that the crror
lmits shown m Fig. 1.51s tor the reduned widths are
extremc; that . the upper (lower) limit m cach
wstance was cakulated by wsmp the shustest (hongest)
half-’ fe and the smallest (larpest) decay emergy . I s not
ko bow the error hasts were deicrmmed m ref. 3
However. if the sam: provedure had been followed 1he
crrors should have been much greater than Sese Zowm
m Fig. 1510 becawse of the rpe uncertamises m the
cypermaenial de. oy encrpies available 2t that tme.

S, -DEg "3 *70CY

B
'y
B I ¥ IR

o Aregnce 3

LR,

w & “ ¢ @ e

PRENT I MmN
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PRODUCTION AND INVESTIGATION OF
TUNGSTEN ALPHA EMITTERS. INCLUDING
THE NEW ISOTOPES ' **W AND '“‘w

K.S.Toth C.R. Biugham*
W..D.SchmidtOn' M. A_ljaz®
The first  apha-radioactive  tungsten  isotopes,

tri b6t 16dy  were discovered by Eastham and
Grant* in 2*%; bombardments of ' **Sm and **'Sm
targets. The purpose of the present investigation was to
identity unreported tunesten nuclides with mass num-
bers slightly greater than 164. The search for these

200

pussibic alpha emitters was made by bumbarding
'*¢Dv with '€0* jvns accelerated in the ORIC. In
addition. 10 confirmm the data of Eastham and Grant *
162.163.164y were praduced by using the more
energetic but much less mtense ' *0** beam. The ORIC
gasjet-capiliary system® was used to transpurt product
nuwclei (0 a collection chamber where they were assaved
for alpha radicactivity with (1) an annular Si{Au)
detector to studv the activity at the collection point
and (2) a planar detector, offset by 145° with respect
to the collection spot. to determine hallives.

Figure 1.52 shows an apha spectrum measured with
the planar detector at an '*O bombarding energy of
1371 MeV. In addition 10 well-established rare-carth
aipha emitters and ' **W_ two new alpha @oups can be
seen with energies of 4.909 ¢ 0.005 and 4.739 + 0.005
McV. On the basis of yield curves, "*N + ! *¢Dy cross
bombardments. and alpha-decay energy systemavins
(Fig. 1.53). these groups were assighed 10 the new
isotopes ' W and ' *SW respectively.

To confirm the results of Eastham uid Gram® we
bombarded '** Dy with ' *0** ions raaging in incident
energies from 1886 to 143.1 McV. Due 10 low
pioduction yizlds. spectra were accumulated using only
the annular detector: haltdife information was not
obtained. The halfdife of "**W (£, = 5.146 MeV),
however. was determined in the 137.1-MeV multiscaling
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Fig. 1.52. Spectrum accumulated with a planar detector during 3 10-hr helf-life nicasurzment made in 3 multiscale mode witk ten
separate spectra each 2 sec in duration. The inuident encrgy of the '*Odons vas 1375 eV, In addition to well-establizhed rarc-carth
nuclides and P *4W (reported in ref. 4), two new alpha goups are scen at 4.909 and 4,739 McV. These arc assigned (as labeled) to

TeSW and ' EOW respectively,
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measurcments (sce Fig. 1.52). Figure 1.54 shows
specira measured at 1836, 179.3. and 158.9 MeV. The
5.146-McV group s seen to decreuse in mlensity with
increasing  bombarding energy. whercas the '*3W
5.384-MeV group is most intense at 179.3 MeV. A weak
but distmct group is seen at the highest energy . 1886
McV: its energy was found to be 5528 MeV._ in
agreement with the value of 553 MeV reported for
'¢2W* This variation with bombarding encrgy for the
three alpha groups is consistent with the mass assign-
ments proposed for them by Eastham and Grant *

Table 1.4 summarizes available decay information for
tunpsien alpha emitters. A slight discrepancy was found
between our results and those of ref. 4 for both the
halflife and decay energy of ' ¢4 W.

In Fig. 1.33 we have ploited experimentally de-
termined t1otal alpha-decay energies (Q,) for hafnium,
wmpsien. osmium. indium. and plainum isotopes.
Included in the figuse are @, valucs predicted by
Zeldes. Grill. and Simievic® and by Mevers and
Swiatecki’** for the same isotopes and for neighboring
tantalum nuclides. These 1w mass formula predictions
werc selecied because they have been found to be in
200d agreement with experimental values for osmium
nuclides ¢sce Fig. 1.53). Two points should be noted.

CavL a3 7Y 42644

65
® EXPERMENTAL
—ZE. DES o
---NMIYERS ANKD SWATECK:
60
. 55
>
-
X
S
%0
45
40 F .
156 16C %64 168 72 176 18C

MASS NUMBER

Fig. 1.53. Experimental and predicied G, values (or hefniwm,
tungsien, osmium, iridium, snd pistinum aiphs emitters, Prc-
dicted values for neighboring tantalum ssotopes are zlso
included. Note that the energics determined in this study for
VeSW and '*®W fit in well with the general alpha-decay
systemalics in this mass region.
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First_ the energies determined in this work for '*5W
and "**W fit well not only as an extension of the data
of Eastham and Grant®* but also into the general
dphadecay systematics in this mass region. Second.
dthough the two sets of predicted @, values agree with
experimental osmwum decay energics, they tend (o
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Fig. 1.54. Spexora aeasured when %Dy was bowberded
with 188.6-.179.3, and 158.9\%eV ! 0 ipms. The alpha roups
assgned in rei. 4 1o "*°W and '5*W are chearly observed. In
addition, a weak but distiwt alpha group is ween at 5.528 MeV.
this energy agrees with the value of $.53 MeV reported m ref. 4
for VOIW (T 2 < 0.25 wx).

Table 1.4, Decay information for ' *37' %6y

. ] &
Tya* £’ Ty2 Eq
kotope L) MeV) (sec) (MeV)
161y 5528 +0.010 <0.25 853001
163y 5384 0010 25:03 $5.385 ¢+ 0.008

oy $5.05 51460008 63+05 $.153+0005
165w 51+05 4909 +0.005
P8 j6+3 47390005

“From presemt work.
From ref. 4.
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overestimate hafnivm and tungsten encrpics and under-
estimate iridium and platinum energies.

- UNISOR. Qak Ridge. Tenn.
. University of Teanesee. Knoxville.
. Vieginia Polysechaic lnstitute and State University. Blacks-
burg. Va

4. D. A Eastiam 2ad (. S. Grast. Nl Phys. AMS. 119
(1973) .

S. W.-D. Schmide-Ont and K. S. Toth, Nocl fustrmme. Methods
120.97 (1974).

6. N. Zeldes, A. Grill. 2nd A. Simicvic. K. Dom. Videwsk.
Sebsk . Met.- Frs. Medd. R5) (1967,

7. W. D Meyers and W. ). Swute ki, Nl Plys 81 1
(1966).

8 W. D. Meyers and W. J. Swiatexki. Lawrewce Derkeley
Laboratory report UCRL-{ 980, Berkeley. Calil.

ot by o=

NEW INFORMATION CONCERNING
THE DECAY OF '*"" T

K.S. Toth C. R. Bingham'
E. Newman A E. Rainis®

In a study’ of terbium nuclides. we repurted on the
*I:I)' of the 1.9min :‘1Tuh| 12 ) M!m isomer (o
levels in '*7Gd. A tentative kevel at [778.9 keV was
proposed because (1) a 1778.%keV gamma ray had 3
haifdile of ~2 min and (2) an exuemely weak
381.2keV gamma ray appeared to have a similar
hali-life and its energy was such tial it fil as 2 transition
between the teniative 1778.9-keV level and ome at
1397.7 keV. Revently. we have been investigating
dysprosium isotopes with 4 < 149, produced in '1C
and '*N bombardments of '*?Nd and '*' Pr respec-
tively. As before, 2 capillary transpurt sysiem is used to
extract recoil products from a helium gasjet reaction
chamber to 2 shiclded area where gamama-ray counting
can be made. Data accumulated in these experiments
show that the § 778.9-ke V transition docs not delong o
the decay of 1.9min '*7Tb and. therefore. the
tentative level of the same cnesgy ducs not exist in
l"Gd.

The conclusion is inescapable because the intensity of
the 1778.9- keV gamma 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 1o
experiment. depending on the bombarding energy. the
projectile used, the amount of target material, clc.
Coincidence data also show that the 1778.9-keV transi-
tion is not in coincidence with annihilation radiation
and rare-carth K x rays. The gamma ray is thus
asscciated with ncither a highly neutron-deficient iso-
tope nor 2 rare-carth nuclide.

ORo.- 006 73 - TOIR2

% 1797.0 14.2 4.4
% 13977 849 a4
3y’ p————-— 9376 09 59
6 o
il “ice Eim¥) R FEED logh

Fig 1.55. Revised "*T™10 decay schwwme. New information
has shown that 2 entative bevel at 17789 ke V does m exist
147G, In addition. 2 recemt m-bram study (ref. $) has shown
skt the %~ awsignment (frvm ref. 4) for the 997.6-keV Jevel s
mcorrect. Insicad, the assgmment Tor the bevel is "% % this
agrees with the bog f1 vale of 39 oblawd in owr deay
BRIVTCICRIY,

From a recent survey of known nuclides. it appears
that a candidate which fits both the transition’s energy
and haiflife is **Al. The source of the ** Al could be
its production from the aluminum gs-jet rexction
chamber by neutron capture on 27 Al and/or heavy-ion-
induced single-neutron transfer on 3’ Al

In the original investigation, three firm levels in
147Gd were observed to be populated in the decay of
the **7Tbthy,3) somer. Two of these levels. 1397.7
and 1797.8 keV. were found 1o be fed sirongly (log f7
values $4.4). prompting ¥, ~ assignments for both
states. The third kevel. at 997.6 keV. was populated
weakly {log f1 value ~5.9) cven though an in-heam
gmmaray investigation® had assigned a %" spin to
that state as well. This pasticulas dilenuna has now been
tesolved. A recent in-beam study® has shown that the
spin of the 997.6-keV tevel is 'Y’ The revised
147MTh decay scheme is shown in Fig. 155,

I. Univeruly of Tennessee, Knoxvilke,

2. US. Army Ballistics Research t.aboratory, Aberdeen Proy.
ng Ground, Md.

3. k. Newmanctal.. Phvs Res. (9, 674 (1974),

4. J Kownackict al., Nucl Phvs. AL, 498 11972).

S. P. Kieinheinz ct al., Phys. [.etr. $38, 442 (1975).
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ROTATIONAL BANDS IN THALLIUM NUCLED

Y (ML o)
L L Riedmger' N R Jobasum’ A C.Kahber*
P. Hubert® E. Eichier® G. J. Smith’

R.L Robinson P H Sichon

The cvencven mencuny mucki arc known (o be quite
regular n the spocinps of the ground-siate quasi-rola-
tonal band fur 4 = 190 and higher. However. fir A =
138 and lighwer. the menun nuclei exhibit low-ly mg
prolate minmwa. cvidenwed partinlly by sudden changes
m the spuimgs in the gound-siate guasi bands. To
mvestigate the behavior of the mercuny cores i the
prescace of high/ protons. we have begun investigations
ol bonds built un e Ay;; and i), states
182-191-0937). The reactions used (o study the prompt
mbaam pmma nys were 'YL Nedw)' "' T
CONeom)'**TI. aad  ''TAOM)'’TE The
191 punlei were previously studicd by Newton.
Siephens. and Diamond.*

Gamma-ray  excitation  function and  coincrdence
measurements have been performed on each isotope.
but angulas disribution measurements 1o aid in spin
assignments have not been completed. Consequently.
the levels assigned are stidl tentative. The system-tic
behavior of the Ay;: band s shown in Fig 1.50. The
kevels for 4 = 193 199 were dediuced by Newton.
Sicphens. and Dianwnd.* whereas the states for 189
and the upper five levels in 191 come from our
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Fig. 1.56. Systematic behavir of hoj2 band in the light T1
muchei. Resulis on f = 159 and 19) arc Trom the present work
othet cawes ate from el 6,

measurements. The spocmgs m the band are amazmgh
comsiaat for the hght TI suckr. mdicatmg that the
mescury core is rather wnchagne The sequentia spins
of bevels lead une 1o conclude that the band is a hagh-22
stmngh coupled structure built on an oblate shape.
discussed previowsly * The cven-cven mercun nudes (4
& 190) are known 10 have quasitotaional bands that
e quite regularly spaced wp 1o/ = 10. However. m
" tig the yiast bamd switches over to 3 prolate
structure 2t / = 6.7 This strange behasior uf the core
should be reflecred i irregular spacings Turther up in
the Ay, : bamd of '* T conirary 1o the quite regular
1V case. We intend (o exiend our measurenents on
13771 10 test this possibility .

In cach of the T nucler studeed here. 3 band budi on
the iy 3 ;2 proton siawe s observed. This kevel is coniing
down in cocrgy lor the lighter Tl nuckei. the ransition
from the "% ° state w the '~ of the Ay, band is
4%0. 613. and 736 keV in the 4 = 139, 19]_and 193
casey respectively . Work 1s contmuing on the structure
ol thewe bands.

1
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Phvs A2, 215 11974,

7. 3. 0. Hamidton ct ol Mivs. Rev. Lot 38,3062 ¢1975).

bl BT LR

BANDS IN' ~*Yb FROM
LUTETIUM DECAY

". R. Hunter! D. L. Hillis*
L L Ricdinger® €. R. Bingham®
K.S. loth

As do g number of ditfferent peutron-deficient rare-
carth nuclei. the ground-state rotational band of '**Yb
backbends ai 7 = 14, OF interest in these cawes is the
belavior of amy observed excited (side) bands as they
cross the ground band or higher-lying decaupled bands.
Some (H.b.xny) data were taken at ORIC on '*4Yh,
resulting i the assignisent of the yrast cascade up o /
2 2000 22° A side band was partially observed but was
ditficalt 1o assign and interprel becatise most of 1ts
intensity went to the ground band around 1 = |0,
Becitse nothing was known about the vibrational band
heads in ""*Yh, we performed measurements on e
AL decay 1o dearn about the low-spin members of
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excited bamds and thus w0 complement data on the
high-spm members from (H.1 oy ) expenmwents.

The '""‘Llu xmay was produwced v thwe
VUG N eachion at ™Y MeV. Revaeds tfrom te
then target were stopped m 2 helwm atmosphere and
transpurted 10 a Juw-kevel counting area with 3 gt
sstem. Sources of ' Lo (317 mm) were collected
ad counted i pavamaran seges and comcdence
experiments. The kvel schene resulting from owr work
s shown m Frg. 1.37. All wamsitions have been placed
with the aid of the comcalemee nwasurements. Pre-
viously . vnly e fow-energy 27, 4°. ad 67 levels were
known. Must of the kvels populated have low spns:
theretore. the lutetium parent s thought to be Jow-
spin. We did. homever. observe some population of the
6" state. possibly indicating the existence of a high-spin
isomer i lutetiom. Because these gamma rays from the
high-spin states are quite weak. we were unabl: (o
measure  halidives ditferent from the other peaks.
Futwre work with the UNISOR facility is needes to
produce cleaner souices so that this question can be
answersd,

The most strongy populated levels in '** Yb are
those at 304 and 1004 keV, which we call the 2° and 3°
members of the ganma-vibrational band. The acquisi-
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Fig. 1.57. Level scheme of '**Yb gopulated Ly lutetium
Jecay. framma-ray intensitics are given in parentheses.

e o comversion-clection data was not pussible with
the helum gas-jet svstem ab the Time of these measure
memts. o we have no conmversm cueflionts o and
spn assgnments. However. the heavier yiterbism aucle
are well studied and the trends are quite smouth, Bascd
on the systematics and on the branching rativs frum the
states. we cootadently assign the first ywo members of
the gamma band. There are candidates for the 4° and
3° members alsv. but the anguments e nol 3 strong.
A 27 level at 1074 keV appears 1w be K =0 and may
thus be part of a2 beta-vibrational band. There are also
candidates for the 0° and 4° members of this boad.
Figure 1.58 shows the sysemats of the ganwna
bands in %4144 0V The A = 166 results are from
de Buer et al.* thuse for A = 1638 are from Charvet et
al.* The decrease in the band-head energy for the light
muclei. along with an mcrease in the spacings between
the levels. indicate 2 nucleus with decreasing deforma-
ton and geater soitness to shape vibrations. In
addition, the deviation of the members from regular
spacings (/ = 2 and 4 are pushed down relative to 3 and
5) increases for '**Yb, mdicating greater interactions
beiween the gamma band and higher bands, ¢specially
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Fig. 1.58. Comparisra of gamme-vibrational bends in e
light ytterbiwm nuciei.




oncs with A = 0 that havr anly even- axembers. Miung
parameters extinicd tfrom the brancheg rats show
that the odd-spin members have wave Tunctams that are
mwe carh pure gamema vibratnn thon du the cven-
wpin members. The irends establshed o these bands
shuuld enable us to betier interpret sake bands seen
the (H.L_ory) measarements.

. Werrk periormed towand VS deyree at the Uneveraty of
Teancusee. Kmaxville.

2. Unweraty of Tenncwee. hnoxville

3. L L. Rucdingxr ct . PRvs. Dvs. Annm Prog Rep. Dev. 31
1573 ORNL493741974). 0. 3.

4. F.W.N_dc Buer et al Vel Py A22S. 517 01974).

5. A Cmancierad. Vaud Pars. A197. 4% (197 2.

LIFETIMES OF STATESIN A
DECOUPLED BAND IN '** Y

E. Ehier  N. R Johmon
P.Hubert' L. L. Riedinger

In recent years. there has been an intense interest in
the so-called backbending phenomenon in which a2
rotational band shows a2 rather abwupt change in
moment of inertia at high spin (about / = 14 for an
even-cven nucleus). The magw emphasis has been in the
development of detailed fevel schemes for these nudei.
Although the spectroscopic dal. amassed thus fzr faver
the “rotation-alignment”™ explanation of this pheneme-
non. a mure compleie verification is necded.

To prowide this more rigorous test of the modcls. we
have measured the lifetimes of several members of the
band’ in '**Yb using the Dopples-shift recoii-distance
mcthod. With the reaction '*°Tet*"Ar.3n), using a
162-McV *%Ar beam. we produced '** Y recoils with
velocities of 187 ¢,

The lifctimes and BYEY) values ebtained from an
analysis of the singes data are displaved in Table 1.5. In
columns 4, 5, and 6 we show the calculated BIE2)
values for the weak-coupling, rotation-alignment. and
strong-coupling schemes respretively. Note that there is

61

a rather detimte rubing out of the weak-vouplng
approach. The stromgcuuplng scleme appears to be
ruled out om the basis of the *% " = % " ramiton
ME2) value, 23 well 25 by the fact that we do mat
vbserve M = | uwamsitions which are expected 0
compete with A = 2 garma nys if strong coupling b
present. Theretore. the rotation-alignment picture ap-
peary to be the correct descripton for this nuckeus.

1. Gemtre AFindes Naxdawes de BurdcaanGiadigaan. Uni-
verwté de Bavdeaus. §rame.

2. Py Department. Unmveraty of Tommcasce, Kmnovvilie

3 L.L.Rcdwper et o _Phvs Res Lerr 33, 134611974

MEASUREMENTS OF LIFETIME AND MULTIPLE
COULOMB EXCITATION IN '* Dy

P.P.Huberi' N. R Johnsm L. Exhl

Previous measurements® on the Coulomb exctatem
of "* Dy with **Ne and **(1 ioms have shown what
appearcd to be pussible desistions from the rotational
muded for the 6° and X° states. In an eflist 1o Janfy
this point. we devided i make a2 direct measurement of
the £2 mauix clements from these rotational states.
Fur this. the half-lives of the 4°. 6" and 3" members of
the ground-state rotatwnal band of ' **Dy have been
determined by the  Duppler-shift  recoil-distance
method. These levels were populzted by muluple
Coulomb excitation produced by 2 146.6-Mc\ *"A””
beam at ORIC. The target was a ).5-mg.cm® foil
enviched 10 962677 in ' *3Dy.

The basic principle of the measurement is 1o record
gamma rays emitted from the recoil nucleus in coimr
dence with the bachscattered heavy ions for different
scparations between tne target and the plung~r. Gamma
rays emitied when the recoil nuckeus is in flight give 3
shifted component. whereas those emitied when the
recoil mucleus s stopped in the plunger give an
unshifted component. The ratio [R = u/lu + s} of
unshifted gamma-ray peak infensities to the sum of the
unshifted and shifted gamma-ray peak intensities is 2

Tale 1.5, Lifetimes of stares i '* Vb

BtE2) values
Tranution Ty 2 tpeec) . Weak Rotation Strong
Faperimental
couphing algnment voupling
[ AL A a7+ 8 1.40 £ 0.13 0.83 1.38 1.48
AN 108+ 1.1 1462 0.14 1.17 1.29 1.83
L ANRA 401 1.87

09402}

1.20 106

R B TLSRL T SRR SR

e

o ——


http://Nprnmrnl.il

TFEEIATT e T ET e

L

functiva of the halidite of dee bkevel The method
apparatus. and data amalysis e described in detal
chewhere.”™ Figare 139 shows the resules for the 47,
6°. and ¥” states of '* Dy Table 1.6 gves 2 sewmary
of the half-lives and the computed cxpevimmental ME )
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Table 1.6. Sommary of heWdifc and BV} 2) dosa for ' * Dy

Tiptpex)  Expermwmid MED W W5 BMEDNBE ),
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vdwes and compares these reslts with the puee
rotativnal valees.

During the ame cpetiment. we were able W Jeicr-
mme e cclative Conlumb excitation prulubdizics fur
sates wp o the 127 member of the ground-stan
rotatonal band. The probobility rates RRJ * 21).
where / 8 the macicar spim. compased o the theoretical
valwes calkkuiated with the Winther Jde Buer cone wsimg
rotatinagl £2 and £3 mauix clements are gven m Table
1.7. wgether with the resslts of Sayer et al..* obtamed
with 1*Ne and *?Cl beams. A3 s shuwn, the agreewent
berwoen these two cxperanents is povs. except for the
o R 12°710°) where the gresent resull, vbtamed
wiih mmch better accwracy. is cdosey o the thevectical
valwe.

We conclude from thest meswements that within
aperimentl waceriamines. both Whe results on the
lifctimes and those on Coulomd excitation probabiline
are consisient with the sigd-rutor predictions and show
that the nucheus ' * Dy is 3 poud rotor wp 1w 12°

I. NATO Feliwn: wa kave of sbswce (e Contre 3T tudes
Nodkiawes dc Dondcaun Utaduymon. Usectitd dc Bwedeamy.
Frame.

2 RO.Swerctal Mhvs Rex 9, 110301974,

3. M. W, Gawlry. thes, Lniversty of Tenncswe, Kaoasille.

108 - o0l i

1.50 - o.m 1o - one
1537 0.9 0nes -noe
164001 098 < N7

“Averaped mean of un meauscERls om formaten on 2Dy o e

publihed i Vinlcar Data Sheers).
..'\'mmalwd © uAdy .

Tabie 1.7. Conlomb v -itatinn probebility ratin

Incident  Focepy

won (1.3 1 JR
Rivd)
08P 728 Lm0
e 1276 0% - 0m
‘"A

4 146.6 nog - 044

R D ey

Rl + 2D experimentat ¥

Ri%/&) Reln%) Ril2 1thy

axn - no?
a7 - 003 107 - i) 1.7% - &7
n93-nl7 1.22 - 009 ).rw e n2n

PRSP

“Theoretical values were calvalated with the Winther de Moer conde Y
rotatmnal E2 and Ed matns clements BF2:0° 2% 151 2% 2 b2 amd EA 0
~ 4% 200732 0 are the e as reporicd wosel.

hlkll taken from ref. 2.
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MBGR-STIN STATES IN "*Se
ML ke’ G R Hogrwonw’
P.0 Tjwm' B. Herskine’

I Espe’ M. Newaan’
H Oescheder®

Gomea-12y  tamsitivns from the bumbordwernt of
LN by "0 up 1o 81 MeV. were swdied i 2 varicly
of cxpeniments. Fows transitions i comcidence with
fou peeviowdy known tramsitions i ' Sc were dny
vowered. lnformation on energics. angslar distnbutnms.
G shese wamsitions. Excitation fenciows fov this and
several other channcls werne mcaswred. Statistwal cakon-
Bthms are m satisfactory agreement with expermment.’

1. Exchangr soutwr 2t Norh Bwlr bustntuse. Unwcraty of
Copenbagen. vtk . 1974 1975

2. Unwcraly of (e Negway

3. Nachs Bl Instnimic. L:nmcrats of Copendiaxs. vnmork.

4. On kooc from e ManPlombdesiunt “w Kernphywh .
Henbelerg. Ccrmany .

5. boll remurt tw 2ppeat m Vocioey PRy, 1976,

LIGHT-HON REACTIONS

INELASTIC PROTON EXCITATION OF
GIANT RESONANCES
IN /- SHELL NUCLEI

F.E Bamand F F. Guns
D.C. Kewhet . Newman

The exisience of a gant quadrupole resonance 1GQR)
i well cstablished in nuckei with A < 30. However, i
sd-shelt mucker there Bave heer conflicting reports of
quadrapole sirength in the giant-ieswmamce region. Basly
proion inclastic satlering sesults™ " on *7Al were
comsistent with SO depletaon of the isoscatar B2
EWSE. strength i a hroad siructire (210 McV wide)
venter:d af an excitation encrgy of =20 McV. However.
(o.a’ ) mcasirements®* on several sd-shell niclei did not
show 2 peaking of F2 stiength. and alpha-caprore
resilis reporied 2300 of the £ 2 FWSR strength spread
uniformby over a larpe energy region” Inan effort 1o
sewive this appa nt discrepancy. inclastic scaltering
micasurements were nrade on Mg, Mg, 27AL and

%% wimp 60XV protums from ORIC. The scat-
sered partcies were detecied on meciear cmulssue plates
plaved s the Tocs plane of the xvad-iame: magetn
spectiogragh. The cncrp rewlutive was 100 keV
(FWIR)

Fagure 1.60 shows the melasin specinn m the acita
tum encsgy range ol 10 w 32 MeV fur the four larpeh
shdocd. Althusgh Barrow rESURIRCT ST TNIC 1S Promi-
weath scem weas 19 w0 20 MeV m ol the spectra. onbh
for the STAL and w2 kesoer exiemt. S'Si b a b
brvad resmance peak observed. The prosemt Al dats”
¢ m pod apeement with those revnush pub-
lished *

A comparisan 1 made m Fips. 1.61 a5d 1.62 between
spesita from thee (9 ) and (a.8) reactums on * 7 Al and
31885 For bush maler. mo stincimee is observed m the
16 W 24-MeV regon m i (0.0) reainm. althouzh
sincture s prcsent m the proton specira. The alpha
patncle havmg 7cre rarspan Jucs Bot eits the mwec-
wn (T = 1) gamt dipuie resonance (GDR) w0 any
vhscrvable exien:. Homever. the (p.p) rcaction b
hecn shwvmn 1o cxcite the GDR." Thas the absemce of
revoname situ ure n the 2ipha Jdata sugpesis that the
(pp) strociurc may arise predominantlhy from oxaita
o of the GDR.

The croms scctnms for ibe resonamce stricture ob-
served in the (p.p’) teation on F4Mg. 2TAL and TS
ncar 20 MeV are dwwn m Fig. 1.63. The cross sections
were oblained by subtrxting an 3ssumed  sawrth
contimusm from the resomance regon. The cakeulated
£l cross sectms are based on two different GDR
medels described by Saichler.’ the Goldhaber-Toller
1GT) and Jensen-Sicinwedel €JS) maodels. Normalization
of the FY calculation b based on tw percent of the £l
wm-ruk  strength awasured by 1ol photonuckear
reactwons” ' within the excitation encrgy limils shown
m Fig. 1L.63 For cxh of the nucle studicd, the F!
crons section peedicted by the JS model is adeguale to
acvount for e neasured cross section. Use of the GT
model requires no more than 3077 depletion of the F2
FWSR strength in the resomanue region 1o provide good
agreenent with the measurewents. This resnlt is in good
agreement with £2 EWSR hmits set by the (a.a) and
alpha-capture mcasuremenis.

Recently. several sd-shell nuckei Bave been studied
nsing 150-MeV alpha inclastic scattering.'' W sd-shell
nuclet, the cross section fuy £2 excitatum by 150-MeV
alphas is 3 10 5 times greater than at 96 McV. Thus.
smalicr GOR sirength could be more readily observed at
the igher energy. The 1 S0-McV alpha data show =307
EXL T = 0. EWSR depletion in a resonance peak fo
2281 This vatue is in excellent agreement with the
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rp) & o the GT mudcl rather thon the JS maoddd =
weed foxx the £ cxctation.

In comclusam. we find guod agreement Between the
stveral meaawewents of GOR sirength = af-shell
suckr. The arwwnt of GOR strength obswerved m these
mader, $307 FWSR. b considerabis bews than the X0 1o
W vberecd m heavy scier. This difference my be
putilhy cxplvimed by the kupes depletion of £
stocngth in the bound states for ad-shell macier’ than for
weavier macter.” 4 2ddition, the GOR strewgth s these
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snck on be frapaemiod and specad veer 2 wery bargye
vy cpoa. B e e Jur e GDR'® Sech
liapmeniation of the GOR strengsh would moke ulbser-
sanua ol e scwmance dee e mdariymg con
omsens Sifauls.
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vopy fmseevdan. Srpe % 1978 vel 1. 0 P Db ol
Al L. Duepermk_ Fédu. Scheln '« Fce. SAanicodam. 1974
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EXCITATION OF GIANT RESONANCES IN
1P AND T An VIA
PROTON INELASTIC SCATTERING'

F.E.Beriand D C Kowher

The gant rewnance reghms m ** Ph and '~ A hawe
been investigated by inclastic salering of 6F-MeV
protons with an encry resclution of about 100 keV.
Cimss sections for the GOR at £y = 6347 McV
exhaust abvut ‘N> of the EWSR strength 1w an
isoscalar 22 exaitation i buth oncler. The angulas
distrihaetion for the GOR plus the GDR in ***Pb
compared with both mavroscupi and  microwopc
DWBA calculations. A propounced fine-siruciure reso
nance is observed in C® Ph at £, * 564 7'/ MeV (94
McV). The angular distribution for this resonance is
well described by DWBA calculations Tor an £2 w0 £3
excitation. but wot for an £0 excitation. The spectra for
10%ph ard ' *7 Au show littke evidence for 3 resmance
atE, = 53477 MeV. nterprcied o an KO excilation
in recemt clerhion inclastic scattering studics. The
spectra in e pound-siate regon Tor ' 7 Au show a
proncunced structure centered ot £y = 3 McV, Jor
which the angular distiibution is best described by
DWBA calcutations Tor £3 or £4 excitations,

1. Absiract of puper 10 be sabmstted o the Phyucal Review

STUDY OF THE STRUCTURE OF TRE
EVEN-EVEN SOTOIES OF GERMANIUN
WITH THE (. 1) REACTION

ACRess' W Ashice 3080

tn 2 stndy” of the sysiomatas of twe-plunve cnctyy
bevels. 8 was lousd ot the coem-zwen mnda wth
avumalendy low-lymg (st 0° cxcsed sancs cuunld be
fuecd st 3 wepels poture howmg 3 strvng cornls-
wun berwoen the leweving of the ascrgees of these 077
cnergy levels 2md the dusme of p, ;. wcattun 2wl
probom ssbiclls. Az cxplaoins” of this pheawmcnve
bused on the coupling of phuss 20d pawng vibratenal
ey was propestd. Other prougs (cgp_ ref. 3) hawe
sogpesicd Wt e bebownw of thear wowssal cwevgy
bewels may he cxphmed with 3 swcicas cwecamieme
maded m which sech a0 mondon 07 3w wusld be
the deformed head of 3 rotatonat bomd “cucrsting™ W
the oo sachews with vibratemal stractere based va
the mpposcrdly pheraal 07 puend state. As & des
cumed m ref. 2 (1) rentmms om the cvencwen ¥ = 40
wachel can provide 2 pood sest of the two theraes.

Measwrcments of the reatiom *Gelpra) *Ge amd
SGapa) (e 3t 33McV proum omerp with i
brood-rangs pectingraph 2t ORIC have mow beem
complicicd. and the expoicd photagaphin plates are
hewmg wanncd. Prelminars resulls from the 10° plases
wmdivate thal the 07 state m "G i excited mach
muwe micawch than the 07 staie v * *Ge. rclatme to
thesr grownd states. 35 1 cxpectied T the powmg-
phonon vibwainmal explanaton. Detaised calculatnms
ol the structure of the even rastopes of pormamium with
an wnproved pawmy-plus-quadiupele mwded of Kumar
are st compleied. Wave Tunciams for the reactoon
analy s have heen pencrated 2 well.

1. Fwwwy Uneeruty . Atlinta, (oa

1 ) Wadcrmamn and A C. Rever, Nacd PRv. AN, 120
1i974)

300 Homsency ol PRy Rev Letr 32, 23991974

INELASTIC SCATTERING OF 30-McV
POLARIZED PROTONS FROM
.2 Zr AND 2 Mo

M. Bediidiam® .Y Grossiond?
C.B Foloer' M, Guaakow?
M Massaad’ ) R, Pusi?

Previnns studies® of inclastic scatiering of polarized
protons from the fow-lying 27 states i """ 7 and
TIMao at 20 MeV have shown paor agreement between
the conpled-chamnels (CCp or DWBA  collec iive-model

R. dc Swinsarski'
G. Bapew'

Yoo w




hubtpen 35d th mah/mg powen. sl JTon
wctm Ty thewe sates were pracvaih weill scpradeecd
e Jshoobums. Moscwmer., diffcewrnnes = the
gy rmg powers e the 27 siates m thew macha lave
beem wbacreed anmh o birer zmghes. e "2
* 3 daea were somnbar . but dtcrent trom e s /-
g power of *2Z1 Ganed agcement wan wboscd.
bwmcvcr. Ietucen the anah g e tinen the
20N cxperamcni) of dhe Tied 17 ok m "7 and
the (T colicctve-munded ahoulatnen’ wicre the e 3
* 315 i cmmrae gy B We ypunexint defermatina and
th cmurat 1S e defvrmatanm of e contral mrtentol) =
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deformaticn paramtsers comstal iy 5 * J enernd IS
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ot @k covd drfvmmtion s eneepy  dependowt
becamse valwes of thes factew 23 bape a3 3.0 20¢ mocded
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EXCITATION OF NEUTRON-HOLE
STATES IN THE °*Po(p.p’)
REACTION AT 61 MeV

Alan Scott' (. T. Chupe?
F.T. Baker! M. Owais®
M. 1. Whiten*

The purpuse of our experiment on the excitation of
ncutron-hole states i the 2°*Pbip.p’) reaction at 6}
MeV was to compare the cross sectiors for excitation of

revarsive-hols sates m P winh e amply
conmcud’ W dhe sagc-acetron-ob: statcs exaied m
awx sroemt exprrament un “7 0B with 61-MeV protuns.
Comparsm ot e “*°Pb rewins wrk thex Ivs
vwetcurp protuns shwaed the carccuspong pasame-
ox Ay o e brges bor 203V protums thom fos Shaer 28
ol MeVW by 36 135~ and 200 fax trambers ul L =
2L=8. md L =) scspocameh *

Track cosnnag of the sacics plases & m pragoes.'
Excoatnns of mawral pann staics anulving tamsiers
L2 L8 mdl 27 e deamty meswnable. m
2ddstoow 1o sy oty staes.

1. LVeverwty of Gevopsa, Ashews.
2. Gealngec wodent. V-awcrasy of Gooagpa Athuws
3. Pamc Calloge. Angwsta_Cas.
4. Acspsveng Stair Callcge. $ o, Gou
S W A Lwberd d U N Caniey Mns Rer (9. 080
Yo
6. Alba Soott. ¥ Ozans. sad . . Lone, vubamtited

23ie AND ALPMA-PARTICLE SCATTERING
m .‘7~w:!.}v.l.s

R de Swmiasski' D H. Koane'
C. B Fulaxr® G. Marwdopoukon'

Previously measaved sl distributons of clastic
sattermg of *He and alpha particies 1rom neighbormg
even and odd mucki show sgmificant Gifferenves *-*
For cxample. a1 angles beyond ~50°. the distributions
for $2Co ¢/ = %;) have auninn that e appreciably bess
deep. These differences have been accounted for by 2
quadrupole contibution’-* 0 the elastic scatiering
from the / # 0 nuchens. For an 1 = Y, nucleus. the
yuadiupole coamibution 15 2ero; heme data f(rom
neighborng 1argets that inchude an 7 = % nucleus are
favorable cases for further study of 1asget spin effects
1o determine whether there are effects that cannot be
aconnted for by 3 quadrupole contribution.

we explored *He and alpha-parixle scaltering fus
evidence of target spin effects in a different mass region
with a goup of targets that includes an / = % nucleus.
With 45-McV *He and 41-McV alpha-particle beams from
the Grenoble cycintron, angular scattering distributions
were measused for *7AL(f = %), 2*Si(/ = 0), 2*Sit/ =
3. and °Si (7 = 0. The siticon targets were in oxide
fonnn (>95% carichment in the princmal isolope)
evaprated onto plastic backing.” The oxvgen and
carbon impurities limited inclastic wattering measure-
ments to angles beyond ~45°.

The measured *He elastic wattering data are pre-
sented in Fig. 1.65. At angles forward of ~53° the four

G. Bagiew'
A ) Cole'
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SELECTIVE ENHANCEMENT OF A PROBABLE
PARTICLE-HOLE STATE
N'0i’Wesn)'*F

C.D.Gondman D.C.Kocher
F. E. Bertrand R. L. Auble

We reported 10 last vear's progress report’ 1hat the
*He.ry reaction at 70 MeV on several ¥ = Z 1argets did
not show any sclective excitation of the GDR. How.
ever. in "0 P 1 *F the specttum 1s dominated by 3
very larpe peak, as shown in Fig. 1.67. that commesprnds
10 the analog in ' * F of about 19.2 MeV of excitation in
'*0. The angular distribution for the peak is shown in
Fig. 1.68. Figure .69 shows where this peak fits on an
isobar diagram.

We belicve that the peak corresponds 1o a large peak
nbserved . backange  clectron  scattering.?
" Ole.c)'* 0. at an excitation of 18.7 MeVin "*O(the
energy discrepancy is probably within experimental
error).

The angular dis'ribution is similar to that for a2 2~
state observed in ' *C(*He.r)' IN. Therefore. we suspect
that we are secing a concentration of L = 1 particle-hole
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strength. Because we do not expect a panticic-hole stafe,
as such. to he an cigentunction of the nucicar Hamil-
tonian and hecause there are five 2 7 staies that belong
1o the (p) ' (sd) conTiguration, it wrems surprising that
the strength is concentrated. We plan to investigate this
reaction with better resvlution. at more forward anges,
and at another energy 1o heip us v make a more
definite interpretation.

1 C D.Goodman ot ot Prys. Div Annc. Peog. Repr Do, $1.
1974 ORNL-$225¢1975).p 65
T L Swketal, Py Rev. Letr 23,0117 11969)

NUCLEAR CHEMISTRY

MEASUREMENT OF THE ELECTRON-CAFTURE
BRANCH OF THE DECAY OF ***Ne'

R.). Siva® C.E.Bemis. )i}
P.F.Dittner’  D. C. Hensley

The granddaughter nuclide. 223-sec *** No. prodwred
by the devay of the daughter nuclide *** 104, has been
used in the identification of 2** 106 by its discoverers.”
However. quantitative analysis reguired the pustulation
in ***No of a substantial decay branch (~50'%) via
electron captrwre (EC). a mode of decay not observed in
the wdentification experiments. We have produced
*INo in the *"CR'IC: a1 reaction using the
1204 beam at an encrgy of 36 MeV. acceienated at
ORIC. After traversing 2 I-mil beryllium vacuum
isolation window and a 0.5-mil teryllium target back-
ing. the '3C* encrgy (~73 MeV) matched the maxi-
mum in the excitation function Tor this reaction. The
recoiling reaction products were collected on aluminum
catcher disks in a helium gasjet apparatus. The catcher
disks were periodically 1~10 min) transfersed 10 the
laboratoty via a pneumatic tube.

To determine the EC branch of ***No. the alpha
docay of the parent. its EC duughter (27-min ***Md),
and the EC daughter of ***Md (20.1-hr ** Fm) were
ohserved. Because these activities and others having
similar alpha-particke energies can also be produced
directly in the bombardmer: of **”Cf by '*( jons. it
was necessary to do radiochemical separation:. Initially.
the nobelium was chemically separated from the triva-
lent actinides produced i the irvadiation by solvent-
extraction chromatography. The extraction column
separations  were carricd out with his{ 2-ethylhexyl)
phosphoric acid (HDEHP) adsorbed on Bio-Glass 500
(particle size. 200 10 325 mcsh). The beads were leaded
with 400 mg of HDEHP per gram of support. The
column was heated 10 70°C and run under pressure o
attain an clution rate of ~S sec per drop. ‘The activity
was loaded in ~5 drops of (.1 .V HO and cluted with
0.0 .V HCL Under these conditions. monovalent and
divalent ions are only  weakly adorbed and pas
through the coluimn in 4 few column volumes. whercas
trivalent and tetravalent ions are adserbed strongiy .

In the cuse of nobelium, the activity was removed
from the catcher disk with 0.1 .V 1K1 and loaded on the
codumn. The first ten aution drops w.re collected on 3
Foatinum disk. quickly dried. and placed in one of four
counters. The total clapsed time for the separation was
ahout 3 min. Four Sk Au) alpha detectors allowed us 1o
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Fig. 1.69. teober dingram of levels for 4 = 16, showing the location of the large pesk of Fig. 1.67.

measure the alpha energy spectra from each sample at 3
geometry of ~IN7.

Thirty-two 10-min bon bardments were made. The
first 28 samples were counted for 40 mén cach Junng
this perind. all of the ' "No and ~hout 64% of the
TS°Md decay were detected. The last four samples
were counted for about <R hr. These Jonger counts
enabled us to measure the cmount of >*%Fm as well.
From these data. using an 2 ~r. value® "®of 8% ¢
0O8% for the alpha bzanch of 2* *Md, we determine the
EC branch of 2**No 1o be 38.0 ¢ 2.5%.

1. An account of this work has appeared in Chem Div. Anm.
Prom. Rep. Nov. 1, 1975, ORSE-ST1T (1976).p. 60,

Chemisiry Division.

A. Ghinrs. <2 al.. Phyvs Rev. fer1. 33, 1490 11974).
P. R. Fickds ¢t al.. Nucl. Phive ADS4, 407 ¢1970).
T. Sikkcland ¢t al.. Mrvs. Rer. 140. B277 (1965

. R. W, Hoff ef al.. VORI report 72898, 1971,

et el

DECAY PROPERTIES AND L X-RAY
IDENTIFICATION OF ELEMENT **” 108

P.F. Drttper' R. J.Silva'

C.¥. Bemis. Jr.  R.L.Hahn'

D.C. Hensley J.R. Tarrant’
L. 0. Hum'

As past of our continuing study? of the identification
and properties of transfermium elements. we carrned
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Fig. 1.70. Alphe specorum of sctiwities produced im the 2*7CT + ' SN reaction at 36.0 MeV.

out an experiment 1o identify. by observation of
characteristic X ravs. the atomic number ol the previ-
ously reported® isotope *“? 105. We produced **® 105
in the **°Ci' “N.dn) reaction using 99-MeV '*N*
ins accelerated at the ORIC facility. After an energy
loss of about 14 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 **°CT 1arget were transferred 1o
our counting station via a tape transfer v:t'em. The
tape was advanced about every 3 sec so that the spot of
collected activity faced an Sif Au) surface-barrier aipha
and fission detector and was viewed through the 1 pe
by an intrinsic germanium photon detector.

We measured the energies of the emitted alph:
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
events 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 s-c. which we ascribe (o the decay of 2*7105. In
coincidence with these alpha events. we saw ~150 /.
x-1ay events whuse energies and relative intensilies are
in excellent agreement with the calculated values*™*
(sec Fig. 1.71) for the /. x rays of lawrencium (Z =
103). To establish a genetic link between the 2*" 105
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Fig. 1.71. L x-may spectrum im coincidence with siphe events
hrving 9.0 < £ < 9.2 MeV.

and its daughter 2**Lr, 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
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properties™-8 of 3*Lr. Thus. we have identified the
atomic number of 14105 on the basis of the coinci-
dent [ x-ray spectrum, and its mass number from the
genetic link to the 2°“ Lr daughter.

1. Chemistry Division.

2. An acvount of this work kas appeared in Cleme. Div. A
Pog. Rep. Nox. |, 1975, ORNL-511) (1976), p. 57.

3. A.Ghivrso et al.. Phvs. Rev. Letr. M4, 1498 (1970).

4 C.C.lu V. B Malik_ and T. A. Casion, Nucl Phys AITS,
9 (1971

5. J. H. Scoiicld, Lawrence Livermnre Laboratery . University
of Califormia, Livermore, report UCRL-51231, 1972

6. T. A. Carison, private communication of calculaxcd /. x-ray
wlensitics, 1974.

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

8. P F. Dittner et al. to be published.

ATTEMPTED PRODUCTION OF *°* 104'

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

R.J. Silva? J. R Tarrant?

C.E.Bemis. Jr.2 L. D.Hunt?
D. C. Hensley

The nuclide 2°*104 s been reported®* 10 be a
~5-msec spontaneous fission {SF) activity as produced
in the 2°® Pbi*°Ti 2n) reaction. However. no definitive
elemental or isotopic identifications were possible in
this prior work as only fission fragments were detected.
The SF halfife for 2**104, ~5 msec. was taken as
evidence supporting 2 substantially different empirical
trend for the even-4 isotapes of Z = 104 than for the
isotopes of fermium (£ = 100) and nobelium (Z = 102).
Taking the result for 2**104 together with the SF
half-tives 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 2**104 and the importance of this
nuclide in determining SF halflife trends. we have
attempted to provide independent experimental evi-
dence based on an x-ay identification using the
coincident alpha—x-ay iechnique. Previous empirical
trends suggesied that the nuclide 2°*104 should have
an SF haif-life of ~10 sec and should undergo predom-
inantly alphs decay (8.5 SEq, $9.2 MeV3with a total
halfdife in the nge ~0.2 10 1.0 sec. Observing /. -series
x rays that follow the ~207% alpha-branching decay of
156104 10 the 2* gound-band rotational staie in
13INo would identify the nuclide. Additional identi-
fication information would be provid:d by observation
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of the timecorrelated direct genetic link with the
known daughtes nucide. 2* I No.

Initial experiments using the 2*“Cmi’*0.4n) reac-
tion were umsuccessful because of poor recoil yields
from the target, and our major effurts were made by
using the **°Ci(*?C5n) reaction. a less favorable
reaction because the predicted cross section is about
five times smaller than for '*O + 3**Cm. Approxi-
mately 200.000 bombardments using a tape transport
asembly at bombardment —counting-time cycles of 1.5
sec were performed. The predicted yield for 2** 104
under our experimental conditions was expected to be
~1 alpha count/hs.

No cbvivusly new alpha groups were readily apparent
m our spectrum in the energy range uf 8.510 9.2 MeV.
The simulianeous production of 4 83-sec > *7 104 from
the ('3C.4n) reaction interfered with the [ x-ray
identification. and no definitive information could be
detived from the timeorrelated genetic lmk aspect of
out experiments. Obviously. better experiments can be
performed by using the 2**Cmt’ * 0.4n) reaction as we
had planned originally. No interference from ** 7104 is
expevied when using this latter reaction.

1. An account of this work has appeared n Chem. Div. Amo.
Prog. Rep. Now. 1, 1975, ORNL-S111 (1975, p. 62.

2. Chemistry Division.

3. G. N. Fierov. p. 459 m Prcecdings of the Internationsl
Conference on Rractions Between Complex Nuciei. Nashvidie,
Tenn.. June 1974, wol. 2. R. L. Robmson et al.. Eds,
North-Holland, Amsterdam, 1974,

4. Yu. Ts. Oganesyan et al.. JETP lLegt. (Engl. Trenmsl) 20,
l65(1974).

5. A.Ghiorso et al.. Phys. Res. Jerr. 22, 131711969,

6. . N. Flevov ef al.. A1 Encrg. 17, 310 (1964) [Sov. As.
Energy (Engl. Tramsl) 17, 1046 (1964)].

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

C.E.Bemis. Jr.2  D.C. Hensley

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

R.J. Silva® 3. R. Tarram?
L. D. Hunt?

During the course of our experiment to identify
element 105, and in a separate experiment where we
bombarded a 2*°Cf target with ! ' B and then with '°B.
we produced several isotopes of lawrencium. The
isotopes 2%%Lsr and 2*7Lr were produced by the
M9CH'SN: axn) reaction. where x = 2 and 3
respectively. The same equipment described in the
260105 article’ aliowed us 1o defermine the half-life,
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Table 1.9. Experimental resslbts of ** > ** Ly inntepes

Holf e Alpha-partcie encryy Intemsaty

l,n.w {sev) l.\k\') [}
This aork Ref. 3 This work Ret. 3* Thiswork  Rel. 3°
e 21.5:50 2.5 2429 : 0018 837 - 002 4010 ~s0
2.370 - oM 335 - 002 &0 - 0 ~50
S T 25917 M3 X624 - 0025 564 - 002 42:1. 3:2
AS17:0015  352:002 190:185 19-3
BAT2:0.MS  343:002  133:15  13:3
B8430:0015 343:00) 3%83:29 34-4
$3%:0015 339:002 188:22 23:5
83190015  3.32:002 63-15 3:2
e 0646 -0025 06} 5361 :0012  387:002 854 81 -2
279 - 0013 581002 15-4 19:2
e T: 4.35 - 059 4.2:06 S645:0010 368 :0N2 0.2 7.2
16140010 565002 35:5 16+ 3
RS589 0010 5.862 : 002 a5:7 47:3
£.54 - OO0 8.59 - .02 05 -4

“Sce thin report. P. . Dittner et al.. “Devcay Propertics and /. X-Ray Mentificatoon of Hement
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CHANNEL NUMBER

Fig. 1.72. Prompt photon specirum comcident with alphs
poups amigned 10 (he decay of 158r The unique cnvrgy
gnature conflirms the stomie number oy /= 10): thus the
aiphadevay purent s confirmed to be / = 103,

energies, and relative intensities of the alpha groups of
3% and 7L {xe Fable 1.9). In addition. ~60%)
L-senies X rays of mendelevium (Z = 10)) were seen in
coingidence with the alpha cventsof * **Le (Fig. 1.72).
thus identifying the atomic number of flawrencium
as 103.

In another experiment. ***Lr and 3% Lr were pro-
duced vo the 2P2CIC B 4 and 2400l *BAn) reac-
tions respectively. The experimental apparatus used was
ientkal with our carlicr work on the -ray identifi-
cation of nubclivm.® The hali-lives and alpha-decay
properties of “** Ly and ***Lr are shown m Table 1.9,
Owr results e i excellent agreement with previous
meast: -ents’ and. in some cases. of higher precision.
Further. the x-ray identification of >*”Lr is the first
uneguivenal confirmation of the atomic number of
lawrencium: carlicr genetic  hnkage experinents are
fraught with uncertainty because the awndelevium
Jdanghiters cither are not well characterized or do not
underge alpha decay .

1. An account of this work has appeared m (hem. Dy, Annu
Prog. Rep. Nov. 11975, ORNL-S11) 11976).p. S8,

2. Cheanstry Division.

3. Seo this repost, P 3. Ditner o o). “"Decay Properines and
[ X-Ray bdentiucatom ol Fhemens 1604 -

4. P Dvanerct ol Phyvs Rev Legr 26, 1937 11971,

S, K Fkedact ol Phys Rer (°4.6321197h.

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

R.E. Mcyer’ P.F. Dattner’
W3 McDowel? R ). Silva'
J. R. Tarrant'

The hali-wave amalgamaton potential of nobelium.
clement 102, has been determined for the reaction No®
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AFYER AND BEFORE ELECTAOLYSIS
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RATIO OF NOBELIUM IN SOLUTION

P U S WD VI SN G N
10 -12 -14 -16 -18 -20
POTENTIAL , V vs SCE

18t Run & QLAY TETRAMETHYL AMMONIUM CHLORIOE
2nd Run 8 0147 TETRAMETHYL AMMONIUM CHLOR:OE
204 Run O OIN MC)
Fig 1.73. Ratius of aobelimm activities in sobution plotted vs
potensial.

+ 2¢ "~ No (amalgam).' The nobelium isotope ** *No,
with 2 halfife of 223 sec, was prodwed a few hundred
atoms at a time by the reaction ***CRY3C.a2ny ** No
at ORIC. The nobehum activity was caught on an
anodiz -5 duminum disk and transterred pneumatically
to the laboratory where it was washed into 2 small
ehevtrolysis cell with solvent (0.1 W tetramethyl ammo-
minm chlonide os 0.1 3 NH,C1y and elecirolyzed into a
mescury cathade. Comparisons of the nobelium activity
m the solution phase werec mede before and after
clectrolysis. By repeating the experiment at various
clectrode putentials (maintained constant by use of a
poientiostat). the half-wave amalgamation potential
was deterinined fo be 1852 0.1 V vs the saturated
calomel electiode. as shown in Fig. 1.73. The half wave
puiential is estimated by taking the midpoint of the
final drop in the rato. The lower ratios al intermediate
puotentials for the runs with tetramethy! ammonium
chlotide can he explained by an adsorption phenom-
enon. By combining thic measurement with the sysiem-
alics of Nugent' we may estimate the standard
potential for the No No™ couple o be 2.6V vs the
standard hydrogen putential. Thus. by making use of
only a few cyclotron-produced atoms. a fundamental
and important thermodynamic property of nobelium
was cstimated.

1. Chemnstry Division.

2. Chemical Tevhaology Dwision.

3. Am acvount of this vork hes appeared ia Cheme. Div. Ao,
Prosg Rep. Now. 1. 1975, ORNL-S111 (1976). p. J0.

4. L. ). Nugent. J. Inurg. Nucl. Chem. 37, 1767 €1975).

EN Tandem Program

HIGH-SPIN STATES OF THEK* = %’
AND "2’ BANDS OF **Na

D. E. Gustaison’ J.LC Ford. Jr.

S. T. Thomton' P. D. Miller

1. C. Schweizer! R. L. Robinson
P. H. Stelson

The provent experiment was undertaken to investigate
high-spin states in 2*>Na by examining the ' *C(' “*N.a)
**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 thzt 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 pussible rotational-band structure of the A* =
% ground-state and A" ='.° bands. Energydevel
predictions for high-spin states from shell-model calcu-
lations have been compared with the energy levels of
highspin siates suggesied from the H-F analysis for
several of the higher spins (/* 2 ' 4").

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 0y, = 7° we measured excitalion
functions for states from 0 to 18 MeV of excitation
encrgy in the bombarding energy range £y, = 36010
39.2 MeV in 400-keV sieps. (ross sections were also
measured at Oy, = 15°. 227 and 28° for four of these
bombarding energies. and a1 38.5" and 66.07 for 38.0
McV. The excitation energies nbserved were limited at
the more backward angles.

The ' C1' *N.a) ' Na reaction populates many lev-
¢ls. 3 may be seen in Fig. 1.74. Many of the more
strongly populated levels are labeled by theis excitation
encrgies (taken from ref. 6) for the known low-lying
levels, and determined from an alpha calibration of the
magnelic speciiograph for the higher-lying energy lev-
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Fig. 1.74. A portion of the alpln spctrum from (he
"C("‘.nb”& resction. Peaks are labeied by excitaton
energy from ref. 6 of from the present work 2 30 keV).

L - DG P T

d0/da . (Md/wr)

0”00”

9.-_,,; (deg)

Fig. 1.75. Angeler distributions hus established snd propoved

K2 %" wend members. Solid and dashed lmes are the H-F
calculations as discussed in the text for the spins indicated
States marked with 2 wperscnpt s arc unrewived multipic
peaks with the wggesied band member in parenihxeses. The
open cwckes for the 11.29-MeV state represent  peak-fitied
contributions of the dommaint state of the multipier.
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Frg. 1.76. Piot of the grogosed A™ = %, ° and Yy * rotationss
bamds. The dots and open cucies reprewent the HH-F sugpestons
for spm valwes of experimentally obwrved levels. the dots
wprewnt the preently preferred ypan values. Crnas indicate
wevels from shel-model cakostations (ret. 7) fon 7%+ "7;': the
open irianghes mdwate Nisson-model predictions 1ref. 93 for the
K‘ = llx. and "2' bands.

els. The excitation energies determined in the present
experiment are quoted to *30 keV. Energy-averaged
angular distributions for the proposed K* = %'
pound-state band members and the corresponding H-F
calculations for these states are shown i Fig. 1.75.
Remarkably good agreement is seen when comparing
the highspin states propused 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-madel calculations give good
agreement with the rotational structures and also
account for states that are rof 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 12Na nucleus.® Figure 1.76 displays our
suggestions for the K* = %" (goundstate) and K* =
';* bands in the form of a plot of excitation energy vs
JUJ + 1). Those experimentally observed high-spin states
which have iwo spin possibilities are shown with the
favored spin as a solid point and the othes possible spin
as an open circle. The band members according to
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shell-model calculations’ and  Nilsson model calcula-
tions’ e indicated by the crusses and cpen triangles
respectively .

1. Universiny of Virginia, Chashottessille.

2 5. Gomez dcd Camapo <t al.. to be published m the Phyvsacal
Review.

3 JLU . Fosd, Js ctal. Z Phys 269, 147 11974).

4. C. ). Borkowki and M. K. Kopp. Rev. Sci Iistrum. 39,
1515 1 19¢68).

S. C. 5. Borkowski and M. K. Kopp, JFEF Trans. Nl Sci.
NS-17, 390 (197,

6. P. M. Fndt and . Van det Leun. Nascl PRis A214. 1
11973

7. B. H. Wikknthal. vapubleizd,

K. B. M. Precdom ol B, H. Wikdenthol, Pys Rev. C 6. 1633
u),

9. G.G. Feank et ol Can. J. Phyvs. S0, 1155 4197)).

STUDY OF THE COHERENCE WIOTHS I’
IN 2*Si MEASURED BY THE
2" 0.a) REACTION

). Gomez def Campo'  J.LC. Ford, Jr.

M_F. Ontis' R. L. Robinson

A. Dacat’ P.H. Stelson
S. T. Thomion®

The coherence width I of highly excited compound-
nucle.r states depends on the excitation energy and
1012l angular momentum J of the compound sysiem.
and possibly the excitation energy of the state in the
final nucleus populated by the compound-nucicus
decay. Heavy-ion reactions may be a useful technique
with which 10 investigate these effects because these
reactions jorm compound systems at high excitation
energy with high angular momentum.

Natural carbon Yoils with thicknesses of 7 to 10
pg/cm’ were bombarded by '"O ions from the Oak
Ridge tandem accelerator at lahoratory energes be-
tween 40 and 46 MeV. The reaction products were
detected by a 60-<m-Hong position-sensitive propor-
tional counter Tocated at the fucal plane of a split-poke
magnetic spectrograph.

Figure 1.77 displays the alpha-particle spectum
recorded at 2 bombarding cnergy of 403 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 2 ° levels at 4.12 and 4.73
MeV r=spectively. The states in ** Mg are labeled in Fig.
1.77 by the presently measured values for the excita-
tion energics. whereas the spins and parities are gener-
ally those of ref. 4.

Excitation functions for the '*C('*0a) reaction
leading to the levels or multiplets listed in Table 1.10
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Fig. 1.77. A "2C"%0.)7"%g specmum obtsined o 2 tom-
Sarding emesgy of 46.4 McV and 2 lnbosatory angie of 7°.

were measured in 200-keV mtervals for incident ener-
pies (lab) between 30 and 46 MeV. The table aso
presents experimental and theoretical I” values for levels
m Mg whose spin and excitation energy values are
those of refs. 4. S. and 6. Some of the levels in *“ Mg
that were not resolved are indicated by brackets in the
1able.

The coherence widths T' were oblained from the
excitation funciions by the usual techniques™ ' of
autocorrelation functions and counting maxima per
unit energy. Table 1.10 shows as I, the resulting I’
values using the autocorrelation functions. including
correctioas for finite energy resolution and sample size
in the manner described by Halbert et al.” The
tabulated errors are the relative standard deviations as
defined in ref. 4. The '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
unceriainties in the number of maxinma.

The coherence widths obtained from the autocorre-
lation functions show large deviations from one level 10
another (Table 1.100. However. the variation of the I'y,
values from level 1o 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 reisable method of determining I'. Similar
corxlusions have also been drawn from other analyses
of the '*C'*0a) rexction.” as well a3 from other
heavy-ion reactions.' ?

The coherence width I can be evaluated in terms of
the statistical model oy cakulating the partial widths
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Table 1.Y0. " mmhﬂawﬂﬁﬂb
fuctuation asalyses of the ' *C1' * 0,007 Mg reactinn
at bombesding cncvgics between 40 aad 46 MeV

kS r Va Fy Uen
1.369 2 12028 15230 139
4123 4 145 - 32 101+ 30 120
423 b 51+ 19 130 - 22 156
$.23 3° i30: 30 1416 153
€010 4 135 - 30 1M4:38 132
7.343 ?* 9121 t14:-38 134
7.553 1 22
1816 3 166 - 37 91:10 159
1812 5 @:15 101 - 13 123
8120 ' 429 9123 10
8.358 3 166
2436 + 24 - 46 114 - 38 145
5654 2 19:19 1416 w2
064 2 12227 130+ 82 243
9.002 2* 7718 1438 250
9.283 2” 2
9.300 4 7 16 9110 152
9.300 4 176
9.520 6 126 + 27 13022 11 ]
9.327 1’ 73+ 114+ 16 93
10027 §” %0 - 62 114 - 16 12
10.168 ™ o415 91 : 10 154
10.355 2 118 - 28 for - 13 231
10578 s 1328 152+ 30 142
10683 0" %16 1id * 16 33
10.822
19922 2 69 - 16 114 - 3% 22
11017 ? 168 - 39 101 +13 244
11.163 39 m2
11.220 o a8 - 19 83:9 168
11313 30 85 -23 1300 52 mn2
11487 2° 7217 83+9 254
e S
11360 120 - 2§ 13022 98
11.980 b2 90 - 21 101+ 53 268
12.050 4 i 176
12.120 o n-1 i30-22 153

'Vzlum fromref. 4,

Py rom ret. 5.
“This spin included in the H-F @iculations.
"l-‘mm refs, Sand 6.

Tys of compound-nucleus levels at a given excitation

energy Ex and spin-parity J* . The computation of I,

given in the last column of Table 1.10, has been made
using ;n 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 [lirst three experimental points are those oblained
by Halbert et al.,” averaging the I" values for the ground
state and firsl four excited states. We oblained the
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Fig. 1.78. The dependence of the colserence wilth I on the
excitation eneygy is the crmpownd meckews 288i. The first three
points arc from ref. /. The cwves were calculated using the
valwes 2= 3.89 MeV. /0" =4.26_md e = 3.86. 3.54. anad 3.26
MeV ™' for the dot-dushed. wiid. and dagnd curves respey-
tively.
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Fig. 1.79. The dependence of the cohevence width 1" on the
excitation energy in the compound suclens 3885, The first three
pomts arc from rel. 7. The dashed curves were calculated vung
the valors of 386 McV™' and 389 MeV for « and 3
respectives, . However, the moment of inertia S/ was varied
as indicated. The wind lme in the result obiained by usimg the
capression I = 4 expit 4.69 J/l/l- ) (see ref. 14).
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fourth data point by averaging the 17y, values tor the
first four exciled states shown in Table 1.10. The
gifferent curves drawn in Fig. 1.78 correspond to
theoretical 17 values with values of 3 = 3.839 MeV and
AN = 426 MeV™' . curresponding to a radius pa-
rameter 7o = 1.3 tm, and tos different choices of the
level density parameters. As can be seen from Fig. 1.78,
the slope of I’ vs 2, 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
imdicated in the figure cormespond to values of /W of
426, 5.1. and 5.3 MeV ™" which result from choices of
7o of 1.3, 143, and 146 fm respectively. These
caculations were done for values of @ and J of 3.86
McV ' and 3.89 MeV respectively.

As can be seen from Fig. 1.79, the best it to the
experimental I” values was obtained when 7y = 1.40 fm.
Although this value of rp is slightly larger than the
recommended ligure of 1.4 (or the rigid-body value. it
1s still within 2 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 I’ = 14 exp (-4.69VAF;)
suggested in ref. 14 as reproducing systematics of I vs
the mass number 4.

The dependence of the slope of I' vs £y on the
moment of inerlia is due to the fact that the actual T
value is 2 weighted sum over the distribution of J values
m the compound sysiem. and because Tor heavy-ion
channels this distribution extends over high-spin states,
the importance of the spin cutoff parameter will be
mwre significant than for light-ion channels. The de-
pendence of the coherence width 1I° on the compuound-
nucleus excilation energy in systems formed by heavy -
fon reactions provides 2 means to extract the effective
nuclear moment of inertia 4 and. therefore. the spin
cutofl parameter o° . provided a reliable calculation of
the H-F denominator. G1/). and partial cruss sections.
0. 18 available.

5. Unmersadad de Mevivo, Vievies 20, DS .

2, University of Virei. Charhwicwilie.

3. W, R. Gibiw, p. 131 in Prscecdings ot the Internatiomgl
Conjerence sm Stairsial Properines of Sucder. 3. B. Garg 1.,
Plenum Preve. New Yok, 1972,

4P M Fodt and €. Van der Fewn. Vind Plive. 204, 1§
(LIRS

S. . Bantord, M. ). Spovnces. and 11, Woeht . Pert Nierl 4,
W19,

b ). K. Lk, R W, Zurmubic, and D, P. Balamuth, Phys
Ner 8,207 (1970,

T. M 1 Haltweri 1. ), Dutham_and A. Van der Woude, Phrvs
Rry. 162,799 11967).
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8. L R.Greeawosd et al.. Phas Rer. €6, 211241972),

9. T. krson, Phys Rer. Leti. 5, 430 11960).

10. T. Ercson, Ann. Phyvs (V. Y., 23, 390 (1963).

1. D. M. Brnk and R. Q. Sicphen. Phys Lerr. 5,77 ¢1963).

12. . Gomez del Camapo ¢t al. Phys. Rev. €9, 1258 11974).

13. J.LC. Ford. Jr..ctal.. Nucl Phys. A22%. 1891974).

14. R. G. Stokstad, p. 327 in Procerdings of the Internaiionasd
Conference on Rewcriams Beiween (omplex Nuclei. Nashvdle.
Tenn.. June 1974, vol. 2. R. L. Robimson ¢t al.. Fds.. North-
Holland. Amstcrdam_ 1974.

EVIDENCE FOR ROTATIONAL
STRUCTURE IN "*Se

R. B. Picrcey' 3. 10, Hamilton'
A. V. Ramayya' R. L. Robinson
R. M. Ronningen' 1L J_ Kim

To 1est our wterpretation” of the coenistence of
spherical and deformed shapes in "Se and the sug-
gested role’ of the p, ;> orkit that cluses a subshell at \
= 30. we have studied the kevels in *Sc. Inbeam
goma-gamma coincidence and angular  distribution
measurements were carried oul with two GetLi) detec-
tors of gamma rays from the “°Ni'*0.2p)"*Se
reaction. The primary results of our studies are summa-
rzed 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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from cvincidence with the 90° detector. Coincidence
spectra are essential to eliminate effects of sude feeders.

The lifetinws in the central vrast cascade show a
regular decrease. They yield an almost constant defor-
mation. extracted from the BEZ) values. except per-
haps tor the 4° level. where our results may be
somewhat longer than repurted tfrom Coulomb exci-
tation. A comparison of the two ~*Se positive-parity
bands to the levels in " Se. where a coexistence model
was invoked.” suggests that they may be built on
sphenical and deformed shapes. However. in contrast to
"Se. every like-spin member of both bands in “*Se is
close and so there may be considerable mixing of many
different levels. It is not clear yet what motion
characterizes the yrast -ascade above the 10° state.
where there is a break in the moment of inertia piot

O, Ow, e vy

Fig. 1.81. Moment of inertie extracted for states of "*Se.

160 200

30 120
J(3+1)
Fig. 1.82. Energies of levels in Owee "*Se bunds plotted vs

JJU+ D).

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

The most striking new feature of ’*Se is the
discovesy of the negative-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 J(J + 1). One
can see from these plots that the negative-parity band
fits the one-parameter (linear) rotational formula ex-
tremely well. whereas such a fit for the two puositive-
parity bands is less successful.

For the negative-parity band. Fig. 1.82 shows that
W24 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 ") and (11 ) 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. Vanderhilt University, Nashville, Tenn.
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2. LH. Hamilton et al., Phs Rev Lerr 32,239 1(974).
3. ). Hodermann and A. C. Rester. Nl Phyvs. A2, 120
11974).

4. ) Baretie et al., Nud. Phyvs. A23S, 15411974,
S. LY. Bruamdet et al.. Phvs. Rer. C12.1739¢1978).

TESTS OF THE COEXISTENCE OF SPHERICAL
AND DEFORMED SHAPES IN "*Se

J. H. Hamilton' V. Maruhn-Rezwani
1. L. Crowell' J. A.Maruhn
R. L. Robinson N.C. Singhal'
A. V. Ramayya' H.J.Kim
W. E. Collins’ R. 0. Sayer’
R. M. Ronningen'  T.Magec*
L. C. Whitlock*

Final results for the lifetimes of the 4 10 (12°) «ates
in the yrast cascade in “3Se were obtained from
coincidence spactra where the gate transitions were
higher yrast states to eliminate side feeders. This is the
first time to our knowledge that lifetimes have been
measured for the yras: states fromspin 34”10 (12" )ina
complex decay populated by a nuclear reaction where
all feeder problems were eliminated by gamma-gamma
coincidence work. The lifetimes are 4515 262 0.7.
0.75°2:0%. 035 = 007, and 025 * 004 psec
respectively. These values reveal a pattern of increasing
deformation to the 6° state and cunstant beyond that
a would be expected in a2 coexistence model.* Our
results d» not agree with values of the 47 10 (12 %)
lifetimes extracted from singles daia in refs. 6 and 7.
where side feeders and extraneous gamma ravs in the
vicinity of the transition of int:rest create serious
difficulty. Our results clearly show that coincidence
data are essential in the extraction of lifetimes in some
if not ail such cases.

A recent theoretical work® has suggested that no
second minimum exists in "2 Se: if correct, this would
invalidate our earlier interpretation.” To further test
our interpretation we have used the Gneuss-Greiner
approach®-'® 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 one for an
anharmonic  kinetic term. The latter proved 10 be
necessary 1o give both the correct wmoment 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. Potentinl energy serface in 2 8 aml 4 plot. In the
right-Rand patt of the figure aic shown cuts through the susface
at y= 0 and vz &F rloncd as a function of 3. The uzits of
BEDare 107323 em”.

spherical and prolate minima only. The third minimum
on the oblate axis has little influence on these states.
and its existence or nonexistence cannot be inferred
froin presently known experimental data. It should be
borne in mind that these are least-square-fit results. so
that those parts of the potential energy surface which
havz no bearing on the experimental quantities are just
3 by-product of the fit in the important arezs 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 rotational
band built on the 0* state are distorted considerably
by the interaction with the spherica! 2° state. This
makes the application of the i/ + 1) rule and of the
spherical vibrator or simple rotator model for the
explanation of the low-energy spectrum highlv doubt-
ful. Additional support for the potential enetgy 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 secen at 2406 and 3214 keV with the
predicted branching ratios to the lower 4° and 2°*
states.
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**Ti HIGH SPIN STATES

H.J.Kim R. L. Robinson
R. Rotmingen’

The high-spin states in *°*Ti detenmined via the
in-beam study of gamma says from the 3°K('*C,
apy)** Ti reactions for incident energies of 32 10 39
MeV are shown in Fig. 1.34. Also shown are the
high-spin states in *°Cr for comparison. The level and
transition energies e very similar and suggest that they
may be the simple shell-model states. Since they ass
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conprzate to cach other. a common set of shell-moded
states can exist in both. It is hoped that the analysis of
experimental angular distribuiions nd direction cur-
ielations from onented states 1 PCO) rativs. which b in
progress. will lead to spin assignments for the higher-
lying two new states.

1. Vanderbilt Untversity . Nashsille.

*CrHIGHSPIN STATES
H. J. Kim W.K. Tuttle 11} R.O.Sayer’
R.L.Robinson  R. Rongingen® J.C.Wells_Jc*

Based vn their analysis of in-beam gamma-ray spectra
resulting from the **Ca'*0.2pey)* °Crand **Cat* *C.
2y °Ce reactions. Kutschera et al® made an 87
assignment to the 4.744-MeV level of *°Cr. which
decays exclusively 10 the 6° level viz a 1581 keV
gamma-rayv transition. They then used this spm. in turn,
to make siitl turther zssignments to higherlying states.
Figure 1.85 summarizes their results. Also shown for

ORNL—-DWG T6-1735
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comparison ate the calculaied shell.model states as
given in ref. 5. They measured gamma-ray angular
distributions. lincar polarizations (at 90° only). and
gamma-gamma o .acidence reiations, but did not meas.
ure DCO ratic.*7 As has been demonsirated. DCO
fatio mZasurements for a cascade such as that of **Cr
{sce Fig. 1.85) would provide additional bases for the
spin assignments.” -7

We measured the DCO ratios between the 1581 -ke'v
and subsequent 6° = 3° 3° 2" and 2 ~ 0° cascade
gamma  rays from “*Cr levels populated via the
SPCa' 3C.2py) reaction ot 38 McV. A typical pair of
coincidence spectra from which DCO ratios were
deduced is shown in Fig. 1.86. (DCO ratios ase
essentially  those of corresponding gamma-ray  peak
areas, 90" projection vs 07 projectisn, after vorrecting
for detection efficiency differences.) The angular dis.
tributions of relevant gamma 1ay's were also measured at
38 McV. The presemt angubar distribution of the
1581-keV gamma rays is consistent with the 8°
assignment. but the DCO ratios are not. The DCO ratios
from any pair of gamma rays for the 8° = 6°* = 4° -
2* =~ 0" cawade should be R = 1, whercas the observed
avesage value of the ratio is R“‘, =1.27 2+ 007. This
rather large discrepancy warrants an alternative spin
assignmicnt, and presently we are analyzing all available
experimental results (i.e.. angular distributions. polar-
izations. and DCO ratios) hoping to find an alteerative
assignment that resolves this discrepancy.

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

2. Vanderbilt University. Nashvillc. Jenn

3. Computer Sviwnves Piviaon.

4. Tenaewwee Technodogiat Umiveraty - Cowitevdle Teorn,.
§. W Kutwheractal.. Phye Rer Lerr. 33 110841974,
6 J A Granesal Phvs Rev. Lozt 32.A17 41974

7. B.J). Kunctal, Nucl Phve A250. 211 1157%)

HIGH SPIN STATES IN “*Ge
A.P. deLima’ H. Kawakami' R.B. Picrcey’
B.van Novijen' A, V. Ramavya®  R. L. Robinson
R.M. Ronningen' J. H. Hamilion' H J. Kim

w_K. Tutile IIFF

Recent studies of neutron-deficient nuclei in the
region Z > 28..V < 50 have established band structures
and unusual behavior in level energy spacings. Anoma.
Jousfy low-Iving 0° excited states and rotational-like
level spacings are two Tawinating aspects of these
studics. (For studies on 72Sc and 7*Se e J H.
Hamilton ct al. and R.B. Piercey et al. in this san.o
Progress jepoit.)

The germanivm isotopes ase interesting be -ause in
70Ge a 0° excited state lies just above the fini excited
state of /7 =2 and 10 72Ge the 0° state is the first
excited state. Thus we have done in-beam gamma-ray
spectroscopy on the more neutrondeficient **Ge via
the "2 Ci**Ni. 2p)** Ge reaction with a beam energy of
39 McV. Angular distributions and gamma-gamma
coincidence measurements were made

Prclinminary analysis ol our coincidence data agrees
with the results of Nolte et al.” for the yrast band up 10
(8°). However. we tentatively assign a 1123-keV gammia
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Fig. 1.87. Moment of incvtie for the yrast stoses of **Ge,

say for the (107)~(8°) transition und a2 1309-keV
pmma ray for the (12°)=(10") transition. The
angular distribulion measurements are being analyzed
io make these spin assignments definite.

The striking behavior of the plot of 29/ vs (hw)*,
where o is the moment of inertia (e Fig. 1.87),
indicates sharp structural changss near /1 =6° and
(10°). Meandile measurements via the analysis of line
shapes for Doppler effects are also planned 10 help
clucidate our findings.

1. Vanderbilt University. Nashville. Tonn.

2. Prewent address: Departmert of Nuckear Medivine. Madion
Asmy Hospital. Fort Lewis. Wash.

3. . Nolteetal.. Z Phys. 268.267 (1974).

IN-BEAM GAMMA RAYS FROM THE
QON-‘I ‘.’CJP"IDG AND
*'Ni{' 2C.2m)"° Ge REACTIONS
R. L. Robinson  R. M. Ronningen' ). H. Hamilton'
H. ). Kim J.C. Wells. Jr.2 G. ). Smith?

R. O. Sayer*

An yrast band in 7?Se with spins up to 12 was found
to have properties that could be explained in terms of
woexistence of rotational and vibrational bands: the
rotational band was built on a low.lying excited 0°
state. The nucieus 7*Ge has a similar low-lying 0° state.
To determine il 1t 100 has properties atiributable to a

coexistence model, we nave mitiated an in-beam
gamma-ray study.

The reactions **Nit' ‘C.2p) and * ' Nit' *C 2pw) were
wsed to produce "®Ge. Unlonumately. 2 large amount
of "®As was also produced. which. because it decays
with 2 53-mim halflite 10 7®Ge.* complicated interpre-
1ation of the inbeam zamma rays of **Ge. A pretmi-
nary level scheme obtamed from 2 pamma-gamma
coincidenve specirum and reflecting intensities from a
singles spectrum is shown i Fig. | 8. Intensities have
been corrected for devay of "®As. The levels marked
with an R m Fig. [ .88 are the ones populated by this
devay ’

Two new cascades of gamma rays are vbserved, one
initiated a1 the 3956KkeV state. the other at the
6592keV state. The latter cascade has gamma-ray
encrgics sugpesiive of 3 quasi-rotational band. interest-
ingly. it decays 10 the proposed third 4° state® (ather
than 10 the usval first 4° state.

1. Vamderbils University . Nashville. Tewn

2. Terwewee Technological University. Cookevilie. Tean.

3. ORAU Postdoctoral Fellos. Fresent addres: Brookhaven
Noatiowad Labosatory. Upton. N.Y.

4. Computer Scicnves Division.

$. "Nuclear Level Schemres 4 = 45 through 4 2 257 from
Nuclear Data Sheets. od. by Nuchear Data Groop. Academic
Press. New Yook, 1973,

COULOMB EXCITATION STUDIES
“ ) SG.ISIW' 182 .IOCE" mn IGS“
VIA THE (a.0’) REACTION

R.M. Ronningen'  R. B. Piercey’ H. Kawakami'
R.S.Granthaw'  A.V.Ramayya' C.F.Maguire’
J. H. Hamilron’ B.van Nooijen' R.S. Lee’

W. K. Dagenhant

L. L. Riedinger?

These stable rare-earth isotopes of low natural
abundance ($0.3%) are interesting because ( ) they are
deformed. () they lie farthest from the main line of
stability, (3) their yrast bands show backbending
behavior, and (4) their low-energy-kevel (<2 MeV)
structures have several /* = 2°, 3° states that may be
collectively excitable.

We have obtained high-purity (>98%) tarpets of these
isotopes (rom an electromagnetic isotope separatos. The
(aq’) reaction was used. detecting scattered * He ions
from the ORNL tandem Van de Graaff in the focal
plane of the Enge magneiic specirograph with a
20-cm-long proportional counter. We used energies of
12 to 16 MeV and detected the scattered ions at 150°
for 12 10 13 MeV z.d 90° for higher energies.

m—ae
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Our preliminary B(EN) values are prusented in Table
1.)1. Interesting results are evident, some of which
deviate from what we have found in our similar studies
of zadolinium and hafpium nuclei.® Although the §-
and y-type vibrational states decrease in cnergy and
increase in strengin with decreasing mass for the
rarccasth vegion in general, the trend for the 2°B,
BUE?) strength for '** ' "Dy is reversed from this.
Also for ' **Er, a possible® fourth 2° state at 1483 keV
is nearly five times as collective as the 1 K = 2°0 state

at 1315 keV. Other collective states with /" = 2% or 3~
are also weakly excited in 'S*Dy, "*3%%Er and
lﬁln‘

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

Our B(E2) and B(EY) measurements should provide
good tests of collective models for this region because
such modcls must not only predict the strengths and
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trends of 2y, 2°8, and 3~ states but must describe the
other observed collective modes.

The B(E2) strengths of the 2°g siates 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 neutrondeficient systems; £4
momezts for these nuclei are now being extracted.

1. Vasderbilt University, Nashville. Tenn.
Unmiversity of Tennewsee, K noxville.

2
3. R. M. Ronningen ¢i 31.. 10 be published.
4. P. O. Tigm and B. Floek. Nucl. Phys. A107. 385 (1968).

ABSOLUTE CROSS SECTIONS FOR
THE * ' Ni(' 0 .37)"* Kr REACTION

J.C.Wells,Jr.! H.J. Kim
R. L. Robinson  J.L.C.Ford.J1.

In our earlier paper? which reposied the cross
sections for a variety of channels from the ' Ni'¢0.1)
reaction, one channel. the *'Ni'*0.31)"*Kr. stood

out in serivus disagreement with calculations based on
statistical evaporation of particks from a compound
nucleus. Cross sections for this channel were based on
in-beam intensities of the 429- and 674-keV gamma
rays. which, according to Nolte et al..> weve the 4~ 2
and 2 - 0 transitions of 7*Kr. However. Nolte et 2 *
more recently have suggesied energies of 455.7 and
5$578 keV for these two transitions. Also, several
beta-decay studies®? of 7*Kr have become available
since our original work was done. Reanaly zing our data
with this new information. we obtained the limits (none
of th: 7*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.

. Tennewmee Technological Usiversity. Cookeville, Tenn.
. LC.Wetls, Jr..etal.. Mys. Rev. C 11,879 (1975).

. E. Nolte eral.. Phys. Lent. 338,294 (1970).

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

. K. Schmeing et )., Nucl Phys. A242.232 (1975).

. At Coban, J. Phys, (Londov) AT, 1705 (1974).

. E. Roeckiet al.. 7. Phys. 266.65 (1974).
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INTERACTION BARRIERS FOR
THE '* 'O PLUS NIUKEL.
COPPER. AND ZINC SYSTEMS
R.1.Robinson S K Bar
The crns seclions for  the 386001 6l.ady,

ﬁ.‘.b§(~u. md 6d 66,07, I,""Z“ q 'ﬁ."n","' eainms

reporied by Bair et 4.’ have been compared with the
todal ceaction cross section caleulated wath the sharp.
cutoff model and the parabolic harner potential. To
extract the 1otal reacton crms wetions from  the
expermental sesults, which only give cross sections for
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Thes vear A woen the culrzmatem -1 Nuckes Dais
Precs t (NDPY ctiants i sovessl ascos. The By duaicsd
Suwcbear Structuie otz Fae (ENSDE ) has hoen devel-
opxed 10 wmbre 1 ooan wive s thee st NP
csauatnn sinitces. Standaed FNSIE duta wts are
hmeg uwd outmch 10 produce mmpute -priecd
puiear duts sheets oy el & drminz Addstem!
oulput tetmats sic homg deschped 10 et the necds
of other uwts The progect’s ik od Ay word mndeved
retesenaes o nmdoar vitu ture bicrsture hus dvo boen
uwd m new wavs durmg the sear 3 vodume of
vumulaied scferemoes o the cvpenneental msckes: v -
tase Tisciatuise ¢ 1% 1o 19740 mas aed o 5 wpple-
mnt 1o Vil 16 ot Sechwr Mots Sheess.” the contents
o the cummbated volanw were 2w placd a0 o
RICON wvviem tir drav t ot ive warch n om
quabied wser

The standard tovmats’ developed b i NP 1o the
rcprescniatnn of nucks Smtwe Jdsta sic gamng
wider undetstanding amd sceplance o the cantence o?
ENSIE hecomes hnown. Tape copres o dats wls
svntanmg sdopicd levels and decsy shemes fine been
wnt on ey 1o soveral lawatonies i the Umied
States. Furope. and the Swoaet Umem. The data cenien
st the benmpad Instiute o Suckeas Physws (LIND
has dur used the standard formats o Jewnbe results of
maclear phy wes cxperiments.

EVALUATED NUCLEAR STRUCTURE
DATA FILE (ENSDF)
Genersl Dexcription

The ENSIDF was desged 10 orgamze nuchcar sink -
wre mivsmation m standasd formar® o convement
Movcks and 10 prowide (oods for stewing and retrieving

parts on magncin Jisks 3t ORNL. The permanent Jike
tom pivate dnh FNSIDE 2D v rmally ot Jene and 1>
Imicd 1o the compuics only shen neaded. A temparan
hutter Tl tmaare disk NSIEFOD. whh o dwas
aaslablc o 1w IBM 00 sy s1em 31 ORNL) 1 used Ien
me aine data wiv, sch o those currenth being
iwwned. The vomients of NSDFOD can e rcineved,
whicd. and rovised remotely via the Tome-Shanng
Opison ( TSOP nciwarh,

Intrnatem m the ENSDE » organivcd inte “data
wiy ot theee peneral types

I. zdopted  kvels wmmanang  th  properics
(enerpy . span. pasity . halt-bic. devay modes) of cach
kevel kmown m 2 nuclous.

2 dan whemes prowiding the best avaidable hali-

Ines, decay encrpes. and miensities Ton the decay oF

cach radmacing nuckcus. and

weaton Jds'a pymg. tor cach nuclear eacton, the

nuckeat strture miormatan (mcluding spectio-

wopn mivtmatem. but cwhading crims sectims)
dernable from that rea ton.

Curvent St

At ihe end of 1975, the permanent file had pown 10
welude miformaton on about 1200 nucley xims the
pendic table. The information s contained 1n the
followng data wts: 1170 seis of adupied levels, X80
decay schemes. nd 1250 sets of reaction data. These
3270 data sets owpnwve the information on over
120.000 punched cards mto ey retrievable Mocks.
Another 35,000 cards arc held on the bulfes disk during
preparation of nuclear data shoets.
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Naciesr Data Shecds from ENSDF

For savenal veans, the duawing. m Nuckear Data Shevts
have hevn proaduced tion =tanderd ENSDE dota weis.
Puimg 1973 the MW ook steps 1o e the
prepaation of the punted Jata dieets irom the data
the N standacd poa Laveeat S presentation of 1abular
Jara was tist used tor 4 = T3 The additon ot g vy
cditer and aw of the speasd TIoharscter pant tan
now produce avceptable computervompsed pagss tor
photoreproduction.”

The combined capobiiity o ~decting cortan data
from FNSDF anid eparning 8 m readable tabular t-wm
has alsyy Been uwed to prepare i ey e oa
number of special requests. Exa nples are
o dstng o Jl kel with Rnown Gtctmes. 4 = 45 1o

R).
2 abulatew of hall-ines tor nuckey with 4 = M) e 100D
and 4 = idyto 130
tabulatems of keels and gmma ravs observed it
HL _omyd reactions. 4 = 140 1o 1oy,
4 A=z ubhamdsin avennagier. A = 14080 PR

Decay Radintions from ENSDF

‘ed

One addittenal outpar forms? tor lonmatin 7o
ENSDH has been tosted The MEDUIST program. shich
both atany and
nucicat adiations tolbing adi sactive decas . meamalhy
prepares a tabular tormat Lo photoreproduction fe.z.
«v publication ORME-3 1146
tended {973 o prosede o st o these radiatiens m g
card-anage tonmat, caviy scadabic v FORTRAN pro-
waans. Man comentions of the FNDE BBV fapes were
sdopted 1o taittste nchaston of ENSDE Jsta m s
Tature sersion of ENDE . Radiations trom 191 radie-
Ative nuclen were waticn onte s tape. which has been

walvulates  absolute mtenties o

The program was ov

wnl o sevcral users tor westne. A copy as abo avatable
o dats el terr testing by ORNL ssers of adiosctiman
data

NUCLEAR STRUCTURE REFERENCES

fn support of 1y data Saluation progzam. the NDP
comducts 3 search of the world's scentstic hierature o
reports of nuclear structure resiilis. Al relevant work,
whether  published. preprnt. laboratory  report. of
absteact. is tagged with keywords that dewnhe the
appropriste sicler. reactuons, measiired Jata types. and
deduced nuclear properties. The key words are entered
mto a auclear structure relesence Bile, which s comu-
lated at ntervals so that an up-to-date abulation of

kevam arckes on g osubgedt s abwans avabable at the
NDP. Dusamg 1975, 2000 publohed siwdes and 2000
prehimanarny wpits were agaed and added 10t
mter eteremee fie, whr h now ncludes wuime 334800
CRITRD.

“Recent References ™ Cumulation

At hwr-month mievals, newh published  expens-
mental artiwkes e welected om thwe elerane tike and
publvhed o o “Recent Reterences™ issue of Nascdeur
Data Sheets. The comphete tile s also used 1o tultidl
requoty Tor refeenees on special topios. Dusimg 1975
the contenty of 135 by of “Recent Reteremees” wore
cumulated and 1eorganed mto s voduowe ttled Vackear
Structre References. (989 974, which was publinhed
a3 supplement 1o Nuckwr Data Sheers.

Nuclear Structure References on RECON

In carlv 1973 the cumulaicd tile of nuclear strik ture
WISICBocs Tor 1969 g0 1974 was preparcd tor i disen
aprig the reteretne tiles satlable tor warching tom
e RECON nvtworh The tile can v searched ten
Aevword desriptions and seferences o6 nacdear s
Ture fophos T oy of 27 directiy comsiected RECON
sites withan the U nited Ststes Since the mbseductim i
- 0TS Gl g dalup version of RECON am TRDA-
appronad uwet can warch the tides B sy telephone
The RECON sorsiom ot the NDP seterenae Bile dowes near
tahe tall mbantaze of the hovword snacrure. bur g
dons prongde an miteracine serch capabiling st Can
nrdude combimations of hey Werms fhotope . o i,
cio b The RECON nile can gl be used 10 weaich om
azthar or publication yvear. and can provide prnted
icterences it necded.

PUBLNM ATIONS

Durng 1973 the NDP prepared nimne A§-cham ivwies
tor publicatim i Nuckear Data Sheers. as well as two
isstics o “Revet Reterences” and the cumalation o
nuclear stracture reterences bor 1Y 10 1974 de-
wiihed abve The A-chare saies contam comploze
revisions o nuclear data sheets tor 4 ass salues
Fstteen of thew involved o Nuclear Intormatien Re-
search Assocrates ENFRAY suthor o coathor Tweniy.
three of the revied A chamy were prepared entuely by
computer from FNSDE. The numcrcal intormation
contamed b revised A chams sy imcluded i £NSDE

Photorcady copy tor an appendix 1o NBS Handbook
R0, A Manval of Radioactivity Procedures, was e
pared by the MEDLIST program trom standard ENSDE
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Jata sets. The tables of radations (atomee nd nackear)
tem 191 radioactne isstopes have alwo been coliected
m Mighth difterent tormar a5 2 labwatons report.®

SPECIAL SERVICES

The NDP has responded 1o speciad requests for
ncicar stracture mtormation on the nerage of onee 2
wech durmng 1973 The reguests raage froen the small
iprecsiom o the P2¥Ce hail-hte) o the average
[ebligraphy 1o the (730 cxctam| to the exsensve
fmegcth lape contemirg adeoted levels and leved
preepettics tor il nuclen). Simp: - rauests can often be
anwcred trom oxasting. compilats 0y or trom 1 nexed
wiciete istmes contamed 10 the NDP Iibras. . Most
spedial respumo mvolve o munture of data proatwsts
troom ENSDE and reterence Dists trom the nuckear
st ture referene file. For users of large quantites of

dta. 2 number of speuial subsets of ENSDF hanve been

prepared on magneti tape. akd these tapes are copeed
for destaabution.

I Purt-time snagnmaent ;o Nucdess Dats Progect.
2 Nadear Data Progect Dwector, Jaamary November 1975

I M B kwdoenk er 2. “Nucdear Siractere References.

1969 1974~ Nuc! Date Sheers §6. wppl_ 11975

4 B B btwhbank ct d . Necikw Straxawe Dems Fie ¢
Menwal ‘or Preparanon of Dote Scts. ORNL-5054 « Jue 1975y

5 § A Kendurrn and Yu. ¥V Scrprenkor. Bullefon of rhe
1IMP Deca (emier. N 2. Lemmgrad Imimste of Nadear
Py USSR _Seprember 1975 p 3.

o D J Horenm s M. B Lewns, % <l Datg Sheets §6. 25
1975

7. Nl Data Sheers Mit3) was prepavred entuely by com-

puter from ENSD
2 M ) Marm. Ed. Niwr flecar Data fow Selected
Rabonochdes. JRNL-5114 March 1976

i,
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3. Exr:rimental Atomic Physics

ATONIC STRUCTURE AND COLLISION

EXFERBEENTS
1. A. Selliin’ K Hine' R.S. Thee'
S B Eson' D Jhy' HC. Hn dew’
J.P.Fosester’ R.S Pexson’® P M Gafim

Owr primcipal testanch Aty concermn the Aom
stvactone and cullison phenomena of nghls sinpped

soms e the ramge Z = 1010 35. The pruman oby ove of

om seseaech is the study of atoma: strocture « T haghly
tonized heavy wows amd thew modes of tormat m and
destruction m colmoms. The decay of excrted stases of
these wms. by radiative and ko by clectron comtson
procesees_ s the phenomenon we stedy m CaTvIRg owt
heavy-yom acoclerators ot ORNL: w-ray. soft-x-ray. and
cxtremc-aliravsolet spectsometers.  clectrom  spev-

tromeeters. and 2 vanety of perphcral  cympwsent
amaniated weh these devices

Owr som cxperamental actmtaes of the poo Vear s
summmarired m the succeedmg pasags aphs.

Chemcorsistic and Nenchasacsesissic X-8av
Emimion Pradeced by Bemry Jon boupact

We have contmued the wady o the produtam of
both charactensin (R ad nunchaactenin INCRI
s W VB Ratal ooliniom 2t medes
propectide emerpes The NCR anguly  drinbutinm
menurements phaned 3 vear ape va the CC. O
Al-AL. nd SeAl colliom  syucms hose  vackded
corvespondmg NCR a1 polanzatoms that e wn
Imge spually m The campe 05 10 10 md arc
wnstvely dopendent koth o0 258 phaton cncrgy amd

J‘!......"“"

ASYMME TRY COEFFIC.INTY 4

$ 5 6 7 0
POTON ERERGY [veV)

T 2 3

Fig ).\ Mdh”‘n””lh”lﬂt“.“ﬂ*l*mw
mmm‘mmw.au‘mm-m‘mﬂw I the beam arc abso dwren, ey
abwrption i 2 129 detestor window and 2 303 Mylar abvacier. Powtions of the charactendn. smied-stom. wnd RES x rays ave

noled.
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Fig. 32 Xow specan for 5 ¢00 eV ) en A ond Sl The
VA WPpeutsa have been sesnulued 3o the wlicon X 212 By
fpwety praks 28 37548 08 6.4 keV wm the sabud Jlawanem
tanprs sor probubly due 1o K © 3y of loem. citowaam. 0d
wen Thr mrak 21 3.0 beV n due 2o REC s the solud taopet and
2pem K » vy W Har S LaSPEY.

on projectile beam enevgy > Some of the results ave
hownmFap. 31 0d 32

A primcipal mot:vation for these experiments is the
possibnlity of access (o she speciroscopy of supesheary
2oms and molecules and. throwgh them. w0 e
quantem clectrodynamncs of siromg. socalled swper-
peedicied 2 unigue signasre for molecwlar K x rays &
the form of 2 dwectional amisotropy m their ewmission,
pesked 2t 90° 1o the beam divection and largest mear
the limiting combined-atom x-fay energy. Aligament
coresponding (0 sMsoiropic @- s S5iate production
< abso lead 1o asymmetry of this form, and the size of
the asymwmetry observed in the present experiments
seems o wnply considerable alignment. Hewce. the
whiqueness of the proposed mduced-radiation sighature
now stems in dowbd.

Deyond confirming the exisience of directional
smnotropies m NCR emission. the present work raises

e W L n S e G A e, B e .

expernmental semles of Bel et 2l® for 5530V S = Al
and 48 3¢V S < Ne collismons. whach inducated that the
production of NCR radistion was swilar for gas and
solid targets when mommalized 0 e characterisix lime
of the projectile on. Such 2 reselt wonld mdicate that a
onecollision mechaniom for NCR production. m which
3 vacancy i the K shell is prodeced 2ad flied duving
the collision. s a5 amporiant a5 the rwo-collision model
proposed by Sasis and coliecagaes. Owr new experiments
concern move pealy symametsic collision partwers. and
we have found that the yield of x rays mewr the
combincd-atom K xvay hwmin (E)) for 20MeV
S*° < Sl s significondly smelier than the yield of
NCR for 40MeV Si** ~Al” Figure 3.2 provides
comparsive 13w data from 40-MeV dumingm ions m
silicon and Si#l,. Since analyses of present resolts and
more expermentation are contemplated for the coming
year. further discussion will be deferrad 1o 2 subsequent
report.

Electoun Specorencopy on Cove-Encited Sentes
of the Alalis snd on Mese Wighly lonized
Liskhinme-Like. Deryllium-Like.

ol Doven-Like

Atoms and ions may frequently be excited fo siates
thai. in 1o, spontancously decay by electron rather

b sy
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The Becature concevnimg phosociectron. clectson-
states of the pesmament gases s extenwwe. Sagular
the cqully fendamental dkah metsh had

worlk_ beem compasasieels rase and

A comeerison of owr resshs with Weory and wich
other swailable dots has been published.’’ It con be
othtr experaments is obizimed, that experimental acce-
rcy exceeds that peovided by coremt  deoseticd
sechnigues. and tha 3 substantiol member of previowly
wnknoon jevels hove bren disce seved and their enctgies
established.

The spectram of the awtoiwizing decay of core.
excited siales of potamiam following the pasage of 2
0k K° beam through 3 helium-gas target cell was
aiso stwdied. The lines presewt in the spectrum represent
the awloionizmg decay of siates formed from cove-
excited configurations cf the type 3p°4enl (n 3 3),
3p° 3dnl (n 3 3), 3p° 4pwi (n > 3), etc. The emergy scale
chosen was based apon the likrly supposition that two
prominent peaks ase associeted with the /= ' and %
hevels of the optically sllowed tenm (3p° 45 ) P° . which
had been oberved in caclier photosbsorption work '
The finestructure splitting between these two levels in
our specirom is m good agreement with the photo
absorption data.

Ragher scsulptarn meassreTsents of pro~ ctile ddectron
paina from metasable 2nd wecrmediase -ved stztes of
hthonm bike. berviamble. 20d burombke stades of
oxygrn. Beovie. 3nd sluuve s el sodwee-bke
Sdonee sons than kad boen carned et prevnmsh haee
s boen made As cmple s proveded m Fop 33
whah depurs the westhymg featmeey of dactron
stats of Heonme onth one K sacamcy (e mwe? dewny
de srevwes bevracsolson ). Im the Emwee.
clectrons av obscroed o an Jvcrage e deln of 3 few
sewtls of 3 msusecond folhmmg cxaoatson. 2 delay
that is lowg on the tame wale of dlvwed actosmsrten
PrOVESeS.

' 675 wev FLUORWE BEAM

-—— - - -

ELECTRON COUNTS

540 560 580 600
ELECTRON ENERGY (ev)

fig 33 Spctn of mwisnining clcts from highly
innised Gowsine endugring docny in Sighs, plovesd > ms
foume of enitting isn. Thr cmomvwows corve » drans 1o oo the
cye. The st dows grevinus fowes Aconotpen Pecinme mvey

e e cRergy Fangs.

Extennr-Ulsmviolet Spectmn and Lifetionss
of Maltigly lonived Metul losn
The sputier ion sousce i wse a1 the ORNL tandem
accelerstor is el for producing beams of metal ioms
sach a3 silicon. iwon. mickel. ctc.. at energies of ~| MeV
per mucleon. Siripping af these emergies produces
moderase 10 high degrees of iomization of jons in this £
roage i the L and M shells. In collaboration with
$. Bashkin (University of Arizona), 7. Kruse (Ruigers
University). and K. Jones and D. Pano {Brookhaven
National Laboratory), we hawe very mcontly begon
investigating the spectra and lifetimes of & = 0 L -shell
resonance iransitions in beryllium-like. borondike. and



varunlke wlscon tramutams and v = 0 M-hell v
e tratens B o nagecam bke wen A hvpeoad
wotromnsrenmfe 33

Many e o other stapes of mmzatnm of moth
abveowm and wos qeg . Si VI o S NI have 2l beer:
amwerved m the range 10D to J0C A teef 6. and
umsal mam preovowh. wnknous and et te be wdents
twed tramitee huwe been abrerved The 3 = O resn
unc Iomtees for cvmple. 337 330 tusitees m
cenlimmik: waom o 37 330 onuiens m
magncwumike wom. e pattnulaty miereimg e
sindy Lo 2 pamber of reawms bt sah tewiees
olten huse ifcimees M the acexwhie [0 1o [ puey
famgr. makmg rexwnsbly acuiate hitctume meavase-
ments teauble depric hmied beam mitcnutes and
spatial pewdutum Sevemd. 3Pt tnwm omr meawre-
ments fhere wen o be no other [ v M.deell
1comance irar.inm probobsbin mexurements bey ond
7= 10, wd thevretscal values for 4 ithe Fantom 4

cveffusent) -fien kave uncertamites 3pproachmg 50
Theed, wch 4 vahues hae high stophvana wot
e Boath, awh bmos cacwr protusciy an plaamas
whoes vaiuum onckiare walh contsen sah meralin
chemenis, we that Yhe Wenttaatiom nd 40 b mca
urcsmenins hawe comssderable plasma daginix vaboc

Asemic Collaion Experiments Using the ORNL

AD EvOIRainn ol cie ITonVapiuse Proucnes Bung
87 1g = | to 3pmonkent on thm . He. and Ar angers
m the progectic enern aage ~3 to 00 keV has been
made The uw M s stom hvdrgen tarpet will he
undetiaken wen Interestmg cvhancements of ele trof -
IPUre Clona ecBoms by muident BT beams 1 BT
b s have heen vbsened Ths work has been done s
cdidbewates with J bk Bavie!dd. L Gardner. and
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P Kot of Yale University and D. H. Crandall and
M. L. Maliory of ORNL.

Preliminary measurements have been made of the
projctile chargestate dependence of neon K x-ay
production in Ne?™ on neon collisions at keV energies.
in which the Fano-Lichten molecular promotion model
is penerally thought to be approximately valid. Con-
version of the data to absolute cross-section data awaits
3 cilibration experiment with Ne” beams. Neon K x-ray
production by incident 3t 44 and 5t jons at 60 keV
has been found o scale approximately as §:1.7:4.2.

1 Univensity ot Tennessee. Knoxville.

2. Univeruty of Connectivul, Storrs.

3. R. S. Thoe et al.. 20 be published in Beem-Fod Specirus.
copy. Heavy lon Acomic Physivs. | A. Scilm and D. ). Pegy.
Eds.. Plenum Press. New York. 1976.

4 K. S Thoe ct al., p. 312 in Electromic amd Atomic
Collivions. 3.S. Ristey nd R. Geballe. Eds.. University of
Washington Press, Seattle, Wash., i975.

S.R. S Thoe et al.. p. 78 in Proveeding of the Third
Confrrene on Applications of Smal! Accelerators. Denton.
Tex.. Oct. 21 23 1974, ERDA CONF-74-1040 PI. ERDA
Technical liformation Center. Oak Ridge. Tenn.. 1975.

6. R.S. Thocctal., Prvs. Rev. Letr. 38,64 11975).

7. B. Muller. K. Smith. and W. Greiner. Phyvs. Rev. Lerr. 33,
469 (1974).

8. Y. Belizt gl Phys. Rov. Lere 35.841 1975,

9. R. S Peterson et al. to be published in Bram-Foil
Spectroscopy. Hemv lon Aiomi- Physics, 1A, Sellm aml D. J.
Pexg. Fds.. Plenum Press. New York. 1976,

10. L. A. ScHin. to be published in Beam-Foil Spectroscopy.
S. Bashkin. Ed. Springer-Verlayg. Heidelfberg, Gormany . 1976.

11 D.J. Peggetal. Phvs. Rev. 4 12,1330 ¢1975).

12. D. ). Pegg. to be published in Beam Foil Spectroscapy:
Heavy Ion Atomic Physics. 1 A. Sellin and D. J. Fegg. Eds..
Prenum Press. New Yok, {976.

13.D. ). Pegg et al. p. 869 in Elecirenic and Aromic
Collisions. J. 5. Risley and R. Geballe. Fds.. University of
Washington Press, Scaitle, Wash. 1975,

14. D. ). Pegg etal.. Phyvs. Letr. 500,447 (1975).

15. H. Beutler. 2. Phys. 91,13 (1934)

16. P. M. Griffin 21 al..to be published in Bram-Foil Speciros.
copy. Heavy fon Atomic Physics. | A. Scllin and D. ). Pogg.
Eds.. Plenum Press, New York, 1976,

CHARGE-TRANSFER MEASUREMENTS
D.H.Crandall  D.C. Kocher

A number of atomic physics experiments are in
progress using the heavy-ionsource test stand Js a
source of slow multicharged ions.! Experiments to
measure charge-transfer cross sections for ions of
carbon. nitrogen. and oxygen in various gases were
started in March 19752 At velocities below 4X 10
cm/sec. charge transfer is the dominant inelastic process
i collisions of multicharged ions with atoms or

mwlecules, thus plying an important role n many
phvsical phenomena. especially i high-temperature
plasmas found in fusion research and astrophysics. Due
to the ditficulty in obtaining usable fluxes of multi-
charged ions at wow veloities, only 2 small amount of
experimental work has been done>* Some of the
relevant cruss sections, including electron capture and
clectron ionization and excitation, have been com-
puted. particularly by astrophysicists.

As a first stiep in the systematic study of these
collisions the electron-capture cross section of multi-
charg2d ions of carbon. nitrogen. and oxygen have been
measured in H; gas in the energy range 10 to 1 10 keV.
The single-electroncapture cross sections for oxygen
ions from charge state 3 to charge state 6 as a function
of ion velocily or energy are showm i Fig. 3.5. Of
considerable interest in collisions of multicharged ions
is the question of how the cross section should scale as
the chaige state ¢. For high energies, where the Bom
approximation s applicable. computations suggest that
the cross section should scale as g*. Referring to Fig.
3.5. one can see that this scaling is not verified in the
low-enzrgy region. The cross section g54 {going from
charge siate 4 10 charge state 3) is approximately three
times 0, 5. For initial charge state 5. the cross section is
smaller than that for charge state 4. which is a
consequence of potential cvrve crossing in the near-
adiabatic energy region
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Ar interesting feature of these data is that the cross
sections do not decrease at the lowest encrpes, indi-
cating that potential interaction at fairly large i.°=r-
nuclear separation s the primary sourct of electron
transfer. This in wm implics that the electrons are
tansicived into excited states of the jon. since the
potential curves of the excited states are the ones that
cross at large nuclear separations.

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

From both theoretical and experimental considera-
tions. single- and double-electron-capture cross sections
of the reaction C* + He are particularly interesting.
Double-clectroncapute cross sections have usualy
been observed 1o be one 10 two orders of magnitude
less than the single-clectron<capture cross section. Re-
sults for both single and double electron capture of C*
in He are shown in Fig. 3.6. For energies of 5 to 10 keV
the measured cross sections are approximately cqual,
with double caplute mwreasing at lower energes.
Theoretical results are aso shown for the 1wo cases.
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Fig. 3.6. Crom sections for single and double electron capture
from C* incident or helium. Solid curve  present calculation
of 043 for ¥+ He ¥4 He. Crosses Present experiment
for gz Dashed curve  present calculation of o043 for
C®+ile~C¥ 4 He®, Open circles  present experiment for
o4y Closed circles  agy from ref, 3,

Extremely good agreement between theory and experi-
meat was found for the double electron capture. but
agreement to within a factor of 2 was found for single
capture.

1. M. L. Mallory and D. H. Crandall. /EEE Trems. Nucl. S~
NS-23(2) (.976).

2. D. H. CrandaB. p. 190 in Ninth Internationsl Conference
on Physics of Eiecoronic end Aromic Collisions. ). S_ Risley and
R. Geball:. Eds._, University of Washington Press. Seattle. Wash .
1975.

3. H. ). Zenlly and D. W. Koopman. Phvs. Rev. 4 2, 135)
(1970).

4. H. Klinger. B. Muller, and E. Salzbomn. J. Phys. B 8, 230
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5. D. H.Craodall et a1, submitted to Physicel R-view Letters.

ELECTRON-IMPACT EXCITATION
AND IONIZATION CROSS SECTIONS

D.H.Crandall R.N.Phaneuf’
P. 0. Taylor’

For modeling plasma behavior and interpreting line
radiation from a plasma, the electron-impact excitation
and ionization cross sections are crucial data. An
experiment has Leen designed and an apparatus fabri-
cated to measure the excitation of beryllium- and
lithium-ike ions and the ionization of charge states 3 to
6. A multicharged ion beam from the heavy-ion-source
facility will be crossed at right angles with a2 modulated
election bear in a chamber whose base pressure is 10°°
10 1071 10mr. With this residual pressure, the signal-lo-
noise ratio is approximately 10°2, necessitating the use
of beamamodulation techniques. Measurements arc
under way.

1. Participants, Joint Insitute Laboratory Astrophysics,

Boulder. Colo.

MULTIPLE-ELECTRON-LOSS CROSS
SECTIONS FOK 60-MeV 1'*
IN SINGLE COLLISIONS
WITH XENON

L. B. Bridwell’ G.D_Alton  P.D. Miller
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 resuiting
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
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state of a particular ion may fluctuate many times. The
charge.state distribution of such a2 beam of particles
reaches equilibrium after traversing 2 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 gascous 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 chargestate distni-
butions produced in single-event scattering depend
sirongly on the distance of closest approach.® We have
previously reported a series of experiments in which
absolute yields of highly sJarged ions were obtained
from high-atomic-number stripping gases ar target thick-
nesses sumewhat above that of single-callision processes
br-« somewhat less than equilibrivm thickness -7 That
work was performed specifically for determining design
parameters for a terminal siripper in a large tandem
accelerator. The present results were obtaimed using the
same apparatus but with a smaller target thickress 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.*-” A momentum-analyzed beam
of 60MeV I'” ions was produced in the ORNL
tandem accelerator. The exit apertures of the differ-
entidlly pumped target-gas cell were slotted to pemit
measurements at scattering angles through 3°.

Charged particles scattered at a given aagle were
analyzed with an electrostatic charge-state analy zer that
has been described previously ® The charge-state resolu-
tion was determined by a 1.03-mm-high vertica
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 AQ2 = 2.9 X 107 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 5.1 X 107 and
11.9X 107 torr, and th= 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 10°? 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 clectron pickup at the higher
preasure.
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Fig. 3.7. Charge-state distzibutioas fov 60-Me¥ 1'® on xenon
at 3 scattering saghe of 0 = 0.2°.

Figure 3.8 shows the differential scattering cross
section plotted against the number of electrons re-
moved for the three scattering angles observed. For a
4Aq of 15, the last N-shell electron must be removed in
the collision. At a scattering angle of 8 = 0.05°, the
range of 8 actually extends from 0.025° to 0.075°, so
that the distance of closest approach, 7o, varies fiom
0.17 10 0.26 A. Selfconsistent-field calculations®"' >
show that the radii of maximum radial charge density
are approximately 0.i3 A for the M shell and 0.42 A
for the N shell in iodine or xenon. At the mimimum
distance of closest approach within the allowed range
for 8 = 0.05°. the M-shell electrons of the iodine-xenon
system are just beginning to mesge 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-
7ation cascades where all of the electrons inthe V 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 N shell. A1 =0.10° the range
of ro extends from 0.13 to 0.17 A. In this case, the
merging of the M shelis within the iodine-xenon system
is substantial; therefore, M-shell electron excitations are
more probable. Finally. at@ =0.2° the interpenetration
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of the A shells is complete.  with 7, extending from
0.0 10 0.8 A. The probability of removing at NV-shell
clectrons relative 1o other processes then bevomes
greater. At these selected soattcring angles. L-shell
interpenetraton did not ovcur: thus very little M-shell
ionization wxs observed. Nunwrical integration of the
ditferenial crons sectivns For the removal of 11, 12,13,
amd 14 clectrons wver the angular range vbserved yiclds
the resulty shown in Table 3.1,
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Table ).1. Totd removal cros sections for A g electrons
from 60-MeV 1I'® when scattered by aenon gas

e
Aq Total 0 (107'% cm?)
" 1614

12 8.7+ 09

13 28: 08

4 1.9: 0.3

- o

From these data and those reporied eartivr®® it is
clezar that very high chargestate ions are produced in
single collisions with the target atoms. With the large
magnitude of the cross sections for these events. it is
pussible to make experimentally useful beams of such
ions with a relatively simple gas cell. provided that a
suiliciently large acceptance solid angle is employed.
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SCREENING BY BOUND X ELECTRONS

IN ELECTRONIC STOPPING
S. Datz J. Gomez det 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)
well-channeled ions interact only with relatively slow
conduction and valence electrons that simulate an
electron gas: (2) a considerable fraction of oxygen ions
{g = 6¢. T+, B4) at ~2 MeV/amu pass through channels
(up 1o I um thick) with no charge-changing collisions?
and (3) the stopping power for these ions is closely
proponiional to ¢*. implying that bound electrons
wreened the nuclear Jharge by one unit each* A
quantitative test of this latter point has bezen made by
measuring the stopping power for channeled B**.
cS‘.M' Nh.oo.‘b. 0&.10.30' and F?».DO.“ at 2 MeV/amu.
For one-clectron systems the screening ranged from
091 for carbon 10 0.97 for fluorine. whereas for the
two-electron systems the screening per electron was
approximately 0.92. A comparison of ckanneled-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 a2 much larger range than has

T

Mg ks

.o

WA T e



oeen imvestigated heretotore (Z = 1. 2). The data have
be2n avcumulated and the trearment is proceeding.

1. Chemistry Division.

2. University of Mexivo. Mexivo City.

3. S. Darzetal . Rodiar. Eff 12,163 (1972,

4. C.D.Moak et al.. Phvs. Rex. B 10,2681 (1974,
5. J. Lindkard. Nucl. Instrum. Methods. n press.

PLANAR CHANNELING AND
HYPERCHANNELING OF CHARGE STATE-
SELECTED 27.5MeV OXYGEN IONS IN SILVER

S.Danz B. R. Appleton’
C.D-Moak J. A. Biggerstaif
T.S. Nogge'

The trajectories of ions penetrating crystal channels
are controlled by the intiraction between the charged
particle 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. chargechanging 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 seported that 20- to
40.MeV 0*"-7*-% jons channeled in gold and silver have
electron capture and loss cross sections such that (1)
crystals up 1o ~5000 A thick are “thin targets™ for
charge exchange and. hence. capture and loss cross
sections may be measured’ 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 27.5MeV 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 seea for the minimum energy Joss portion but
decreases rapidly with increasing transverse energy.
indicating a rapid rise in chargechanging 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 distcibution at 2 greater than random energy loss
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when the crystal was tilted into a2 planar blocking
direction.

An additional observation was the appearance of two
peaks in the energy loss spectrum measured for 84 in,
7+ out, corresponding to electron capture at the exit
and entrance surfaces of the crystal.

1. 3olid Statc Divisivn.

2 S.Dutzct ol Radiar. Eff. 12, 163¢1972).

3. S. Dutzetal.. p. 63 n ltomic Collissons in Solids. Penum
Press. New York, 1975

4. C.D. Moak ctal. Phyvs. Rev. B 10, 20681 (1974).

ELECTRON EMISSION FROM FAST OXYGEN
AND COPPER IONS EMERGING FROM THIN
GOLD CRYSTALS IN CHANNELED
AND RANDOM DIRECTIONS

S. Datz J_A. Biggerstalt
B. R Appicton’  T.S. Noggle'
H. Verbeek®

The spectrum and yield of clectroas awcompanying
the emergence of a fast ion from a2 solid contain
information relating 1 the excitation state of the wn
inside the solid and the nature of the respunse of the
electron plasma to the moving proectile. We have
measured yields. energy distributions. and angular
distributions of electrons emitted by 27.5-MeV oxypen
and 20- and 30-MeV copper jons emerging from a thin
(3000-3) gold crystal in both channeied (110) and
random directions. In the case of oxygen we concen-
trated attention on the electrons observed in 2 peak
with velocities closely corresponding 10 the emergent-
on velocity? (~900eV electrons). Under chamneling
conditions the yield of these clectrons was lower than
for random orientation. and. moreover, the vield for
channeled iwns depended on the charge state of the
entering inn (6+ or 8+). For entering charge state 6+,
the ratio of the random yield to the channeled yield
was 2.0, and for 8+ entrance charge it was 3.0. Because
the electrons are emitted from exiting ions. the de-
pendence of yield on input charge simply reflects the
dependence of exit charge on input charge and the lxck
of charge equilibrium for channeled ions* The exit
charge distributions were measured and found 10 be 0.2
(6+), 0.5 (7+), and 0.27 (3+) for random emergence and
also closely the same for chanmneled ions with initial
charge state 6+. (Note: This does not mean cquilibrium
is achieved.) For initial charge state 8+, the exit charge
fractions were 0.12 (6+), 0.35 (7+). and 0.53 (8+). The
ratio of emergent ions that retain electrons (i.c.. pon-8+
ions) for 6+ in 1o those Jor 8¢ in (0.77047=21.5) s
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thus identical to the rativ of the electron yields. This
observation implies that the totally stripped 3+ jons 4
ot contribute to this peak and that the electrons in
this peak do not. in this case. arise from capture o
continuum states. Instead. in agreement with Burch ®
who measured electrons lost in singe collisions of
oxygen ions at these enerpes, we propose that they are
cectrons removed from the moving jon in the Jast
wnizing collislon. The fact that the random yield is
highetr by a factor of 2 than for the 6+ channeled-ion
vield is explained by the larger jonization 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 veloxity is observed for channeled and random
20-McV copper. but for 30-MeV copper the channeled
gave greater yields than the random. The absolute yields
here atc in the order of 2 X 1072 election pes ion.

The yields of higher energy elections. arising from
violent collisions with electrons m the medium. are
reduced for channeled ions because of the lower
electron density penetrated. The total yield of electrons
with enerpes from ~100 to 1200 ¢V integrated over
~15° of forward sattering angle was no greater than
~0.5 clectron per won. For copper ions at 30 MeV, for
example. differences in charge-state distributions from
gases (¢ = Y.3) and solids (@ = 13.6) are antipated.®
The theory of Betz and Grodzins’ conceming the
excitation states of heavy ions in solids would predict
the loss of about four Auger clectrons per ion upon
emergence from the sohd. The 3p3d3c Auger electron
encrgies, for example. should be ~50 eV, which,
translated 10 the laboratory system, corresponds 1o
encrgies of ~S00 ¢V for forward scattering. The
observed specita show no departure from the smooth
distribution anticipated from clectron collision theory,
and oo cvidence for the presence of Auger electrons
could be adduced.

1. Sold State Division.

3. Visnimg wwwtist from Max Planck-dnstet fue Ploamas-
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SPATIAL ION TEMPERATURE MEASUREMENTS

D. P Hutchinson K. Vander Sluis
J. Waldman'

Spatial clectron and ion plasma temperatures can be
measused using coberent Thomson scattering. Analysis
of the specirum of scattered photons from a plasma
provides the efectron temperature it the wavelength of
the incident laser beam is less than 1 mm: for 2 scatiering
angle of a few degees. Increasing the incident wave-
fength to 200500 um results in the scattered spectrum
countzining ion temperature information.

Feasibility studies have shown that spatial tempera-
tures in a plasma whose deusity is 10'* cm™ can be
determined from a2 1-MW CH,F laser operating at a
wavelength of 496 um. Present technology indicates
that a 1-MW CH, F laser can be obtained when optically
pumped by a2 150J CO, laser operating at 2 wavelength
of 9.55 um rather than the normal 10.6-ym wavelength.
Commercial CO, tunable lasers are not available at this
power kvel. To force the CO, laser to oscillate at 9.55
pm, 2 25<m SF, gas cell has been placed in the (O,
laser optical cavity. The SF, strongly absorns and
suppresses the 10um band lines but has high twans
mission for the 9um band lines. A few milliwatts of
9.55.um radiation from an idler cw laser. which has 2
difftaction grating as one of the oprical elements. is
injected mto the CO; laser cavity through 2 0.5-mm
hule in the gold-coated back reflector of the CO; laser.
This cw signal overrides the spontan ous emission that
normally starts the laser oscillating and locks the CO,
oxiliator 1o the mjection frequency. Using this method
a 10J. normal 10.6um. CO; pulsed laser has produced
10 J of 955um ewergy. The next siep in the
development of 1 MW of 496-um power will be 1o
modify a2 commercial CO; laser to operate in the
9.55u4m mode, which will pump a CH,F laser using
cither wavegusde or unstable resonator techniques.

A 30W cw CO; tnable laser has been used to
oplically pump a cw waveguide-resonator CH, F laser.
Sufficient power has been obtained (o e the 49%6-um
radistion as an interferometer source (0 measure
clectron lime density m present tovoidal machines and as
a local oxcillator fov a far-mfrared heterodyne receiver
needed m the Thomson scattering experiment. The
sysiem B now undergoing upgrading by replacing the
oplics and mcreasing the CO; pump power to provide
100 mW at 49 pm.

1. Conmitant, Lowell Inslituie. LoweB. Mom.
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STARK MEASUREMENTS OF ELECTRIC
FIELDS IN ORMAK

K. Vander Sluis P M. Bakshw'

Previous mvestigation of the ntensity profile of the
hydrogen Balowr lines radiated by the ORMAK plasma
indicated satellite structure due to static and dynamic
clectric fields. Analysis of the spacing of the harmonics
suggests electric fields of 5 X 10* V/cm existing in the
plasma. Since electric ficlds of this magnitude ae not
expecied m the apparendy stable plasma. an intensive
effort has been made to validate these measurements.
By appropriate changes in the detector system. the
signal-to-noise ratw has been increased by a factor of
10. Since 2 computer is used m the sig.al analysis, 2
systematic study has been made to elmninate 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 111 coincided with the
shifted hydrogen 5 line. At the present time. the
saatistics 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
clectric ficld 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 contaminants.

Theotetical studies have been pursued to determine
the feasibility of using the Stark shift of impurity-line
radiation in measuring electric fields. One disad:...;age
of hydrogen Balmer-series line radiation is that the
radiation originates at the plasma periphery. By using
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 VIi. and O VIil 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 10~* are
required. which for O VI 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
quaniui.. numbers 1. As 1 increases. the wavelength
increases and also Stark splitting increases as n(n - 1).
This scaling implies that electric fields in the plasma
center are amenable to measurement by using O Vill
lines from states 7 > 8. Present plans are 1o investigate
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the spectta of lines bemng emitted by the ORMAK
plasma to determune iof lmves that orrginate from high
terms are prosent.

1. Commitaat, Boston College. Bighton, Mass.

ENERGY-MOMENTUY NEUTRAL-PARTICLE
ANALYZER

LARay C V. Barment

A velocity-energy analyzer has been desiged and
fabuicated for the ELMO Bumpy Torus (EBT) cxperi-
ment 1G determine whether neutral impurities esceping
the plasma ae mfluencing wn temperatures as meas-
ured by the present energy analyzer. The components
of the analyzer nclude an N, gas stripping cell to
convert the neutrals to ions, 2a Wien velucity filter. 2 45°
parabolic singe-channel energy analyzer, and a channel
clectron-multipler detector. Sinwe the EBT plasma is
«ntimuous m time, the spectrum will be scanned by
programming both the Wien filter and encrgy analyzer
to a step change in clectrode voltage. A major require-
ment of the EBT analyzer is the ability o measure the
flux of particles for energies less than 100 ¢V. Difficul-
ties aie encountered in this energy range due 10 both
the extremely low efficiency (~107*) of the stripping
cell o couvert neutrals 1o ions and the inability to
determine neutral-partichke fluxes. Recent measurements
have shown tha: when ncutral particles are incident on
a surface, up 10 70-207% of the particks are reflected as
ncutrals, which also results in n energy reflection
coefficient from 0.1 to 0.5. Thus, large errors are
introduced when thermal detectors, which are now
relied on, are used 1o measure absvlute neutral-particie
fluxes. To uovercome these difficulties, design studies are
in progress 1o 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
HYDROGEN MOLECULES

C.F.Barmeut T.J. Morgan’
J. A Ray

Previous observations of Rydberg or highly cxcited
electronic states of Hy; and D; have failed to confirm
the quantum-mechanical cakculations of level popula-
tion, lifetimes, and observed quantum beats.? Recent
theoretical results of A. Russek of the Universily of
Connecticut  suggest that upper electronic levels
(n 3 10) of the molccules are being populated (rom



fower Yevels (n ~4) by aweilap ot the vibvational states.
To venty thus hy pothesis. an H; * beam was accelerated
to eoctpes of 100 10 400 keV and paswed through an
H; gas cell. where elkvtron capture colhsions formed
encrgetc H: * molecuks in ail states of exaitanon. The
excited Hy* mulecules were passed through an intense
kagitudina  clectric ficld. which ionized ol states
n 2 10. Following the licld wonizer was 3 30cm drift
region in which the lower vibrational levels would have
stficient time to epopulate the 73> 10 levels. By
passing the H;* beam through an identical second
clecinic ficld it was found that the # 2> 10 kevels were
repopulated as predicted by theory. However, on
perferming the same experiment with H® atoms. we
also found the n = 10 kvels repopulated. This observa-
tion suggests that the fevels n > 10 are not being
compietely ionized by the first ionizer because the
transit tlime through the clectric tield is approximatery
the sanw as the mwan lifetime for ionization. Another
cxplanation fur the H® repopulation is the mixing of
the n=9 with the 7= 10 level through werlap of
mgular-mesxentum states. Work is continuing to elwi-
date the H* observations and to attempt to Jdevise an
experiment (o overcomme this difficulty.

I. Consuttant. Weskeyan Uninversity . Muddicton. Conn.
2 C.F. Barnett, 5. AL Ray. and A. Ruswk, Phvs. Rev 1 S,
200197,

NEUTRAL-PARTICLE REFLECTION
E. Ricci

Mecasurements of th~ reflection coefficients for 0.3- to
S-keV H® incident on copper. stainless steel. and pold
have been principally concerned with characiciizing the
surface condition. Measurements with heliom-ion back-
scattering indicated that after any surface~leaning
procedure the surfaces become contaminated in a few
minutes. Experiments with cleaning surfaces by ultra-
violet radiation in the presence of approximatcly | mm
of oxygen indicate that carbon and other contanunants
<an be readily remuved from a surface but that an O,
contaminant remains on the surface. Presumably. the
cleaning xction is the result of chemically active O,
reacting with the surface impuritics. To provide clean
surfaces for a longer period of time. the base pressure in
the system has been decreased 1o 107 10er, To increase
the reliability of the data at low cnergies the apparatus
has been moved to a fow-energy ion source where the
beam intensity is one o two arders of magifude
greater than previously availabie.
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ABSOLUTE X-RAYPRODUCTION (ROSS
SECTIONS FOR HEAVY IONS INCIDENT
ON A WIDE VARIETY OF TARGETS

P. D. Mller R. P. Chyturvedi®
G. D. Alvn R. M. Wheeler®
J. L. Duggan’ F. Elliote®
F. D. McDanicl® K. A. Kuenhold®
R. Mehta' 3. McCoy?
G. Moniguld' L. A. Rayburn®
3. Triwom:’ S. J. Cipolla®
G. Pepper’ A. Zander*

5. Lm?

For the past three vears a large group consisting of
the abuve authors has been investigating the systematic
behavior of x-ray production by heavy ions. A Sali)
detector with approximately 170V resolution has
been used. and absolute cruss sections have been
detesmined by detecting Rutheriond wattered particies.
The absolute cliiciency and enern calibration of the
x-ray detector are determined by a series of previsely
~alibsated sources. The bombarding particles wsed have
bexr: bura s, carbon. oxygen. fluorine. and chlonine. In
¢ach case ne energy range covered has been from 0.5 1o
3.0 MeViamu. Som: of the auithwrs have participated in
supplementany measurcments using proton. helivm. and
jithium beams { these measurements have been made at
North Texas State Unwersity and Florido State Univer-
sity ).

in the A skell. most clements tor which it is possible
to prepase thin solid targets on carbon-Tit backings
have been investigated n the target atomic numbes
range from Z=20 through Z=47. In e¢ach case
absolute Ka and A3 produc iion cross sections have been
determined. and the corresponding energy  shifts, re-
flecting multiple wnwvation of the target atom, have
been  determuned. Errors i the cross sections are
typally of the order of 107, and the encrgy -shift
measurements are accurate (o ahout 10 ¢V. Ty pical
cxamples of the crosssection data ase shown in Fig
3.9, where 1012l K x-ray-production cross sections are
potted for nitrogen wons incident on a series of the
heavicr targets. The signiticance of the various theo
retical curves is as Tollows: BEA  binary encounter
approximation.® PWBA  plane-wave Bomn approxi-
mation?® BE  corrected for the effect of ireased
bmding of the electron in the target au:leus due to the
close passage of the positive bomwarding particle:'®
D corrected for the effect of Coulomb deflecion of
the mcident won'® POL  corrceicd for the effect of
the polarization of the 1arget clectroni wave function
duc (0 the passage of the wcident wn:'' and
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REL - corrected for refativistic  corrections to the
target wave function.'? For each of the theoretical
curves. the calculated jomization cross section has been
multiplied by the singlevacancy fluorescence yields
given by Bambynck et al.'® The principal uncertainty
m the comparison of theory with experiment is these
fluorescence yields, since the energy shifts of the K x
rays ndicate that there s 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 bombardng
ion to the average velocity of the L-shell clectrons. In
general, 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
wident ions and energy range {or an assortment of
targets ranging from Z = 50 to Z = 82. Absolute cross
sections were deduced for all of the resolvable s2iellites.
These data ae being analyzed. More detailed de-

0PI -DRC 76-3333
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Fig ).9. Esporimwntsl '*N meinduced x-suy-graduction
cooms soctinns compured with vasiows thoussticel gredictions
(oo tunt). The gerameter §y s e satio of the collivion 1wae ‘o

the targst eluction arb tims.
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Fig. 3.10. The shifts in the cluracteristic energies of Ka and
K8 x_ of clciem. titaninm, sow, »ad zisc m taws of
EyIMUL . The limes through the data points in thes figure are
not theoretical fits but are drawn to help visualize the results.

scriptions of the experaments and their analyses are
gven imrefs. 14--21.

1. Nortth Texas State University. Denton.

2. Staie University of New York College at Cortiand.

3. University of Tulm, Tulsa, Okla.

4. Unviversity of Texas, Arlimgion.

5. Creighton University, Omsha, Neb.

6. East Texas State Uniwersity, Commerce.

7. Tennesare Technological University, Cookeville, Tean.

8 5. H. McGuire and K. Omidvas, Phys. Rev. A 10, 182
(1974).

9. E. Merzbacher and H. Lewis, p. 166 in Encyclopedia of
Physics. S. Flugge, Ed., vol. 34, Springes-Verlag, Beslin, 1938.

10. G. Basbes, W, Brandt. and R. Laubert, Phys. Rev. A 7,
93 (197)).

1. K. W. Hil and E. Merzbacher, Phys. Rev. A 9, 156
(e,

12. An spproximuate correction is given by ). $. Hamuen, Phys.
Rev. A 8, 822(1973).

13. W. Bambywek ¢t 2i.. Rev. Mod Phys. 84, 716 (1972).

14. R.M. Whesles et 3., "X X-Ray Production Crous Sections
for Fournteen Flemmunts from Calcimm 10 Palladiem for Incident
Cartbon Jons,” 1o be publidhed i Piysivel Review A, Masch
19%.

18. ). Tricoms 1 a., K Shell X-Ray Production i Ge, Rb,
Y, Zs. b Ag by "N lom Impect,” whmitied for publication
» Piysicel Review A.

16. F. D. McDunis} and ). L. Dugpn i Proceedings of the
Fourth Mterw - el Conference an Begwm Foil Spectroscopy
ond Hewwy-fon Atomic Physics, Gathinky, Termn., Sept. 1S - 19,
1975, Penom Prew, Now York, 1976.
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17 3. Timvmm et 2., “K X-Ray Prodas twa Cross Sections for
Flenwents of 7 = 20 w 37 by Invadent Cl lons of 16 43 MeV
Emcrey " paper presented at the Fall Mectng of the Tewas
Saton of the Amernan As.sociation of Physns Teachers.
Mudwestern Umwersty . Wchuta Fallks, Tex. . Novw. ) -2, 1978

18. J. T:womu ot A.. “lamer Shell lomuzatons Produced by
Fast (Blorme loas”™ paper presentad at the 78ith Texas
Academy of Sacme Mecting, Sam Houstoa State Usiversity,
Huntoville, Tex_ Mar. 20- 221978

9. R.Mchactal, Bell Am_ PRy, Sov. 20, 33 ¢1976).

20, +. D. McDamel et al.. “A Systemain Sld"' of K-Shell X
Rays (rom Ts and Rb fof Incident loas "H. *He. “Li, "3C. "*N.
1% 235 and *%Ch m the Ramge from | 3 MeViame”
abstract submitted to the Tucsua Mecting of the Amernan
Phy sacal Soety, Dexc. 3- 6, 1975.

21, J. Tewoms et al., “K Shel) X-Ray Production 5y '*N tons
incdent on Thn Targets of Ge. Rb. Y. Zr, and Ag.” abstract
smbmitted 0 Ux Tucson Meeting of the American Physical
Sty . Dec, 3-6, 1975.

CONTROLLED FUSION ATOMIC DATA
CENTER

C.F.Bamneu M. L Wilker

In vicw of delays caused by updating and insufTicient
manpower, the compilation Cross Sections of Interest
to Thermonuciear Research has been rescheduled for
publication in April 1976. The compilation has grown
o approximately 8300 pages with 2500 data sets. In
covperation with the Atomic Transition Probabilities
Data Center of the National Bureau of Standards. a
bimunthly publication entitled Atomic Data for Fusion
was started in January 1975, Ome of the major
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obyectives of the newsletter has been to place in the
hands of fusion researchers 1abulated numerical data
peniinent 1o high-temperature plastaas many months
before the data appear in the published literature.
Bevause the data have not gone through the referecing
provess, the data center stafl makes an attempt o
evaluate data before plaving them into the newsletter.
Topics covered by the newsletter mclude atomic stnwc-
ture. atomic (ransition probabilities, particle inter-
ations with surfaces, and atomic collision cross sec-
nons.

Scarching and evaluation of the current published
literature has contimued with the bibliographical data
entered imto the computer storage fike. A small effort
was begun to transform tabulated cross-section data
nto reaction-rate data for both Maxwellian-Maxwellian
and beam-Maxwellan distributions. Future plans in-
clude storing cross sections. reaction rates. and analyti-
cal expressions for reaction rates in the CTR Livermure
computer for on-line retrieval.

During the past year, discussions have been held with
the International Atomic Energy Agency (IAEA), Neu-
ron Data Section, in regard to the participation of the
IAEA in dawa compilation and analysis in the field of
atomic data for controlled fusion. Approval has been
panied for the 1AEA to start 2 small two-year test
program in January 1977. The exact role that the IAEA
will perform s unclear. but it seems probable that they
will have as a major 1ask the coordination of the efforts
in many countries.
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4. Accelerators

HEAVY-JON LABORATORY

HEAVYON FACILITY PROJECT
J.B. Ball J. W_ John=on
1. A. Martin R. F. King*

1 A Biggenstaff ). D. Larson*
R S Lord M. L. Mallory
C. M. Jones J. E. Mann

R L Robinson  G.S. MeNeilly?
J. K. Bair W. T. Milner

R. M. Beckers® S. W. Mosko

E. Eichler® J. A. Murray’
K. N. Fischer® J. D. Rylander!
JLC.Ford. Jr. R O. Sayer’
C.D.Goodman ). 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
clevation 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 2 building 10
house the tandem. 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 achitectural renditiown 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-demy.

1976. about e month prior to the scheduled start of
building construction.

On the basis of competitive bids. National Electro-
statics Corpuration (NEC) was selected 10 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 suppliecd and instalied
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 3 complete gas-
handling system with liquidstorage vessels. The com-
plete technical spevifications on which the accelerator
system is based are available as an ORNL tevhnical
memorandum (ORNL/TM4942). For specific details
about the system the reader is referred 1o these
specitications and 10 the Heavy-fon Laboratiry News-
letrers which are published quarterdy.

The design of the ORIC modifications required to
adapt the cyclotron for use as an energy bouster is
proceeding on schedule with 50 of 192 progecied design
drawings completed. Included in this portion of the
project are all components of the injection-t1ansfer
beam lime connecting the tandem acceleralor to the
ORIC. Fabrication of some of the components has now
begun with the first package of modifications scheduled
10 be installed in ORIC late in 1976.

Formal ground-breaking ceremonses for the project
ook place on April 5. 1975. About 125 people were in
attendance 1o hear 2 talk by ERDA Adminisirator
Robert Seamans and remarks by ERDA Assistant
Administrator  John Teem, US. Congresswoman
Marilyn Lioyd. University of Tenncssee Chancellor Jack
Reese, and ORNL Director Herman Posima.

Overall completion of the faclity is still projected for
late 1978 with mitial testing scheduled for earty 1979,
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Fig 4.1. Elovation virw of the arw Hewvy-lon Fariliey.



Fig. 4.2 Artist’s conception of the ORIC buiding with the addition of the fowet for the “folded ™ tandem.

PHOTN 92898 TR

Fig 4.3. Site preparstion sctivities behind the ORIC building. The area at the right of the photograph is for a small building to
house the SF¢ compresiors and storage vessels,
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A users’ organization for the facility became func-
tiona? this year with the first anaual n seting held in
October. About 70 pevple from outside ORNL and 58
ORNL staff scientists met to ratify the charter pro-
posed for the group by a six-member exevutive com-
mittee.

1. UCC-ND Engineeting.
2. Chemistry Division.
3. UCC-NE Computer Sciences.

4. Consultant.
HEAVY ION FACILITY -
PHASE 1l *ROPOSAL
J. B. Ball J.E. Mann
J. A_ Martin G. S. McNeilly'
J. A Biggerstaff  S. W. Mosko
E. D. Hudson J. A. Murnay*®
R.S. Lord R. L. Robinson

Phase Il of the expansion of facilities for research
with heavy ions is being planried to extend the range of
beams useful for nuclear research 1o include the full
range of atomic masses and to significantly increase the
maximum energy available for the lighter heavy ions. A
new K = 300 10 400 separated-urbit cyclotron will serve
as an energy booster for beams from either the 25-MV
tandem or the ORIC. and additional experimentul areas
which can be served by beams from either the 25-MV
tandem or the new cvclotron are to be provided. The
sepaiated-sector cyclotron (SSC) will accelerate heavy
ions 1o at least 10 MeV per nucleon for the full range of
masses through uranium and will provide light ions in
the range through 4 = 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 | project; the plan will also allow changes at a
later tinre 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 I 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 f1? of
additional space, atranged in two large rooms. Each of
these spaces will be served with three beam lines. The

one - 0WG 75-2794R
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Fig 4.5. lon energy v ion mass for the K = 300 SSC with ion
imjection freem the 25-MV candem. This is for the case of gas
sirippng in the (andem terminal with fodl stripping before
njection mto the SSC. Alo shown are curves for the tandem
plus ORIC iphase 1) and the tandem alone.

larger of the two roums is envisioned as providing space
for a large spectromeler 1o 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 1f cavities. The others will contain beam-
injection and -cxtraction equipment and diagnostic
probes. The ion-injection system is adjustable in radius
to mee! 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
planss are cone-shaped structures. Smaller resonators




vperating at twice the main rf frequency are mounted
within the main resonators. These harmonic resonators
serve to effectively “flattop™ the accelerating voliage
waveform to increase the phase acceptance. The system
s expected 1o increase the phase acceptance for the
0.1%-energy-spread output beam from +3° 10 +10°.
This leature eases bunching requirements for tandem
beams and provides better phase matching for beams
from ORIC.

The vacuum system for the cyclotron will be designed
10 provide a base operating pressure of 1 X 1077 torr to
avoid significant losses from charg>-changing processes.
The system volume of approximately 100.000 liters is
1o be pumped by a system of heiium-cooled cryopumps
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aided by small oil-diffusion pumps for noncondensable
gases. The system will provide 2 pumping speed of
140,000 liters/sec for aix and 10° lLiters/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 a-ddition. A conceptual design study to
further -efine ‘he 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 cyclotrun 10 K = 400, a change 10 2
witical half-wave resonator system possibly without
second-harmonic resonators. and a change in 1f range to
increase the upp:r frequency limit to approximately 20

M, - W, TR -

Fig. 4.6. First-Noor plan view of the Heavy-lon Laboratory: the phase 1] addition is shown st the bottom.
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Table 4.1. Charsctesistics of the sparated-sector cyciotron

General

Maximum energy” (MeV/A)
Uranium_ 13843
Carbon. '2c*
Maximum B5? (kG<m)
Energy consant® K (E = Kq2/4)
Maximum magneric field (k(;)
Extraction mean radius tm)
Iniection radius (m)

Magwet systew

Number of sectors

Sector angle (deg)

Gap icm)

Steel weight (metric tons)
Main coil power (kW)
Trimming coil power (kW)

Radio-frequency systewm

Number of cavities

Frequency range (M¥1)

Rf voltage. peak (kV)

Maximum sf excitation power (kW)
Amplitude stability

Phase stability (deg)

in

15

2540

0

Is

283
073107

4
52
10
1450
300
300

Main/harmonic
cavities

1/2
6-14/12..28
250/100
200/50

1104

+0.1

“With higher magnet power the design is capable of Bpyay =
732 k(. Bp 2 2930 k(G<m, and K = 400 and corresponding

higher energies.

MHz to better match the requirements for high-energy
ons.

I. UCC-ND Computer Sciences.

2. UCC-ND Engincering.

3. Sex this repurt, E. D. Hudson et al.. “Magmet-Model
Studins for Separated-Secior Heavy-lon Cyclotrons.™

BEAM-BUNCHER TEST PROGRAM
W.T.Miner  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 he cyclotron ff
period. The doubledrifi harmonic beam-bunching
system?™ is especially attractive for this application
because of its theoretical capability 1o bunch a large
fraction of the electrostatic accelerator dc beam into
the requised 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 bunchingsysiem evaluation but also
the development of beam-pulse detection equipment
and 3 CAMAC -hased control system.
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Fig 4.8. 4 and 5§ &efine the ngions of 90 and 807% veitage
efficiency shbust hise | (ic. o 450V in enesgy) for 2
bunchey whose ficst-hmwmonic clement is 6 cm long. Corre-
sponding repons aboutl tme I (for 150-keV ion energy) will
have the same width. on this scale. a5 those about lime 1.

A study has been carried out in which the probable
range of ORIC operating parameters was determined for
2 number of ions in the miss range of 12 10 238 amu. A
consi leration of the rane 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 B 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 accommodated easily
by reducing the ion-injection energy. For example,
carbon ions will require injection energies of atround
200 keV or less. Note that a frequency range of 1.8 to
1.0 can be attained, at fixed ion energy and buncher
lengih, with only 10% loss in buncher voituge effi-
ciency.

1. Consultant.

1. Phys. Div. Annu. Prog. Rep. Dec. 31, 1974, ORNL-5028
(1975).p. 155.

3. W. T. Milnes et al., ITEEE Trms. Nucl Sci N$-22, 1697
(197%).

4. R. Emigh, p. 338 in Proceedings of the 1966 linear
Accelerstor Conference, Los Alamos Labaratory Report
LA-3609, 1966,
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DEPENDENCE OF ' *C AND 'O CHARGE STATE
YIELDS ON STRIFPER-GAS FLOW

R.O.Sayer'  E.G. Richardson

In comirast to ke more typical emphasis on high
charge states. successful imjection of '*C and '¢0
beams from the 25-MV folded tandem Van de Graaff
mto ORIC will require acceleration of charges 3 and 4.
respectively, at relatively high terminal volage. V. To
mvestigate the intensities expected for these beams we
have measured chargestate yields 23 2 fusction of
strippergas flow m the ORNL EN wndem. Typicad
results for analyzed beam current as 2 function of
pressure in the high-energy tube are shown in Figs_ 4.9
and 4.10. These data indicate that ample charpe 3 and 4
intensities at ¥, = 6 MV can be achieved at reduced gas
pressures.

With regard 10 yields at higher V. the ' *C data 21 6
MV show that, by a suitable reduction in gas flow_ one
can move 2 units away from equilibrium to charge 2
while suffering only about 2 407 loss in intensity. At
¥; = 15 MV the most probable charge is about 5. so
that an adequate intensity for '>C* with optimum
g2s flow can be expected. A similar argument can be
made in the '*O case. Therefore it seems likely that
sufficiently intense low-chargz beams of **C and '*0
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. Wails for
helpful discussions.

1. Competer Sciences Division.

MAGNET-MODEL STUDIES FOR
SEPARATEDSECTOR HEAVY-JON CYCLOTRONS

E. D. Hudson G. S. McNeilly
R.S. Lord S. W. Mosko
L. L. Riedinger’ M. A. Barre’
1. A. Martin M. P. Bourgarei®
F. lrwin T.T. Luong®

M. Ohayon?

A four-sector 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 Halleffect element that was
positioned by a high-precision numerically 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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These measurements were also made to provide mag-
petic ficld 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 model.

The magpetic field pr. e of the model was experi-
mentally mapped at excitation levels of $.8.12. 14, 16,
and 18 kG. Figure 4.12 dispisys a normalized compari-
son of the average magnetic field a3 2 function of radius
for 8 and 16 kG. This average at each point has been
calculated along a2 path of constant radius rather thrn
along the particle path. The average is smooth to within
0.01% of the maximum field, thatis, | or 2G ont of I6
kG. Between the limits of the injection and extraction
radii, the 8- and 16kG fields are similar in shape to
within 0.5%. The near absence of saturation effects at
16 ko, the openating point of the fullscale magnet,

leads 10 very neasly the same dymamics of penicle
orbits at low and high ficld levels.

The cffective magnetic angles a1 several radii are in
very good agreement with the calculated values and the
design valwe of 52°. demomstrating that the steps
awownd the pole edge provide an excellent approxi-
mation of the desired Rogowski profile. The constancy
of the magnetic angle 2s a2 function of radis abso
demonstrates the succes of the pole-cdge design. We
find, in addition. that the magnetic angle at 2 given
radius is constant 10 within 0.5° from 8 1o 16 kG. This
once again shows the near absence of saturation effects
over this imporiant range.

The resalts of General Orbit Code calculstions with
12C% and 3P%U* injected into the 164G field are
graphed in Fig. 4.13. Here the orbits at successive radi
were isochronized by adijusting the field level 5 o
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tenctan of cadues. wth this dffesence eventually to be
furnnhed v 1nmming coib. This sesomance dingram
demonsttanss the opessting segion of the proposed
cyclotran 3ad shows that with the 52" stxtor we will be
free of smtabibties cawsed by the essential resunances.

Tohie 4.2. Chumuctssintics of the fali-scale
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Fig. 4.10. Membors of the GANIL pouject (Frones) wevking with the 6.15-scsls madel of » 2200 menic-tow cyclowon maghet
e, from lefs, Meuvice Ohsyon. Thank-Tom Luong. Michely Bawe. and Masie-Pants Sousgueet.
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The sange of ¥, and v, values 1s quite satisfactory for
the successiul operation of a four-sector cyclotron.

I. Umveruty of Tenmewsee, Knonville.
1. Progect GANH . ¥ rance.

INGRID PROFOSAL
M. ). Salimassh R L. Worsham

Some i the mapx techrologeal Jiltwuites thar wilt
be encountered in the search Tor commercial Tuston
power are associated with the radiatvn damage 10
structural materials caused by the [4-MeV neutrons
emitted from 2 J-T plasma. Investigation ot thy effect
s severcly hampercd by the lack of suitably micnse
sources of cnerpetic neutrons  that are capable of
smulatimg the spectrum expected at the first wall of 3
(usion reactos.

In response to this need 2 propusal has been preparcd
and submitied 10 the ERDA Diwisson of Controlled
Thermonuclear Rescarch for the constructson of an
mtense peutron generatur for radiation-nduced damage
(INGRID).! The propusal represents a collaburative
effort imvolving 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 faxility is based on the d-L1 concept.
which also forms the basis of similar proposals by
Brookhaven National Laboratory (BNLY and Hanl.id
Enpneering  Develooment Laboratory (HFDL).' A
100-mA 40-MeV beam of deuterons produced by o
Imac with 2 100+ duly factor would be used 1o
bombard a2 2.5<m-thick jet of liquid hithum (Fig.
4.14). Neuttoms are produced mainly in the (orward
direction. providing an expenmen‘al volume of several
hundred cubic centimeters at fluxes 10" nentrons
cm ¥ sec ' . zquivalent 10 the flux on the first wall of a
fusion device operating al a wall loading of | MWim®,

e som ot an 4 s
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Fig 4.14. The 4-Li intevaction segion. showing the dowaward-flowing lidhiam jet. The seutron flux contours (given i enits of
10" arwtroms cm 2 wc ') and their smocinted cxperimental velomes corespond to 1+ 100-mA $0-Me' desicron beam with 2
cuaculas beam spot. The intensity profile was zumed to be Gaussian with 2 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 lerms of both
atomix displacement and nuclear transmutation fates.

A plan view of the facility is shown m Fig. 4.15. The
major components are the following.

. The ion source and high-voltage column. capable of
producing 2 200-mA dc beam of 350-keV d° ions.
2. A 60-MHz cw linac. approximately 45 m long. to
accelerate 100 to 150 mA of the injected beam to

energies of 20 to 40 MeV.

3. A beam-transport system to send the beam through
245° 1o e of the two irradiation cefls.

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 |5 m/sec
across the end window of the beam-pipe vacuum

system. The one free surface of the jet is exposed to
the vacuum to climinate the need for 2 window. The
4 MW of beam power dissipated m the lithium
circuit s transferred 10 2 secondary heat-transfer
fluid. tentatively chosen to be Dowtherm.

5. The imradiation facilities. consisting of the heavily
shielded irmadintion cefls containing the lithium
target. the probes that hold the samples to be
iradiated and carry the experimental services
through the shielding. and the hotcell facilities used
for dismantling or repairing experiments.

The facility must be conservatively engineered be-
cause irradiation times of a few days (o years will be
needed.

The ovenall cost. including some prototype develop-
ment work. is estimated to be ~$70 million assuming
INGRID to be an FY 1978 project. The time required

L R N N
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for comstruction is estimated at approxinately four
years.

1. M. J. Solimansh and R. . Wordam, Fds.. INGRID, ¢
Poposel for en Intewse Newtrow (Gewersine for Rediation
Induced Deomege Stadies in the (TR Matevials Progrem.
ORNLTM-5233 tSansy 1976).

L P.Grand. Fd.. Proposel for an Accelerator-Based Newiron
Generator.  BNL-20159. Brookkaven Natiomal Laboratory.
Upton, N.Y.. July 1975,

3. CTR Motcrishs Irvadigrion Testimg Facility (CMIT} Pro-
posel. Honford Engincering Development Laboratory. Richiand,
Wash.. Novewmber 1975.

ORIC OPERATIONS
C.A.Ludemann G. A. Palmer
M. B. Marshail J. W.Hale
H.L Dickerson  N. R. Johnson'
C.L. Viar A. D. Higpns®
H.D.Hackler  E.W.Sparks®
C. L. Haley R. C. Cooper*

The ORIC operated on a | 5shift-per-week schedule
essentially throughout CY 1975, Table 4.3 shows a time

analysis for the year. With ORNL's engincermg staff
concentraimg vn the new Heavy-don Facility progect.
swheduled downtime was devoted prim-rily to repars
and preventive mamicnance. Our lamsted means are
being used to mmprove the operation and reliability of
existing sysiems rather than (o expand the research
capabilities of ORIC.

A comparison with statistics for the previous year
shows that ORIC was operable 1017 hr more m 1975
than in 1974. A 26 to 357 improvement was ex-
perienced in unscheduled outage. dependmng on how
one inlerprets the figures. The success of the program is
the direct resull of the hard work performed by the
cyclotron operators.

Table 4.4 is 2 summary of the research bombardments
for the year. It ilustrates the broad nature of the
research actlivity as well as the breadth of collaboration.
1t should be noted also that ~19% of the bombard-
menls were for materials research and the production of
plutonium isotopes for environmental research.

Table 4.5 summarizes heam use by type of partile.
Approximately 80 of the research was conducted with
projectiles heavier than helium. The state of radiation
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safety at ORIC durmg 1975 1emaimed good. There were
no personnel expusures beyond perwissible limits. and
iheve were mo radivactivity releases resalting in 2 spread
of contammation beyond zomed areas. The mansrem
imegrated duse received by any mdividual associated
with cyclotsion operations was 0.58 rem. the average for
the group being 151 milliewss. The cyclotron - perators,
who receive the highest exposures. had doses that
averaged 405 mullwems. the highest smgle exposure
being that indicated above. No responses significantly
above backgrownd variamce were obserwed By com-
timpously operalimg 2ir monitors in and around tLe
facility. mdicating effective contzmment of particutate
radivactive materials.

Three major scheduled shutdowns will considerably
reduce ORIC research time in §970. The shutdowns ane
for (1) the removal of the “fringe-field concentrator™
and mstaflation of 3 mew vertical positioning magnet.
(2) the complete mapping of the cycloiron’s magnelx
field. and (3) the installation of 3 new dee. All three
projecis are being undertaken in preparation for ORIC's
role 33 the energy booster for the 25-MV t1andem.

1. Chemisiry Division.

2. Pant and Feuipment Division,

3. Insirumentation and Contrnls Division.
4. Heatth Physics Division,

ORI DEVELOPWENT
C.A Lodewasm E.D. Hodeon
S. W_Yesko R.S Lod
E. E Geams J.E.- Yamm

sesousces weve cxpended in impvovimg the opesation
and reluability of exssimg sysiems 2t the cyclotron. not
for expanding s rescasch capalvilisies.

tn the ase2 of the of sysem. 2 mew sceen-bypex
<apacstor lov the powey amplifier was instalied and the
SrTmaniom iansisiov servo-dwvers wese wpgraided w wse
silicon tramustons. in the a0e2 of vacoum Improvemnents.
2 60W (2t 15°K) helmm sefrigesstor was instalied to
supply coolamt for the machime’s cryopands. Vacusm
monitoring cquipment has been fabricyied for Al beam
lnes and will be installed m canly 1976.

Beam cwvent momtoring was waprowd by the
replacement of the two wbe-iype mtepatorns with two
NiMbased wmits and the aédivion of two mawo-
ammeters. Desagn of the mew power-supphy segulators
fur the ten and harmonx: coils was complcted and the
first wnit was being mstalied at the end of the year. The
control compuier was lested by using # to operate 19
power supphies durng five weeks of rostme cyclotron
operation. These tests wese successful and the computer
comtrol of all magnet systems is expecied to be
compieted by mad-1976.

The 153° analyzing wagnet was vecalibrated. Smce
veplaced and the muclear fluxmeter location has been
shightly changed. To recalibrate the sysiem 2t low field
(about 2 kG). 2 I-mm-wide 1*“Cm alpha sowrce’ was
placed at the entrance shit location. and the image of
this sowice was vicewed with 3 solid-state position-
semsitive detector at the exit shit Jocation. The magnetic
field 2t the sucleas fluxmeter location required (0 bend
the 5.805-MeV alpha particles slong the beam orbit was
found 1o be reproducible 10 0.5 G m 2 kG provided the
magnet was taken 10 saturatinn for sbowt 30 mim before
making the measurements.

The absotute calibration was extendeu m the same
way to ~4 kG by observing singly charged 5. 805 3eV
alpha particles from the sowrce. The remaining calibra-
tion was accomplished by exiracting 3 ~74-MeV
1%Ne* beam from the cyclotron and recording the
magnetic fiekds (a1 the nuclear fluxmeter location)
required 10 bend the 5+ &4 74 and 3+ beams 1o the
exit dit location. These beams result from sivipping by
residual gas in the ORIC beam piping (~1 X 10 tom).
The magnetic rigidity of T4-MeV **Ne™ is wery close (o
that of S8-MeV ‘He'. and we need only 10 assume

e L o )
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that the radws of corvatuse does nol chamge i 3 few
gruss variation wear 4 X 10° G. The main linitation of
this method is the error associated with deterwining the
peak mtensity poimt of 2 broad ewergy spread The
betier the resolstion of the primary beam. the easier #t
B 0 deterwane the peak location. Within this limita-
tion, the method appeass 1o be 3 quick and easy wzy of
obtaining an absolute calibration for hesvy-ion beam-
amalysis systems.

1. Made by C. E. Bemis of the Chemistyy Division using a0
isstope srpanatos.

ORIC DATA-ACQUISTTION SYSTEM
DEVELOPMENT

D. C. Hensley

More than an order of magnitude improvement in
throughput capability for dala acquisitivn into large
two-dimensional arrays has been achieved with the
development of 3 quasilisting program.

Many of the “two-dimensional” experiments at ORIC
were increasingly restricted by the limited throughput

194

capabiny of the cxssting data-20QuSNIONR Programms.
Theie progams handied the necemry luge two-
dmensonal wrays bet had 2 mavimem throughput
capability of caly ~400 cvents/sec. This capability
decreased s the size of the array was moreased or a< the
distribptson of coumts throughowt the srtay became
mose random. More and mowe of ow expermseats
requived lasge: mrays with 2 mose randoms distribution
of counts apd. 8 the same time. needed prester

A progam has been developed which wses the
excellemt bufier 1/0 apability of disk stovage waits and
which has acheeved 2 :tual theoughpet rates of ~4 kilz
{n has 2 theosetical capability for masy caes of ~8
kHz). The conceptuat form of the program & similss to
that for the combmed MEGASTRIP and PUSSE pro-
grams developed by W. T. Mimer. Bancally. the
program does 3 presosimg of al m wt Er'2 and lists
thermn mto 20 array on disk. When the list ammay fills. the
program begms both 10 list mto 3 second dedated
avay and 10 update the experimenters’ two-dimeasional
arczy from the frst bist armay. Much cffort has been
expended 10 ensave that the wse of all disk 1'Q activity
and mterrupts is optamized. The program is limited to 1
millbon chamaels by the size aad capubility of the
present ORIC computer sysiem. althowgh the actwal
throughput capability of the program should be largely
independent of the actual arvay sze. As long s the
wpust rase sisys below the maxiwem throughput
capability of the program, the front-ead deadtime is
scarcely affected by the overall computer activity.

Owr charged-particle  experiments wow  routinely
handie event rates of | kiz into 500.000 chanmels. and
gamma-ray mwltiplicity experiments wse an event rate
of 4 kHz mto 128.000 chanmels. The program has been
dapred to ofl-lime processing of list-mode data stored
on magnetic tape and may be extended to handle
mltiscaling of exther charged particles or gamema rays.

ODEVELOPMENT OF A GAS-JET-TO-TAPE

TRANSPORT SYSTEM
H.K. Canter’ E. H. Spe ewski'
J. L. Wood? K.S. Toth
R.L Mickodsi' R. 1. Silva’

A helium gasjet iransport system® has been used
extensively for radioactive decay work at ORIKC for
several years. With expended 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 obyectives we have
commected 2 copy of the oragmal reaction chamber* 10
the UNISOR tape tramsport system® by 2 1 3-mm4D.

13-m Teflon capillay. The activiy in the gas et s
deposited om e Mylar tape 2t the first ort and cam be
mowd to cither of the other two detectur statoas. The
configeration of the Qpe ramsport alows 2 mech
greater vaniety of experiments to be perfornsed as well
» adlowing 2 second oxperimen: to be set up while
apother is bemg ren. The tape motion d data
collection ase comtrolied by the PDP-11 -based data-
aoqeisition sysiew. thas providing full autosation.
We have fownd the operating paramciers of this
system 1o compare favorably with the older (shorner
capilary) sysiem. It s quite easy 10 rum 21 efficicncies
{vis-2-wis 2 diwect-caich measuresnent) of 207 . Standard
However. it appears that passmg the helmm over heated
NH, (1 mcreases the efficiency by abost 2 Iactor of 2.
The wamsport time has not been mexsured accurately .
however. we desected 2 356 actnty but dud mot devect
a O.lsec xuwity. To lustrate the uscfulness of the
system we lave oblaimed excelient comadence data m
2 10 & hr on previously unstudicd docay schemes (ar
from the lime of stability . for exampic. ***™ As.

To be able 10 do apha or clectron speciroscopy B wiill
be necessary 1o move the source from the hagh-pressure
repon Mo a2 vxuum tepon. We have tesied am
adagtation of 2 vacuwm tape seal’ and found that kess
dan 20% of the gsjetdeposted actmity s wiped off
in passing through the seal. Work is contmumg on ths
aspect of the problem.

1. UNISOR. Oak Radge Acwcatad Useversstoes. Ook Rudpe.

Tom.

1. Georgia Instntute of Techmningy . Athanta.

3. Chemisiry Dwvisien.

4. W-D. Schomidt-Ott and K_ S. Toch, Naxd Iustrmm. Methonds
120,97 (1974).

5. K.S. Totheral  Phvs Rev C 1. 1480 (1970).

6. H. K. Cover et 3. Phvs. Div. Aoy Prog Rep. Dee. 31,
1972. ORNL4844 (197V). p. 142,

7. H. K. Carter and R. L. Mickodyy. Swrd 5 crwm. Methnds
128 611 (1975).

ORIC HARMONIC-BEAM SPACE CHARGE EFFECT
M.L Mallory K. N.Fischer E._D. Hadson

We have experimentally detecied 2 heavyson beam
loss when two harmon beams are simultancously
xcelerated from the jon source in ORIC. This los s
dependent upon the pressure in the cyclotron accelera-
tion chamber. Two helium-cooled cryopanels were
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mstialled m the ORIC mageet gap. resultvg w fower
pressuse o the accckeration chamber. In beam-
transmison  oxperwnents with helivmcouled cnvo-
pancls. am argue beam wwreased m inteRsty. > oX-
pected for e lower pressure. Therefore. wse of the
cyopanels was recommended for beams hamited by
accelerator “arensty . such a5 0>

The cryspamels were first wsed with am ' 0" beam
auring 2 two-week period m July 1973, A thand weck of
cxpermmenter repoesed that operaton with the cTyo-
pancls resuited m 2 decrease of the oxypen-beam
micasity. Ia March 1975, 2 series of mexurements was
made of the oxypen-beam miensity with the crvopancls
M room temperature and 3t Y0°K which verified the
diference. Results of these measurements are presensed
m Fyg 416 In Fig 416, ORKC beam micnaty o
plotied a3 2 function of the square of the adims from

W ST TS TTSOWMT
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newn V> piam’
(RTRACTED ¢ACH

g
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Fig. 4.06. The bram intensity vs prabe pasition smp.ved
mesaned fram e cenfer of ORIC for 30 xtsactd (fast
hermanic) 4O beam. The bge wep m the moensaty a1 ~ S8
<m s sdentified as the mavimun radnrs for the (fifth armenm)
0" beam. The ten cores were abizmed for -onm.
temperatore and XV K cryopanehs (hetter vaxwum) wih he
Qme operaimg conditions of The cyciniron and ron somnce. The
miensly of the beam at 76 cm swevpeciedly decreawd for the
betver vacoom conditions. The dashed hnes are proyrchons of
e '*0% snd 10" Mamn.
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Fig 4.17. The ghase bursts fos '*0% and 0% far ane complete of ascillation e Sown. Fach figure s ~"% ycle from the
precréme figore. The masn comficance 15 that the 20" phase bursts. winch extend from 2 $- (0 76-cm radves. pas through the five
0" phase bursis Thws veerlap heiween the '*0" 20d '*0O% phawe bursts results m 3 space-change bram loss. The deceieraimg
phase barsis of "0 have heen dedeted Tov clarty snd are expecied 1o contnbute Mithe fo The Pace-cirarge boss hecause hew
wiennty 1 rduced by sril-space chargr and charge-transfer lms provesses m e cutpomg hram



the cyclotron cenier both when the cr; opanels are at
20°K and at room temperature. The beam intensity
extracted from the cyclotren is directly proportional to
the intensity measured at 76 cm and is less for the beam
with the helium<ooled cryopanels. The other signifi-
cant feature in Fig. 4.16 is the beam loss that occurs at
~58 ¢m: this is identified as the maximum radius for
the harmonic beam "*Q" . Figure 4.172-d illustrates
the computed phase-accelera:ion histories of '*0'* and
140> beam bursts for one rf cycle at intervals of ~'
of cycle. The '*O* 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
'¢0' are also shown. The significant feature of Fig.
3.17a-d is that the '*O* beam bursis are passing
through the high-intensity beam buckets of '*0'* as
they are being accelerated to full radius. This ‘s due to
the difference in angular rotation frequency of '*0*
llld l00l0_

For the harmonic-beam -~onditions described above.
the axial force balance must be integrated over the time
that the beams overlap in 9 this is shown by
d*z A
dl|; tmw, v 2, o q, ,|I=o E;,d0,=0. (1)

m

where the subicripts 1| and 2 refer to the different
harmonic beams. m is the particle mass. w is the angular
rotation frequency. v, is the axial betatron frequency, 2
is the particle distance from the median plane. g is the
particle charge. E; is the beam-burst electric field. and 0
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

9 »
lzz.f.lél-.":w._' o
(hs - Ay
where ¢, is the dielectric constant of free space, V is
the voltage gain per tum, and 4 is the harmonic number.

The results of Eq. (2) lead one 1o 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
spacecharge forces. The principal beams thus affected
are listed in Table 4.6.

The trajectories of '®0'* and '* 0 stanting fro.n the
ion source are shown in Fig. 4.12. 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 '®0'* starting phase
was assumed to be 70°. The orbits do not continuously
overlap, suggesting that a2 beam interceptor can be
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Table 4.6. Simuitancously accelerated

beams in ORIC
High-charje- A Low-charge- &
state beat state beam
i it 1 ‘i 3
12 1 120 5
1208 1 12 3
14, 5 1 ey 5
16y 1 legr s
160 1 16> 3
g 1 nge 5
" 1 l,FP 3
00 1 200> 3
ONWL-OWE 7317967
&
1
\\ BEAM
[\ A NTERCEPTOR
\‘ )) 2
4 Y\
]
' | 4 !
1T i ¢
LR\ !
\ \
\ \\ \ p
\‘ \\\ > £ L
) . 5 - r/
N “
- ~ -l —”/ '0”
10M
SOURCE L T’pg;
ACCELERATING
ELECTRODE (o] 3 [ ]
| S S T e =
CENTWIETERS

F" 4.18. The central-region orbit trajectories of 'S0 09
149 ing from the jon source. The starting phases are 70°
and 20° for '°0" and '* 0¥ respectively. An ideal location for
3 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 aimost flawlessly since startup



and is presently being used to test and evaluate a new
negative-ion source based on the sputtering principle” -
and to study the mepitive surface ionization of heavy
molkecular ions such as UJF, by heated platinum metal.
All aspects of the facihiy have met expectations
including the special compression lens =mployed to
maximize the beam transmission through the limited
direction of the magnet chamber (1.59 cm . acceptance
~147 cm-milliradians). The effect of the lens on the
ion beam improves the transmiss.on through the system
by a factos 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 cfficiency will oe somewhat lower for
hoavier jons. During the next calendar year. the facility
will be used principally for negative-ion-source develcp-
ment. and an effort will be made to incorporate
additional ion-source diagnostic equipment such as
emitlance-measuring and erergy-analyzing devices.

1. G. D. Alton et al., Phys. Div. Anmu. Prog. Rep. Dec. 31.
1974. ORNL-5025 (1975). p. 194.

2. G.D. Alton, JEEE Trans. Nucl. Sci. NS-23, 225 (1976).

3. See this report, G. D. Alton, “Preliminary Evaluation of
Mueller-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 vendor-supplied
sputter source which seriously affected its performance.
Almost without exception, the difficulties were asso-
ciated with the surface ionization source; consequently .
the source was totally redesigned (Fig. 4.19) in an
effort to eliminate or reduce the problems. The
previously reported modifications? were incospriated
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 bumout 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 wize in the form of
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Fig. 4.19. The ORNL ssrface ionization 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. Smce incorporation cf this design,
only one heater has been bumed 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
source' have been eliminated. and the source now
cperates 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 sousce 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 resuited which led o periodic loading 2nd
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 oxidecoated 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
statie operation and longer lifetime for the charge-
exchange source.

1. R. Middicton and C. T. Adams. Nucl Instrum. Methods
118, 329 (1974).

2. G. D. Alton, Phvs. Div. Ansm. Prog. Rep. Dec. 31, 1974,
ORNL-502S (1975), p. 194.

PRELIMINARY EVALUATION OF
MUELLER-HORTIC GEOMETRY
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-icn
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 facikity.”

The original ion source of Mueller and Hortig clearly
demonstrated the wide range of ions and high-intensity
capabilities of a source that incosporates simultaneous
sputtering and cesium susface activation. However. the
design. although possessing the same potential, lacked
the flexibility. vensatility, and long lifetime demon-
strated by the later Middleton-Adams source.® The
sousce geometry, however. has the following desisable
aspects.

1. Negative ions are generated over a planar area,
permitting the design of ar 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 susface with respect to the ex-
traction direction.

The impostant features of a modificd 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 4 1-
10 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
ex*ends 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
1o 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 ciscular.

The sample wheel contains 18 samples in a circular
arrapgement around the wheel. a particular sample may
be selected by indexing into the beam position. The
sample wheel may also be mov:d in and out (o
compensate for misalignment or beam steering by the
positive-ion lens. The resulis given here ware obtained
without coolant on the wheel, which may alfect 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.®

LEGEND

() SURFACE OMZATION SOURCE

(@ POSITIvE 10 EXTRACTION ELECTRODE
& e Lews . -t
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(® acceLemaTion €LECTAODE -

EL S ATt

Fig. 4.20. The ORNL negative sputter source.
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s 0 .
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 suriace.

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 is seen tc be a good producer of many
clemental and molecular ions and s an excellent
producer of ions from high-electron-affinity. high-
vapor-pressure materials.

ORNL-OWG 75-15435R

/\ \\,
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Fig 4.21. Dependence of the negative-ion yield on positive-

ion lens voltage.

The source is equipped with 2 gas feed system from
which high-vapor-pressure materials can be fed. The
sampie surface. vnto which the material is fed, may be
sclected by the indexing mechanism. The effect of the
sample surface on the generation rates of several jons is
shown in Table 4.8. The yield of 2 particular negative
ion is seen to be dependent on the chemical properties
of the sample surface.

Di -

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-ivn-

Tabie 4.7. Pastial kst of segative ions
generated m the ORNL sputter sousce

Ion lon L tom fon
current (zA) ; current (uA)

Al 0.2 I 2
AlI0” 3 YNt ~n.2
Ag” 0.250 N0~ ~0.3
A 1.2 P 0.03
Au” 6 PO, 045
- 25 h 30
Cz- 20 s” 44

a’ 100 Ta~ 0.03
Cu” ns Ta0; 2.0
w0~ 0.3 TaOy 0.6
(o 40 Ti 0.04
Fe” 0.1 TO~ 0.200
FeO~ 0.8 T 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 Feed Ton current (xA) from jon generation surface of -

species material o] Ag AU C Cu Fe Ni Pb Ta Ti Pt
a CCly, 100 ST 24 27T 40 40 30 1Y 4 4 14
¥ Sk, 2% 6 s 85 IS 17 12 9 s 40 3
"~ CH,l 2 17 483 16 13 13 15 10 4 23 9
o~ O ki S YOS W N | 7 0 15 3 0 20
L3 S, 4 47 23 20 16 19 13 20 IR O3S 34
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extrativn system. the source © expected to reach
maximum potential

1. V.F. Krohn_ J 4ppl Phyx 33,3523 419¢2).

2. M. Muclier and G. Horng, JEEE Trees Nocl Sci. NS-16,
38 (1%

3. R Maddicton and C. T. Adams. Nacl Instrum. Methods
18 329 (197

4. P. Tykewson, H. H. Andersen. and J. Hemewener, JEEE
Trans. Nwel Sci NS-232) 19761

5. K. . Chapman_ JEEF Trans. Nacl. Sci. NS-232) (1976)-

6. H. V. Smith. Jr_ and H. T. Richords, Smi Iostram.
Merkods 125, 497 (1975).

7. G. D. Akon_ JEEE Trews Naxl Sci. NS-2M2) (1976)

8. Sec this report. G. D. Akon. “Negative-lon-Somrce Devel-
opwment.”

9. W. B. Heevwanasfeldt, SLAC report 166. Stanford Uni-
versity, Stanford, Calif . 1973,

VAN DE GRAAFF LABORATORY

TANDEM VAN DE GRAAFF OPERATIONS

G.D. Alton 1. W. Johnson
R. P.Cumby E.G. Richardson
JLC.Ford. Jr. N.F.Ziegler

The research activities on the tandem for the year
1975, together with the principal ions accelerated and
approximate beam-time utilization for each activity . are
listed in Table 49. 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 primipal downtumes of the Van de Graaff
acceleratur itsell were three days required to replace
resistors and springs in the column and four days 1o
replace the drive motor and teromnal altermator. The
atupl failure in the second dowmtisne was in the
bearing of the terminal aliernator. but both it and the
drive motor were replaced because both had operated
for 2 totad of 11 310 hr. They bad been instalied im
Oxctober 1972 and were replaced in December 1975,

The atomic physas and solid-state physics programs
on the tandem are expected to increase n the future.
These effosts will probably require new beam lines
dedicated to new and specilized imstraments for the
mticipated rescarch. Furthermore, these atomic physics
ad solidstate physics applications. s well as the
heavy-ion nuchear research. will requite an improved
high vacuum from the high-cuergy 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 GRAAFF OPERATIONS
F. K. McGowan G.F. Wells
M. B. Lewis' F. A.DiCatlo
M.J.Salimarsh R P.Cumby?
C. H. Johnson Martha inman
N. H. Packan'

The 5.5-MV accelerator is now used routinely for
heavy-ion-induced radiation-damage studies’ by the
Radiation Effects 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 target. The heavy-ion-induced radiation
damage ranged from | to 350 dpa per sample. The
average irmadiation per sample corresponded to a dose
of 90 dpa. which. on the average. was produced at a
rate of 35 dpa/hr (70 dpa is equivalent 10 2 fluence
~10%? neutrons/cm?). In the present arrangement of
the radiation-damage facility, the effective sample area,
produced by the 10- by 10-mm beam defining aperture
upstream from the damage chamber. is 1.11 cm’.
Therefore, a dose of 1 dpa requires 300 uC of **Ni®**
ions incident on target. and the average rate of 35
dpa/hr corresponds to 3.0 puA of 2+ ions spread
uniformly over the 10- by 10-mm 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 I8 times
during 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 a2 normal beam of 1.5 particle-



Tabie 4.9. Ressasch artivities en the wadem Von dv Camafl scoeiesnteor

Type Projectile Investpators
Atomsic plrysics £.12C."%.""F. AL Sclin® Eson” Pege® Thee * Peserson’
g 50100 % tayden ¥ Griffie. Foresser® Laubert
Atomec collimons in solids 12¢ 18y 180 ¢30e.'27) Detz. Diggersiaff, Miller, Verbeck 9 Appicton €
Noggie £ Dmnrfcoc: del Crmpf
Frage-magnct heavy ion 16y 'Sn. %0 Ford, Gomez tﬁ" Miller, Socison.,
reaction studics Robmmsen
Coulomb excitation e.'% Miwer. Robinson, Sscison. Raman. Dageshart
Ture®
X2y studs "l,"c,"u D...,O umt‘(;qr' ‘-“_.l
Pepper/ Lightf E. Robimson.™ Milker. McCoy *
Caston.” Ahon
Beam-fol spectroscopy g S%re. Cn Bushion” Jomes ¥ Prano ¥ Sctm” Pegg *
Griftwm
Coulomb cxcitation and o.'%0 Hamilton” Ronmngen” Garcar-Bermudez.” ?
lifetime meamrements Ramayya.” Ricdinger ® Sayer
In-beam gaenme-ray stwdies bl TRET Robimson. Sayer. Smith * Mimer. Lim.f Wells !
Hamilton” Roamimgen.” Ramayys”
Heavy on-produced mestron~ '3-12¢, "% Bair. Stehon_ Miller
Cross sections
(**N.a) reaction ISy Gomez del Campo f Andrade S Dacal ¥ Ontiz ¥
Ford
High-charge-state stripping 36ge. 127 Miller, Biggerstaft. Alton_ Jomes, Kesael
studies Bridwell ¥ Wehring”
Fission Ba.%m" Picasonton. Ferguson/ Obenshain, Smel, Hubert™
Oxypen J&iffasion in Zwcaloy P Saltmarsh. Bevtrand . Perkins™
Radintio ) damage studics P Chent Abraham®

:Uniwni(y of Tenmessee, Knoxville.
University of Conmecticut, St.7rs.
‘Nu York University. New York City.
IthHmm-l fur Plasmaphysik. Garching. Germany .
“Solid State Division.
! Chemistry Division.
'Unmmly ~f Mexico. Mexico City.
Uumty of Virginia, Charlottesville.
IQMopcs Division.
Y Nonll Texas State University, Denton.
SunUnmmyoanYoriCollapatConhM
!Kansas State University of Agriculture and Applied Science, Manhattan.
" University of Alabama, Tuscalooss.
"University of Tulma, Tulsa. Obla.
? Middle Tennessee State University, Murfreesboro.
PUniversity of Arizona, Tucson.
"ltookllavcn National Laboratory, Upton. N.Y.
"Vanderbilt University, Nashville, Tenn.
’ouw Postdoctoral Fellow, Oak Ridge, Tenn.
"Tennersee Technological University, Cookeville.
“Murray State University, Murray, Ky.
*University of Mlinois. Urbana.
"Centre d'Erudes Nucléaires de Bordeaux-Gradignan, France.
*Metals and Ceramics Division.
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HA oa target (dunng 13450 he of uperation the lifetimes
have ranged between 60 and 113 br). A summmary of the
use of the **Ni iuvn beam & 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-damage chamber. 50%
use of the beam time for irradiation of sampies should
be achieved exuly .

tn addition to wradiation of samples. 2 mayor part of
the year has been dovoted to (1) developing 2 moni-
toning system to measure both the on-line miensity and
uniformity of the heavy-iomn beam and (2) preparations
for upgrading the performamce of the termamal. The
heavy-ion beam requirements for radiation-damage
bembardments are rather severe: 3 large area of 1 cm?
must be uniformly irradiated without rastering and with
large intensity. This is accomplished with a ring bens®
which focuses the positive-ion beam onto the [0- by
10-mm entrance aperture (0 the radiation-damage target
chamber. A beam profilometer (Physicon model
MS-10). located between the aperture an' target
chanber. scans the beam at 2 rate of 10 Hz with wo
vancs sweeping nearly parallel 10 the X and ¥ axis
respectively. A block diagram of the monitoring system
&s shown in Fig. 4.22. The current loop to the digitizer
is calibrated and checked periodically by replacing the
target assembly with 2 Faraday cup.

The profilometer output signals are also monitored by
oscilloscope displays and a signal-averager analyzer to

Table 4.10. Use of the **Ni ion beam in 1975

. Total
Activity hours Percent
Irradiation of 140 sampies (12,545 dpa or 356 25
35 dpaihr)
Loading and removing samples (rom damage 488 3
chamber (~ .5 hr per sample)
Cilibration of beam profile monitor 1o 190 i3
provide the tofal ion flux incident on
the target (~100 calibrations)
Microaperture scan of the beam profile Jo 2
at the target position
Accelerator stattup time and preparation 140 o
of the jon beam for an isradiation
{1 hr per sample)
Startup time after refurbishing the ion source 216 3]
(12 hn)
Total 1420 100
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Fig 4.22 Biack dingram of hewy-on beam wmosniteting
system.

assist the Van de Graafl operator in preparing 2 uni-
form beam profile at the targer. that is. adjusiment
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 jon source give rise to small osailla-
tions on each observed profite. The ocilloscope 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 operatos.
The signal-averager analyzer also provides the experi-
menter with a digitized accumulation of the scans of
the beam profile for an irvadiation.

A second beam profilometer is lucated upstream of
the ring lens. This profilometer display assists the
operator in preparing an ion beam emanating from the
ctossover, formed near the focal point of the 90°
analyzing magnet. with axiad symmetry and with
approximately Gaussian divergence.

1. Metals and Ceramics Division.
1. Instrumentatinn and Controls Division.
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3 M B Lewis et 3. p. |5 im Pocrndeges of ¢ Srmposiem on
Experimenial Metionls for Cherged-Partacie Irngdiateons. Gotln-
vy, Tonm_ Sepe. R0, 1975 CONE 750947, FRDA Tochascal
Informotiwe Center, Ouk Ralpe. Tean. 1975

4. C. H. Johmson_ Nucl Instrmer. Methends 127. 163 (1975).

week to fiwe dayvs per week m Mz and (v 2 comservauive
manacr (v reduce operatmg cxpenses. At hagh powers
(>0kW) the clectron bram b swept verucally (o
decraase hcal heating and the pussibility of burning out
the tantalum targere. A Larger heat exchanger was added

OAK RIDGE ELECTRON LINEAR to the arpet Ct\‘lﬂg-ﬂltl sysiem to allow the largef to
ACCELERATOR M&?Sk"mwmi’h&mh
. couvlmg-water temperature below 100°F.
:" ‘: II ‘u".'l }(‘:(l"“ s The rescarch actrvities 2t ORELA mn 1975 are listed i
- A Todd® .G. Craven

The Oak Radge Ekviron Lincar Accelerator (ORELA)
wa vperated for neutron expenments for 3138 hr
during 1975, Operatwn was reduced (rom six day's per

Table 4.11. Because expeniments <an be operated on
severad light paths smulianeoushy the total number of
expenmenter hours shown lor the vanous a'tmies 5
much larger than the 5138 hr of accelerator operation.

‘.
v e e BNy SW

- —- 1ot - A—— b -

Toble 4.11. Newtron cxpericments pevicrmed 3t ORELA i 1975
Tepe o Neutron Beam
ype Fiemsents, srtope: . ctv. encTes Fxpenmenters tune
cpenIment
{vum. mavn) thn
Total cross CENeMp e . Co Y.* "L 0005V _ 4n0MeV  Auchampaugh ® Benpmem ? Fowier. Garg.” 4200
wrTmas Hpe, SRSIL081 02 048y, Gumn. Harvey . Hll. lagk. Johnan. Larson.

6].‘5(-" “.l‘.".‘-'-.’.l
1009, 398py, 233238
:l.h :"u

Capture cees

Me. Cr bo, Zs Mo 85037 001 eV, 2 WV

k Ragodeur 4 Oten. Peres . Perer. Ram> ..
Todd. Wengmann”

Alen ! dcSaussure. Farke ¥ Gare © 1l Halpermn., 2300

iy I8g, SA.Svsey, 140(. k Ruzesbeur ? Mackim, Pandey * Perey, Perer.
332y, 38 240342y Todd. Weremann.” Weston. Winter<®
2]
Ficsonn crims DIy 2352385 239240, 0ol oV, 14 MeV  Dabbs_deSaussure. Dafiippe.’ Fehiect/ Gwan, 3400
wonom 133.285¢p Hill. Ingle. | ucrs/ Metkonun!/ Perez. Raman,
Todd. Weston
11_7) specina V. Ta. Au. '9%y0_ N4 eV, 20 MeV Carton X Chapman. G, Hill. Ingle. McClure! 2200
VIB.F22.128g, T44Nd, Morgan. New man. Raman. Slaughter.
173y, 206.207p, Wegmann.” Welld™
et expen- n.xy. V. Cr.Nb, Mo, Au: 0.0 eV, 20 MeV  Chapman. Gwin. Halperin. Harvey . Hill. Iagle. 4.200
ments Nwnad. 15, 2250, Morgan. Newman. Raman. Spencer. Tadd.
1%y, 25201 intepral Weston

aeutron wattening. Al. S10)q;
fresion chamber efficiencies,
13823825201 neutron
lux Measurenent s; respoiise,
NEF-213; calibrations, Fe. Ta

19.300

“Los Alamos Scientific Laboratory. Los Alamos, N.M.
Psavannah River Laboratory . Aiken. S.C.

“State University of New York College at Cortland.
dCentre d'Fiudes Nuckaires. Bruyere-le-Chatel. France.
" mureau Central d¢ Mesures &' Nuckaites, (reel, Relpum.

Australian Atomic Energy Commission, Lucas Heghts. Australia.
X(halk River Nuckar Laboratories. Chalk River, Ontario, Canada.

P Denison University. Granville, Ohio.
'Comision Nacional de Encrgia Atomica, Argentina.
IColumbia University, New York City.

Middle Tennessee State University . Murfreeshoro.
'(kmg'n Institute of Technology, Atlanta.
M Tennessee Technological University . Cookeville.
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Durimg the year amother Mlight path was mstrumented
with collmmators. 32 shadow bar. 2 vacuum valve. and 2
beam stop W acommudate experimenters from the

The program for greatly improving the performance
of ORELA for shortpulse {3 1o 5 msec) operaton (by
veluity modulation with tisme-dependent volage gaps
ad dvift/spacers) & progressmg favorably withn the
consirants mmposed by the limited manpower and
fends available. Calculations have been made by R. G.
Alsmaller, Jr.. F. S. Alsmiller. .4 J. Barrish of the
Newtron Physics Division and  are favorable for a
tions are bemg expanded to more dimensions 1o better
determine the uagnetc field acd gap-field effects. The
testr of certan cnitical 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
systems within the next year.

More memory has been approved for the three SEL
Jata-acquisition computers to enable each system to
handle four simultancous experiments. Incrcased func-
tions of the system during data taking had resulted in
msufficient core to perform tasks at the required time
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when four experiments were runsing. A 1 5-milson-
word remuwable dsk has boen added to the peripheral-
equipment controlier (PEC) to be used by dhe PEC and
conmecting computers. On the PEC e disk will be weed
for storage of programs. hcal spooling of data to the
bime printer or Calcowmp. and storage of loval colle-ted
data for display and manipulateons.

A PDP-15 dsplay has been commected to the PEC_ and
an operating sysiern has been writien wsing the PEC
disk. Progranes and data files can casily be tramsferred
between the PEC and PDP-10 &sk. In addition to
providing many features of the POP-10/PDP-15 &isplay
system. the PEC/PDP-I5 display system has 2 fast scm
capability of data stored on the PEC disk. The PDP-15
displays are betng meodified (o allow the ceatral PDP-10
compuier to control the display teletype 23 2 normal
time-sharmg teletype. This modificativn increases tele-
type transmssion from 300 to 1200 baud and elimi-
mates al known problems that result in terminal
hangups.

1. Co-Disector of ORFLA (with K. W. Peclie. Newtron
Physics Division).

1. instrusmeniation and Controls Diision.

3. Computer Scixwces Division.



18—, TR AR Y Ay s

5. Theoretical Physics

INTRODUCTION
G. R Saschier

The vear 1975 saw te nuckear theory efforts dominated by heavy-on physics. Some
exciting advances have been made n developmg theoretical and computational tools for
handling the complex problems posed by the collision of two nuciei. From studving these
we hope 10 lcamn about the more genceral problem of large-amplitude collective motions of
a2 quantal flusd. At one beve! (the “macroscopk™ one), we regard the coflision as a
problem i flud dvnamics. the collmon of two fluid drops. At another level (the
“microscopie” one). we attempt 1o understand the process im terms of the motions of the
irdividual nucleon- and their forces: tume-dependent Hartree-Fock theory is the tool here.
At the same time. theoretcal links are being forged beiween the microscops and
macroscopic levels. In the high-ene:gy limit. where the mdividual nucieon motions are
all-important. a classical approximation is also being studved. rather like the collision of
two clusters of billiard badls. In addition to these new ventures. work zontimees on more
conventional 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 mterest be studied.

As the lists of authors of the various contributions testify, we continue 10 enjoy
valuable collaboration and interaction with other nuclear theorists from many institutions
outside ORNL. (In addition to numerous mformal visits. a very productive four-day
workshop on time-dependent Hartree-Fock theory was held in December.) Locally. we
have seven staflf 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.

PR

MACROSCOPIC NUCLEAR DYNAMICS AND

HEAVY-ION COLLISIONS
). J. Griffin’ J. A. Maruhn
J. A.McDonald®>  C.G. Trahem?
T. A. Welton C.Y.Wong

In the discussion of nuclear phenomena, it is con-
venient to introduce the concept of a nuclear fluid and
to treat finite nuclei as small gquantities of it. The
dynamics of this fluid are then described by the time
variations of the density field n(r, 7). the velocity field
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w(r, 1). and the entropy field o(r, 7). Our knowledge of
the static and dynamic properties of the fluid is as yet
mncomplete. (For example, although its equilibrium
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 30 as to enhance our understanding
of complex nuclear phenomena. Furthermore, 2 mac-
roscopic description is appropriate for the collisions of

B e



heavy mncder. where &e complexity of the problem 25
vet preciedes 2 fully m-roscvps descnptwn. Ewen
though theee-Jmmensional tum dependent Hartree-Fock
(TDHF) chshtows are possbic  the  asmmplons
required w0 make swh 2 oeatmeat feasble may
prechede 2y Jependable descnpison of read s li s
then gaute possible that 2 theony of dassacal form. with
constanis adjussied Tor best U 1o experument. sy
sarvive 25 the method of dhosce for dee description of 2
wide range of beawy-sou phewomena

1. Cawersty of Mmvhnd.: prevently o lexwe 3t Justes Lachig
Uneversnatl. Girssen. $est Germany .

2 Stedeat frocs Prncesos Unwversity. sagamer (975, wader
the Exoeptiveal Stadent Frograes.

3 Simlest from Rice Umweraty. samenct 1975 ender the

BASES FOR A MACROSCOPIC DESCRIPTION

C.Y.Wong
J. A Marubn

T.A. Welton
J. A. McDonald'

The thevretica foundation for 2 macrosopi: de-
wnption s sought by starting with the more funda-
mental muroscopic theories. We can Siow. 25 previ-
ously with the tnme-dependent Hartree-Fock approxi-
mation® or more recendy with the exact masy-body
Schridinger equation.® that one van 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 tum out to be amalogous
10 the equations of motion n classical fluid dynamics.
A completely macroscopic fluid-dynamical description
requires. however, that the stress tensor and the heat
flux be expressed as sample functions of the basic
macroscopic varizbles #, u, and 0. The conditions under
which such a completely macroscopic description can
be a good one are exammed by comparing the length
and time scales for microscopic and Magroscopic
refaxations.* We find that in the collision. for example.
of two similar nuclei of mass A/2, 3 macroscopic
description should be reasonably valid for A > 40 at
nonrelativistic energies, except for those colisions 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 quantities 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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iy siandard form (the NaviecrSiokes form of the
stress temax and 2 heat flax propurtunal 1o 1empers-
mase gradecat bemg smple Wastrations). We hope that
the mmportant paamcters m axch expresaoas on be
determmed when we cunfront theoreinal preductivns
with experament aad that. m Eact, the fomsctonal fonms
of these expressions can be refned 25 acw phenomena
appen.

1 Stwdest from Primccron Ueiversaty. sommwer 1975, wadcy
the | voeptioenl Stadent Progam

2 C.Y Woung_ ). A Yarvhs. 2ad V. A. Welton. ¥acd Mirx
AZS3. 469 (1975)

3 C.Y. Wongand J. A WDombd. 1o be published.

4. C Y VWoapg. T A Wekon. 20d J. A Morshe. 1o br

publuhod.

NUMERICAL SOLUTION OF THE
FLUID-DYNAMICAL EQUATIONS

JAMarubn T A Welion C Y Wong

Al the e of wnimg. we do not have results to
report for a tully three-dimensonal calculation al-
though sach calculations are well under way and results
are expected m the near future. Meanwhile collisions m
one dmmension have been studied. partly 10 gain
experienoe with the computational aspects of the
problem and partly because we believe we can beam
about some fearures of more realistic collisions in this
way.

The equations used were:

mass conservation,
9
a—"f--(mv)=()'. hH
& ox

momentum conservation,

o 3
_ +—(nv?
31‘“’ ax‘ )

p W 9 ..av>
n M ]

and energy conservation,

] 0 vy
—-’nW”)H—-(nW‘”v)'-'mn)(-!) . 3
or ox ax,
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The micrnal energy per particle 1s gyven by the cquation
of siate.

“_.’:b..’l" 'b.l fb:l""

$x\23 2me® KTV
+byn’? 0“ \ H

1_(’ /’ E .2”

where the coefinm=is T~ 222 do . 2 1o veld an

e@“m densi™ wn GET miman s e,
sponding bmding energy cf 10 M2V, anua-m‘.:r,‘
bikty of 134 MeV. The pressuic .- #» = n° N o,

evalmated a1 2 comsiant emtropy. The thermal pon off
the miema cmergy. W') is defined 2 the last 1erm vn
the nght-hand side of Eq. {4). It s cunvenient 1o write
the cquation uf energy comservaton m terms of W'
mstead of the to1al encrgy density. because it 1s 2 small
quantity compred o kimewc a1 total miernal encrgy
and would not be obtamed _ccurately from the total
energy densir,
The long-range potential 37 was assurmed 1o be pven
h-.
&E£Van
e a’ Vax)= dsgmx) . 5

so that 1t 15 of Yukawa type. We used 3 = 250 MeV
and & = 2.1 fim'. The Yukawa porential produces an
additional binding energy linear in 7 m the auckear
matter limit. which has to be subtiacted from the lincar
term in Eq. (4) to preserve the kmiting propertes of
Mn). A Coulomb potential was not included because of
its singnlar behavior in the one-dimensional case.

We used an explicit Eulerian flux-corrected transpor:
agorithm.'! 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 Ironts only a few
mesh-puoints 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 jess
than [0 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
10!m.

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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17 umes the veloaty of sound m awilear matter for
the equation of state zssumed. so that the collnem 18
supersoni and compresson 1s expecied 10 be mpor-
tani. The sscusty was set 2210 i ths case. A zone of
strong compression forms m the centers with near-2ero
wveloary . e remamder of the two slabs stull szream
from the sude. The maumum denutny reached 15 large
because of the low incompresstbduy assumed. At (e
123 fmc a compressed cumposte svstem has been
formed with 2most no mitemal motion. The hugh
pressuce m the compressed state then canses gradual
somgon. and the densuy slowly goes down to th:
TP st A1 Twme ~210 fmc. but ntemal
moton has <. =udt up 10 such an extent that it
carnot be stable and starts fiswoning at 286 fm ¢.

Figure 5.1 shvw; 2 nopwiscous collision with an
mtigl o of 7352 MeV oper auckeon. The mam
Laftererat n s ach siTonERT COMPrEsSion fatio of
more than 3 $uch <nowg compresstons are not
exypected m 2 three Simzinvunsd uluanon snce then
matier can flow out 10 > adex The demsity becomes
more stretched out before it 22.oo« 5 T, Equation
€3) favors fission a+ 3006 2s the densiiy g below 0.1 1
fm > smce then the lewenng «of she densily becomes
even more favorable energetically .

Al very low enecpes there is the possidsiiv f ‘usion;
this has also been observed n the calvulanw:.. '.g.02s
3 1c and d show the effects of viscosi'y on acu-.
with an initial enesgy of 13 8 MeV per nucleon.

Viscosily tends to smoath the density throughout the
entire collisson. The short-range oscillations in the
density have vanished and the corresponding energy has
been dissipated int-. heating. Viscosity also lowers the
overall compression. because at the collision zone.
kinetic energy is converted mnio heat a3 well 2 mio
compression. The third effect is a direct consequence of
this heating: Because of the equation of state. 2 heated
7one 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 1s the
physical explanation for the pronounced central dip
seen in Fig. 5.1c and d. This dip later develops directly
into the fission breakup in Fig. 5.1c. which thus
proceeds more rapidly than in the inviscid case.

The collision in Fig. 5.1d. on the other hand. is so
stiongly damped th2: the central compression zone
does not engulf the whole system, but the outer peaks
survivc and are pushed outward again, forming small
fragments in the final breakup.
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Fig 5.1. Density a a function of time for a collision of two dabs. The numbers give the time (in fm/c) clapsed since starting
time. The vertical distance between graphs corresponds to a density of 0.2 fm 3 (g Inntial energy of 18.8 MeV per nucleon and zer0
viscosity: (b) initial energe- of 75.2 MeV per nucleon and zero viscosity . (¢) initial energy of 18.8 MeV per aucleon and np = 20
MeV/cfm? ; (d) initial energy of 18.8 MeV per nucleon and ng = SO MeV/efm? .
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it s diear that merely by rarving The ome parameter of
nuclcar siconiy . 3 wade ramge of cullrmon phenomena
<am be obtamed. This could provade 3 means of icarng
sbuwtl 3 realntn mackear coaty coefficsent by cum-
panng rosuits of a2 fall threedumemaonal Cdkculation
with cxpermment

1 JP Domm.ad D L Bk J Compue Phyx 11, 58¢197 R

SPIN AND ISOSPIN DYNASICS OF
NUCLEAR LUID

CY Somg T A Wcdion J A Margha

We have commdered the effects of the spm and 1sospm
degrees of frccdom on the dymamacs of the muchear
fwd: we cxpect them to dlow mew wmds of sound
wave 1o occur. To meestpate these we start owh the
tme-dependert Hautree-Fock (TDHF) equation with
spon- and vsospmdeperdent oentral interaciom. We
then cast the TDHF cquation =ito 2 set of conservat-on
cquations f the dasacal type. coupling the spn and
pospin  densitses. With smple  zcro-ange  demwty-
dependert mieractrons. we obtan the normal modes
for the propagatwn of demuity vanations and the
currespondimg sound speeds. in addition 1o the normal
sound waves. in which the total density vanes with
space and time. there are the spin sound waves.
which the difference of the spn-up and spin-down
deasities vanes with space and time . the isospin sound
waves. m which the diffezence of neutron and proton
dengties vaives with space and tane: and finally. the
wpin-isowpin sound] waves._ in which the diiference of the
“pacallel” spin and isospin densities and the “antipar-
allel™ spin and isospin densities vanes 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
particulatly convenient n 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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mirodaed In ths way. 2 comservatiwe theony =
conweited Mo 2 theory with encontroiled dnspaioon.
with coauderable arendant Afficulty of mterpretation
From amother vicwpom!. we mav regad muchear hy-
drodsnamics s 3 vomaderable gemeralization of the
famidiar comoept of collective motions. The Ewlersan
cquaises 21 et allow 2 prorel dasecal descrpizos ofF
these collectme motons. but we moy expect that 2
quantem reaiment of the ooliective motions will, -
a1 be requared. Thes. 2 Hamiltonne theory that s
equrcalent (o the bulcron equatrons will permit sach
quEntniva by pruerally famidnr methods.

To pexceed. we first restrxt our atienbion (0 one-
dwmensonal duws. Note that the Lagraagna (mesh
movmg with fu) descnpuon alows directly a
Lagrangan (3 f L dr = 0) formulation We wnte

‘e 2
l=]‘0§{mm(s—) »cq;c!(;/‘ I .
- o

(0
where

x(Q. N = coardmate at the time 1 of the flurd clernent
which was at position Q at the starting tame.

Pl =mass of fmd per umt range of starting
poslion,

ax
('—) 2 = velocity of the fluid element carrently
&r Q atx,

h\
(—— ) = fractonal compression of the fluid element
t a3 x. compared with its starting density,

x
U( ;(‘))= specific enthalpy of compression.

Isentropic flow has beea assumed : otherwise the system
is certamly not conservative.

A Hamiltonian and appropriate canonical momenta
zan be derived from Eq. (1) by familiar manipulai:ons
but the resulting formalism has current fluid positicn as
a coordinate. whereas the imdependent integration
variable @ is a label that identifies 3 particular fluid
element. We new make a transformation (which appears
fo be novel) in which 1abei and coordinate are simply
interchanged. That is, we write

L=fdxno|0(-')|<aa ) {-(a, . [(30),

2
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where we hold in abeyance the question of the meaning
of the ncw coordinate Qhx. 7). We complete the
transtormation by use of two familiar identities:

() /G0 =/

(gx_) _ @/an, _ ag/ar )
alg 0x),  aQPx
Finally,

L fmo(c)(% -0 vm). )

where @ = 30/3r and 0’ = 3Q/ar.

This Lagrangian has precisety the form of a tonlinear
field theory for a single field variable Q, which is a
function of x and . The resulting field equations are
precisely ecuivalent to the desired Eulerian equations,
but we now have a significant advantage. The above
integral can be ditectly replaced by a sum over discrete
cells. The Lagrangian form is fully retained, as is the
positive definite characier 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 Q; and @,, which may
each be differentiated with respect to x or y. The
correct formalism is

L= fdl fd)' Po(Qh. Q) {— {(axz)

() o (G- (B

90, B_Q 30, 30, .
-2(ax x )Qan}-'-’ UpeN |,
wher: J = (00, /axX9Q; /oy) —~ (3Q,/e"X9Q;/0x) =

Jacohian of transformation @, Q; = x, y.

Th: 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 trom Rive University. summer (975, ander the
Exceptional Student Program.

SIMPLE HYDRGDYNAMICS IN
DROPLET COLLISIONS

C.Y.Wong  J.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
uscd. We have initiated 2 program?~* (o study colli-

OR*L-OWG 75-16843

A7Z/AR= 6.00

s
( ) 1.17

Vig- 5.2. Motion of s chargeless droplet stretched to the
shapz of 3 spheroid with an t ratio of 6, The numbers are
the times, i units of VE, °)Inko where £, (o) is the surface
energy of a spherical drop of radius Rp with (he same volume.
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sions between droplets of nuckear fluid in these terms.
In our simple ireatment. we represent the surface in
terms 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.
() focusing of surtace waves, (3) the formation of a
toroidal-shaped droplet at the end point of maxim:!
compression, and (4) shape of the neck for a non-head-
on collision. However, hydrodynamics linearized for
exnansion with respect to a sphere cannot adequately
describe the disintegration of a droplet. Accordingly.
we investigated hydrodynamics linearized for a shape
expanded with respe.: to spheroids of large aspect ratio
and obtained the corresponding normal modes. This is
particularly appropriate for the shape of the compuosiie
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 mitially 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
resuits in 2 line of drops of similar sizes. We find that
the grzater 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 /R, where u is the relative
velocity. Because the presence of charge enhances
necklace instability, experimental search for the vecur-
rence of such phenomena with heavy nuclear projectiles
will be of interest.

I. University of Maryiand. presently on leave at Justus Licbig
Universitat, Giessen, West Germany.

2. 1. ). Griffin and K. K. Kan. Colliding Heavy lons. Nuclei as
Dynamical Fluids. ORO4856-3. University of Maryland. Col-
lege Park. 1975.

3. C. Y. Wong. Selected Topics in Heavy-fon Reactions.
ORNL/TM-5000. 1975.

4. J. ). Griffin and C. Y. Wong. Bull. Am. Phys. Soc. [] 20,
1158 11975).

MICROSCOPIC MODELS OF NUCLEI AND

HEAVY-ION COLLISIONS
J. P. Bondorf’ S. E. Koonin®
R. Y. Cusson? S.J. Krieger®
K.T R. Davies J. A. Maruhn
H.T. Feldmeier> V. Maruhn.Rezwani’

S. Garpman*
E. C. Halbert

J.W. Negele®
P.}. Siemens'

Recently there has 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
ate currently being ¢xamined: the aim is to obitain 2
unified microscopic description of the statics and
dynamics of o wide range of physical phenomena.
including lirge-amplitude collective oscillations. fission,
fusion. compound-nucleus formation. deep-inelastic
scattering, and fragmentation. A microscopic approach
may describe just the statics of the system. 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 ciculations use self-consistent
:onstrained Hartree-Fock models. from which one
oblains 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
nucleon-nucieon collisions classically.

1. Nicls Bohr Institute. Copenhagen, Denmark.

2. Consultant to ORNL from Duke University. Durtham. N.C.

3. Guest assignee from Technische Hochschule Darmstadr.
Germany. under NATO Fellowship.

4. Nordisk Institut for Tcoretisk Atomfysik, Copenhagen.
Denmark.

5. California Institute of Technology. Pasadena.

6. University of Hlinois at Chicago Ciscle.

1. Guest assignee. presently consultant with Cheminiry Dhivi-
sion.

8. Massachusetts Institute of Technology. Cambridge.

ADIABATIC MODEL
R.Y. Cusson’

The densitv-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 obtamed heavy-jon in-
teraction potentials for a sumber o systems? For
example. the case of '2C + '2C is shown in Fig, 5.3,
The calculated adiabatic clusier potentisl energy ¥, is
plotted vs R = v/, "/Iy. which is a measure of the
scparation between the ions. The experimental poten.
tial was obtained from the analyses of ORNL data on
12¢ 4 '2C scatterng described eliewhere in  this
teport * (The scattering is only sensitive to the poten-
tial bevond 3 or 4 fm.) The caiculated pointial has too
large a radius. this arises because the rdius of the
density of ' 2C 1s calculated 1o be 0.4 fm larger than the
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one obtained from electron scattenng. This discrepancy
could easily be remedied by teadjusting the parameters
of the calculation. In the intemal region the potential
has its minimum at a value of @.°. the total mass
quadrupole moment. that is comsistent with the ground
state properties of the compound system. 2*Mg. The
minimum is also in reasonable agreement with the
experimental binding energy of >*Mg. Thus we see that
there does seem to exist a single microscopic. albeit
semipher.omenological. energy operator. ¥, which can
simultaneously give the correct potential in the asymp-
totic limit of large separation as well as in the fused
com:pound-nuclear region.

Further calculations were made for the heavy-ion-
induced fission reaction *®Ni + *®Ne = 7Sr ~ 4, +
Ay . which is being studied experimentally at ORNL.
Because the compound system, **Sr, has a fissiliry
below the Businaro-Gallone critical value of 0.396 for
zero angular momentum. the pure liquid-drop model
predicts asvmmetric fission. A ciuster potential energy
curve for 7Sy + 3%K + %K. similar 1o Fig. 5.3, was
first obtained. From this curve it was possibie 1o
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 th.
compound system does not contribute to the barrier
energy. For such a light system, sections of the
potential-energy surfaces along the fission and fusion
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Fig. 54. Abwmlute energy of fission bamvies of "8Se vs 4, the
stomic sumber of one of the [ragments.

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
neighborhood of 50. Figure 54 shows that the lowest
barrier appears near A = 26 (or 52), in agreement with
preliminary experimental results showing a peak in the
mass distsibution near A = 29. Thus the shell struciure
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. Consultani to ORNL from Duke University, Durhamn. N.C,

2. R. Y. Cusson et al., submitted 1o Physical Review.

3. R. Y. Cusson. R, thiko, and D. Kolb, submitied to Nuclear
Physics.
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DYNAMICS AND THE TDHF THEORY

R.Y_Cusson' S.J. Krieger*
K.T.R. Davies J. A.Maruhn
H. T. Feldmeier? V. Maruhn-Rezwani®
<. E. Koonin® J. W._ Negele*

New experimental results with heavy ions have
prompted many questions conceming colliding droplets
of nuclear fiuid. 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. 1t is known that
if 2 set of particles move in a highly time-dependent
single-particle pozential. the collective coherence of the
motion miy be converted into random motion. This is
but one cxample where nuclear fluid 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 2 microscopic description
based on a realistic nucleon-nucieon force. An obvious
approach is the time-dependent Hartree-Fock (TDHF)
approximation. which was first proposed by Dirac
nearly SO vears 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 mature pemmits a semiclassical interpretation.
which often provides insights not obtainable in calcula-
tions 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 te 2 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 a2 one-dimensional
system.” These calculations, which describe collisions
between slabs of nuclear matter in which the transverse
degrees of frecdom are frozen. resulted in 2 somewhat
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unexpected richness of solutions corresponding to
compound-nucleus formation. resonances, deep-in-
elastic procestes. 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.

1. Consultant to ORNL from Duke University, Durham, N.C.

2. Guost assignee from Technische Hochschule Dammstadt,
Germmany, under NATO Fellowship.

3. California Institute of Technology. Paadena.

4. University of lllmois at Chicago Circle.

S. Guest assignee, presently consultant with Chemistry Divi-
son

&ﬁundmms institute of Technology. Cambridge.
7. P. Bonche. S. E. Koonin. and J. W. Negele. PAys. Rev. C.

January 1976. in press.

12¢ 4+ '2C 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 '2C. A hammonic
oscillztor 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 1 = 35
fm/c. shows an early step in the collision where the
system develops a stationary compression region in the
center. The next siage. at 1 = 44 fm/c. shows that.as a
reaction to the compression. the matter begins to flow
radialy outwards and back toward the initial position.
This radial motion is shortdived. however, and quickly
reverses itself. At 7 = 85 fm/c the two ! 2C clusters are
moving away from each other and would permanently
separate if 2 substantial amount of collective kinetic
encrgy had not already been lost to random motion.
Thus at 1 = 110 fm/c the current distribution is in the
process of reversing itself agaim. For this particular
bombarding energy. the energy loss has not been high
enough 1o allow the system to fall back towards the
34Mg compound state. Thus in the fifth frame at ¢ =
165 fm/c we can observe 2 metastable molecular state
with a complicated intema oscillatory mode of the
clusters. These oscillations continue while the system

.
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slowly drifts apart. as shown in the last frnme. at 7 =
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
Lettery.

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 2 iwo-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 1wo- and threebody forces of the
Skymme type and a finite-range Yukawa force. Coulomb
terms (except for exchange contributions) were in-
cluded. This polential reproduces reasonably well the
binding energies, radii. and densities of €0 and *°Ca.
An effective charge was used in the calculations to
avoid treating neutrons and protons sepasately. an
approximation which should be valid for light systems.
The head-on collision of '*O + '*0 at a laboratory
encrgy 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 impossibie for
the **0 + '¢0 system, such an approach becomes
increasingly prohibitive for larger systems in terms of
computing costs. Therefore we must consider how the
effects of fimte 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 reiative 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 i the scattering plane. The
orientation of the z axis in real three-dimensional space
is specified by the angle 8, whose time rate of change
is given by
w=Lilp), n

where L is the relative orbital angular momentum and /
is the instamtaneous moment of imer.ia about the
rotation axis. The total energy of the system is then
mocified as follows:

H-H+L*|2Hp). (4]

The moment of mertia /(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 4 10 at 8.0 MeV per nucleon. On the graph.ris
the center-of-mass separation of the ions. Whereas the
grazing parntial waves (I > 35) suffer some small inward
deflection due to the attractive tai! of the nuclear
potential, the influence of the strong interaction is most
evident for / < 30. Head-on collisions (/ = 0) penetrate
deepest toward the compound system and bounce
strongly with large energy loss. With increasing angular
momentum (I = 10 to 25) the trajectory takes on a
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Fig. 5.6. r0 wajectovies for '%0+ '%0 at 2 c.om. emergy of
8.0 MeV per mucloon. For cach martial wave, we bt 9, the
wattering angle for 2 nonmteractmg-pomt Coulomb trapectoy:
oy the scattering angle from the TDHF vakculation: and £, the
fmal center-of-mass relauve fragment kinctic energy. n MeV.
Tick marks mdwate unxe mievals of 10732 o the dots
delmcaic umes durmg which the ons “clutch.” The dashed
cicke at 7 = 2.8 fm » the sharp-surface liquid-drop valuc for the
ccmpound system 33§

skimming charactenistic under the mfluence of Cou-
lomb. centrifugal. and nuclear fosces. Because penetra-
tion is not as strong. the energy loss is less severe. In
addition. the scission configuration becomes less elon-
sated with increasing £. The / = 30 trajectory 15 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 7 for
2 TDHF calculation of *°Ca + 4°Ca at 12.0 MeV per
nuckon and / = 20. (The apparent deformation per-
pendiculas to the direction of motior is simply due to a
choice of unegual length scales for the plots.) The ions
begin to clutch at 1 = 0.16, and at 1 = 0.32 they form a
compound system. After various intemal shape changes
the system eventually begins 1o break apart. and
scission occurs at £ = 0.9. These qualitative piciures give
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Fig. 5.7. Demsity diswibution pictures for the reaction
43C;3 + 49C3 a1 12.0 MeV per nucieon and 7 = 20. The time is n
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some idea of the richness of the structure involved in
the shape changes obtained from 2 TDHF calculatiun.

1. Guest assignee from Technische Hochschule Darmstadi.
Germany . under NATO Fellowship.

2. California Institute of Technology . Pasadena.

3. University of linos at Chicago Ciacle

4. Guest asusignee. presently consultant with Themi-iry Divi
sion.

5. S. F. Koonin. 10 be published in Py sics Lerters.

THREE-DIMENSIONAL TDHF 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 3 fully three-dimensional TDHF code. in the
interest of computing speed. we have incorpurated
further simplifications of the Skymme interaction and 2
combined courdinate-momentumn space basis. With the
present budgetary limitations, we expect to be re-
stricted to studving systems no heavier than. say.
Ni + Ni. Preliminacy calculations for a+a at 16 MeV
per nuckeor: and impact parameters b= 1. 2. 3 4. 45,
and 5 Im have been made. We find: 11) in the region
b=2 to 4 tm. the collective Kinetic energy loss &s
considerably larger than for a headon collsion; this
oceurs via the formation of 2 molecular state that may
pertorm  several rotations whilke losing  collective
kinetic energy by radial oscillations before coming
apart: (2) the two clusters tend o interpeneirate ach
other a3 in 2 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
impact parameter. the oulguing 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 MICROSCOPIC DESCRIPTION
OF HEAVY-ION COLLISIONS

J.P.Bondorf'  H.T. Feldmeier®
E. C. Halbert

S_Garpman®
P.). Siemens'

In heavy-ion collisions. bombarding energies of a few
hundred MeV per nucleon seem most favorable for
producing shock zones of compressed nuclear mattes.
As an alternative tc 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 inake qualitative.
rapid (and therefore economical) calculations of how
the shock-zone characteristics and emerpent-particle
angular distributions depend upon the initial nuclear
masses. the bombarding energy. and the nucleus-nucleus
impact parameter.

Our present computer program, called SIMON, i a
simple simulation code. Each run simulates one nucleus-
nucleus collision. involving many nucleon-nucleon sca*-
terings. Monte Carlo methods are used to detoimine the
initial aucleon positions and velocitics within the two
separated nuclei.  Nucleon-nuclcon  interactions are
faken into account via cross sections rather than via
explicit Torces. Each nucleon’s motion 1s approximated
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as uniform 0 velocity . except for abrupt changes wien
nwlevnnucikeon scattenings occur. The accurrence of
exh scattering and its exact time are determined by
simple gromeine cousiderations such as cross section,
niwkeon-nucleon  impact parameter. and. soctimes.
nuckeonic hardcore  radius. (There are alternative
options wailable in SIMON)) The two ew nukon
velocities, after eah scattening. are determined by the
impat parameter amnd/or by Monte Cardo methods.
Within 2 run. al nuckon pusitions and velwarees are
known 25 functions of time. This allows calculation of
such gross features as the space- and iune-dependent
particle density during collision. the space- and time-
dependent mean-square nuckeon velucity, and the angu-
lar distribution of particles emerging after collision.

There are two approximations basic to the present
SIMON code: (1) classical-partcle kinematics and (2)
abrupt cross-section-induced changes in sclocity (rather
than continuous acczkerations induced by smaoothly
varying nuckon-nuclevn forces). Thewe 1w umplifica-
tions are not justified in detail, for at the kinetic
encrgies we consider. the de Broglie wavelength of 2
nucleon is of the same wder of magitude a8 the
wnternucleon spacing. which in arn is of the same order
as the mean free path for nuckeon-nuckon scattering.
However, we hope for some cancellation of detailed
crrors when we use these approximations in calculatuing
gross featares of the collision. We also make some other
simplifications, reasonable enough at this stage Sul not
basic to the SIMON method. At preseni we use
nourclativistic  Kinematics: also, we start with zero-
temperature niclei of spherical shape. and we neglext
nuclear binding Coulomb energy. nuckon spin.
ncutron-proton  differences. and  pion  production.
Furthcrmore, we allow only elasice and isotropic
nucleon-pucleon scattering. with energy -independent
density-independent cross section. These novbasic sim-
plifications may be modificd in the future.

Local particke densitics p17) are obtained by averagng
over small volume clements. and emergent-particle
angular distributions M cos 8) and X10) are obtainca by
averaging over appropriate solid-angle clemerts. Becau:e
of the Monte Carlo conditions defining each calculatedd
nucleus-nucleus collision, there may be severe fluctus.-
tions of the local density (in time and space) and of tae
angular distributions. To reduce these fluctuations, we
avesage over an ensemble of SIMON runs. all idntical
except for their Monte Carlo numbers. Figur« £.8-
5.10 show some results obtained by averagirg vwer nine
head-on collisions between two mass 235 nuclei. For
the nucleon-nucicon cross section we used o = IS mb,
as suggested by experimental data in the energy region
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of two mess 235 meclei.

of mterest. The results shown were obtained with
nucleon-nucleon scattering modeled as hard-sphere scat-
tering. so that the distarice of closest approach was
(0/%)'12 = 0.9 1m. As Fig 5.10 shows. this hard-sphere
model yields 2 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, Coprahagen, Danmark.

2. Guest ssygnee from Techmis e Hochschule Darmstadt,
Germeny . under NATO Felowship.

3. Nordisk Institat for Teoretisk Atomfysik. Copenhagen,
Denmark.
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NUCLEAR REACTION THEORY

E.C.Halbert G. R. Satchler L. D. Rickerisen
L. W.Owen' I B. McGrory

This section is concerned with more conventional
nuclear reaction models: optical mode!, coupled chan-
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nels. distorted-wave Born approximation (DWBA). ete.
Most of the applications have been to heavy-ion
reactions. although light ions have not been neglected
entirely: work has continued on the excitation o1 giant
multipole esonances by peotons, alphas. and new-
trons?> and on the role of wostep processes in
charge-exchange reactions.*-* This theoretical eftort is
usually pursued in close cellaboration with the experi-
mentalists at ORNL, and sonw ot the results appear in
the experimental sections ol this report; these we only
touch upon brietly.

Our activities have three broad motivations: (1) to
provide the most sophisticaied tools for the analysis of
experimental data obtained at ORNL. (2) to sec what
we can learn from various types of data and hence 1o
guide future experiments. and (3) to achieve a bettzr
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 varicty are better studied by the
approaches described in the preceding articles.

. Computer Sciences Dwvision.

. E.C. Halbert et al., Vucl Phys. A245, 189 t1975).
F. P Brady et al., Phys. Rev. Lett. 36, 15 11976).
L. D. Rickertsen et al.. Phvs. Lerr. 398, 129 (1975).
. L. D. Rickevtsen et al.. Phys. Letr., m press.
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SECOND-ORDER DWBA FOR
HEAVY-ION INELASTIC SCATTERING

L. D. Rickertsen

The distonied-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 importaace to
understand the degree 10 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 a1 70.4 MeV offered a

goud vppurtunity to investigate this guestion, since the
excitation of collective levels in both target and
projectie. a5 well as the clastic sattering. was vbserved
over a large range of angies. This energy is about 10
MeV above the Coulomb barrier, where the sensitivity
w Coulomb-nuclear interference is optimal. The quad-
rupule coupling stength 0 the fowest 2° state of
nevdymium increases with mass number to values that
are customarily thought 10 be so large that 3 TC
treatment s necessary.

In vur anaiyses of these data, we find thar, although a
first-order DWBA teatment is not adequate. a2 second-
order DWBA treatment s sufficient and that it is nut
nevessaty (o solve the coupled equations to all orders.
In particular, we conclude that as foug as the elasix
scattering s reproduced well by a vnechannel vpracal
potential. the direct ruitnix dement between any two
channels is accurately given by the fist-order DWBA
term. To this must be added amplitudes corresponding
1o higher-order processes: self-coupling or revrientation
and indirect transitions via other intermediate channels.
Although these contributions are oo complicated to be
accounted tor by amply modifying the optical poten-
tiagls in the onestep DWBA calculation. we find 11 is
sufficient to calculate them in 2 wcond-:der DWBA,
rather than solving the full coupled cquations.

Figute 5.11 shows results for '**Nd. Two calcula-
nions for the 37 excitation are shown in Fig S.1la: a
CC calculation taking into account the coupling to the
3" and the 27 and 4° members of the gound-state
rotational band 10 all orders and 3 DWBA calculation
for the 3~ state where the 2° and 4° states have been
ignored. In each case the optical parameters that were
used reproduce the. efastic scattenag. and the inelastic
results are indistinguishable; both are represented by
the solid curve. The coupling strengths and opticai
parameters are given in Table 5.1. The gquadrupole
moment of the 3~ state was not included in sither of
these calculations. The dashed curve in Fig. 5.11a shows
the result of including the quadrupole self-coupling in a
second-order DWBA caiculation. The intrinsic quad-
rupole moment of the 3 state was taken arbitrarily to

Table 5.1. Optical parameters and coupling strengths fos ' >C + '4*Ng

Calculation 4 ry ay w ™ oy $1R 83k JaR
«? 20.0 1.32 0.562 109 1.34 0414 072 08 0
DWBA? 200  1.32 0562 124 1.4

0433 n.72 0.8) 0.37

9CC  parameters for the fully coupled-channels calculation.
HWBA  onechannel aptical pusameters and coupling strengths (or the first- and second-order

DWBA calculations,
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Fig. 5.11. Comparison of coupled-cheene! and sscond-erdes
DWBA calcelstions for the inclastic scatteving of 70.4-MeV '3C
on 19934 (sre text for detsils). (o) Fxcitation f the lowest 3~
stalc of "S4Nd: (M) cxcutation of the 2* and 4° rotational stases
of V4Ng,

be the same as for the '**Nd 2° state. Figure S.11b
shows analogous cakulations for the excitation of the
2° and 4° rotationa states. The solid curve corresponds
to the full CC cakulation (including reorientation
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 clastic scattering is reproduced. A major
component of the 4° angular distribution is due tc the
two-siep process by way of the 2° state, and the dotied
curve corresponds fo the DWBA calkculation neglecting
this coniribution.
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The character of these results persists for even
stronger coupling. The quadrupole deturmation for
159Nd 15 nearly a factor of 3 larger than for ' ** Nd. but
calvulations tor the angilar distributions taking this
strength to all orders and o unly second order ditfer by
fess than 305, It appears that when the experimental
data can be described by 3 (T analysis. a second-order
DWBA will aso be adequaie for even the largest
coupling strengths experimentally observed in this mass
repon. Finally. because there is nothing to distingeish
the progectie from the taget in these seactivns except
for the detaids of the cuupling these conclusions are
expected 1o be vali-) for projectie excitation as well.

MICROSCOPIC DESCRIPTION
OF HEAVY-ION SCATTERING

L D. Rickertsen  G. R Satchier

By “microscopic ™ we mean 2 description in terms of
nuclcon-nuckeon forces and ndividual nucieon motions
rather than the usual one-body phenomendlogical
vptical-potential and collective models. In pracixe. we
have only considered sample fulding models m which an
effective micheun-nucieon mieraction 1s folded into the
denaty (w the transition density for melastic scatter-
mg) of exh of e two ions. Our treatment of
hagher-order processes is limited so far 10 the use of
suck posentials mn coupled-channel calculavions.

Previous studies of this foldmg model for elastic
sattering. usng what were then regarded a3 ~realistic™
mteractions. showed that the model overpredicted the
potentiad near the strong-absorption radius as deducerd
from measurzments by 2 nwch as 2 factor of
However. 3 new mteraction derived by Bertsch et a2
from G-matrix elements based upon the Reid potential
has an appreciably shorter range and dues give resslts in
agreement with experiment (to within the uncertanties
implicit in the density parzmeters) for 2 varety of
heavy-ion satterings ranging from ' 3C + '2C 10 %0+
103ph. Thes mteracton has also been appiied to
heavy-ion inelastic scattering (*3C +73C, '*0+ 2%
and '*0 +*°Ni). using tnasition densitics derived
from electron scartering. thus leaving no adjustable
patameters. We obtain agreement with measured cross
sections. The validity of this mieraction is being tested
mare widely. pariicularly on heavier systems. together
with the role of higher-order commections such as arise
from the Pauli principle. Another form of the interac-
tion. due 1o Eisen et 3.*-° and also derived from the
Reid potential. is being tested. prelminary results
ndicate that i is aiso sucoessful.

A previous study was made of the inclastic scatiering
of '3C by **Pb using detailed one-particle. one-hole
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wave functions of the random-phase-approximation
tvpe and Gaussian nuckon-nucleon interactions nor-
malized 10 fit the observed elastic scattening® Again
there were no free parameeters, and agreement with the
data was vbuined. Some indscation was found that the
range required is shorter than that previously used. This
appears o be a useful ool for expluring the range ot
the effective force and will be studied further. particu-
larly with lighter systems where the Coulomb excitation
contribution is not so Jominant.

It has often bren asserted thar some data on
heavy-ion clasik scattering demand shallow iom-ion
puientials. We beliaeve this question is far from setiled.
The tolded potentials st discussed are very deep in the
nuclear interior, and. ior example, lits are vbtained v
12C+'3C and '*O + **Si scatiering over 2 wide range
of energes which are as good as thuse using a shallow
potential. The elastic data are sensitive only to the
surface regon (although. tor these light systems. they
appear 10 probe the putential several fermis inside the
strong-absorption  radiusy: we hop: that combimng
them with fusion measurements ey provide mose
definitive miormation.

LG R Souhier Pl 1000 S9B. i Ziely)s).

2. G. Bertsch e ab._ o be publeshed.

3. W. G. Lowe, prrvate commutiscaleds.

2. Y. Eeen, B Day_and £, Friedman, P Lerr 568, M3
9751

5. B. Day. prmate communicaion

6. G. R_Satchier et al._ Phvs. Letr o pres

SINGLE-NUCLEON TRANSFER REACTIONS
G.R.Satchler L W.Owen'

The work on unglenucicon transies fea:tions was
prarily directed towasd the analysis of ORNL data vn
the one-neutron pr-kup and one-proton SIIPPINE 1cac-
nons of 'IC+3°'Ph. gessribed clsewhere n this
repurt. Two new theoretical Teatuses were mvalved: ()
the use of sulding-mudel optical potentials to descnbe
the clastc scattering and (2) malusion of all the
micration terms that should properly appear in 2
first-order DWBA treatment? The code LOLA? was
maditied o accommodate these features.

Although the folded potennials are several hundred
MeV deep. thews use has lite effect on the predicted
transfer cross sections m shape or magnitude. The cross
secons figward of the mam peak 1end o be shghily
smalles. and those at targer angles somewhat Larger, than
those predicied using 3 40-MeV-decp Woods-Saxon
well. Including the other mieractim terms’ (in the post
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Fig. 5.12. Effects of dae diffcrent miaaction torwms o 2
DWBA calcuhation of she 19%F¢* 1C. ' 2() rexcrion.

reprscaiationd has very little cffect on the angular
distpbunons (noae at all Jor the proton transfer. the
effects on the neutron transfer are shown m Fig. 5 120
The cross cction magmitudes are changed by amounts
L2077, However. the exira terms are aecessany o gve
the post prior equivalence that © required of the
DWBA.

I Computer Scxenoes Disrasn.

2 R M DeVixs, G. R Satchier. and 3. . Crames, Pl
Kev_ gcic. 32 137701974

LR M DeVrwes Py Rev €8 95061975,

COUPLED-CHANNEL ANALYSIS OF
131" $0.' *C)** i USING SHELL-MODEL
SPECTROSCOPIC AMPLITUDES

F. C. Haltert!

Cakulatwns were made ion the reaction 2*Mg ' *0,
PACPPS at 45 MeV using the coupled-channels Bomn
approimation (CCBA). The new leature of the present
wuork was the use of two-proten spectroscopwe ampls-
tudes from many-parixle t5.4) shell-model calculations
for 3% Mg and 2*Si. Our computed CC cross sections
invoive contributions from sux separate form s,
characterved I obvious nofation as: Oy = 054
036 = 232 276 *07s. 236 =~ 25s Uransferred [ = 0.
2. and 4). Care was taken to ensure that the six transfer

m——
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form factors had phases consistent with the collective-
model couplings used tor the inelastc scattering. At 5
tm, the 23 =0, torm factor is thiee times the
0s¢ ~ 25 torm factor. The ratios as well as the
magnitudes of the six form 1actors depend upon the
detailed shell-model structure of the four states Oz .
07s. 236. and 234. In contrast. the form factors used
by Nilsson &1 al 2+? dependad upon the . transfer but not
upon the initial *Mg state ur final 2*<i state. whereas
the form factors of Sérensen® depended upon L, but
with state dependence entering only through the spins
Jre and 754 in the multiplving Clebsch-Gordan coef-
ficient U3¢ O L 07,4 0). In calculating cross <sctions
tor the reactions 1o the ground and first 2° . .5 we
tried wo different *°Mg + ' *O optical-model poten-
tials >°* Also, we investipated the effects of other
changes. fur example. varing the 0° -- 2° coupling
strength for 2*Si. negecting some of the six tsansfer
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 fuund to be rather sensitive to these variations in
the calculatioral details. However, none of the varia-
tions we tned provided a clear remedy for the principal
&fficulty of the earlier calculations - their failue to
produce cruss sections as large as those experimentally
observed.*™ This work is part of 2 mere general
investigation te see whether improvermunts in simuitane-
ous-transfer caiculations might increase the predicted
cross sections by the one or two orders of magnitude
needed to fit experiment or whether sequential transfer
has to bz included.

1. Work performea while on Jeave at the Niels Bolr Institute,
Copenhagen, Denmark. 1974-1975. wm collaboraton wth
S. Landowne, B. S. Nilsson. and R. A_ Brogia.

2. B.Ndswn et d. Phyvs Lets. 4TB, 189 (1973,

3. S Landowne. R. A Brogia, and B. Nilwon. p. 49 in
Proceedings of the Internetwnsl Conference on Resclions
berween Complex Nuclei. Nashvdlle, Tenn.. Jume 1974, R. L.
Robinson et al . £.ds., Nosth-Hotland. Amsterdam. 1974.

4. B. Sérensen. Phys Lets. 538, 285 (1974).

SEMICLASSICAL SCATTERING WITH
COMPLEX TRAJECTORIES

L. D. Rickertsen

Fax energies not too far above tre Coulomb barrier,
heavy-icn scattering into a particular angle can often be
understood in terms of a small range of values of the
relative angular momentum L between the target and
the projectile. For example, the “quarter-point™ angle
(where do/do,, = ") cortesponds closely to the orbit
whose transmission coelficient T, =%. Although
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quantum mechanically one can never associate a gven
scattering ange with a single value ot the angular
mumentum. this observed behsvior strongly suggests
the usefulness v! semiclassical {or classical) approaches
0 heavy-ion scatiering A code has been written to
calculate the elastic scatterng cross sections for heavy
ions in a WKB zpproximation. Although earlier
attempts to use the WKB method have been unsuccess-
ful, the method has recently beea generalized by Knoll
and Schaeffer' (and others) tov allow the possibility of
complex angular momema. Using this procedure, the
code BUMPPO is able to reproduce angular dictribu-
tions computed by the usual optical-model routines to
better than 1% for all angles. For a single angle, the
WKB method requires about 1100 of the computing
time required by the standard cedes which integrate the
Schroedinger equation directly, so that for a large
aumber of angles the computing 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 smoothly. that is, is not
diffractive, the cross section at a single angle is due 102
single complex angular momentum. The real pait of this
angular momentum corresponds closely to the average
of the L values which contribute in the quantum
mechanical calculation; the imaginary part roughly
corresponds to the width of the distribution of these
partial-wave amplitudes. For angies wheie diffraction is
evident in the calculated angular distributions. the WKB
cross section is the result of the interference of a small
wumber (~2 or 3) of amplitudes corresponding to
different complex angular momenta. This conclusion
was ;eached ecarlier with regard to the diffraction
structure observed in heavy-jon and alpha-particle scat-
tering.? Thus the WKB methcd is potentially able to
reveal considerable physical insight as weil as to provide
2 fast method of computation of the elasiic scattering.
Application of the method to inelastic scattering is ir
piogress.

1. 7. Knoll and R. Schaefltcz. Ann. Phys._ to be publis’ .
2. W. Frahn and R. Venter, Nucl Phys. AS9, 651 1.v 4.

NUCLEAR STRUCTURE THEL: .¢

R. L. Becker F. C.H:io
T.T.S. Kuo' A.D. %, K-ilar’
N.M larson? 1 A smah®
5.8 McGrory ! P svenne®

B. H. Wild:nthal®

At a fundamental levci, understanding the saturation
properties of nuclei in terms of the nucleon-nucleon



foce remains one of the vutstanding problems ot
nwlear theory. Work has continu:d o this ditticult
problem. using the Brueckner theosy and its develop-
ments to evaluate higher-order corrections.

The shell model attempis (o Jescribe nucleas prop-
erties in terms of the nrtens of a few “valence™
nucleons resiricted to - datively tew independent-
particle orbits. Thus 1 - of its important functivas
continues to be to -~ r.¢ate experunental findings and
to predict others o raterest. Our efforts in this area
have often hxo. -ade in close collaboration with
eXPerIMs-fua & 5.

In mer- o . it is difficult to separate structure and
reatky: - .y ; for example. the structure calculations
Of fruust s jorm factors were an essential part of the
- engdona transfer problem discussed in a preceding
am e, Similar intermingling occurs in the interpreta-
» 0 of gant multipole resonances excited by inelastic
satering.

1. § ate Untveraty of New York, Stony Brook.

1. Computer Scien-es Dhvision.

3. Unmivergty of Kentucky. Lexington.

4. Visitor from Nea College. Sarasota. Fla.. partially sup-
ported by a program administered by Qak Radge Associated
Unwversities. Present address: Department of Astonomy . Yale
University, New Haven, Conn.

5. Universaty »f Manitoba, Winnipeg. Manitoba, (anada.

6. Michigan State Univer<ity. East Lansing.

PROPAGATOR-RENORMALIZED
BRUECKNER THEORY

R. L. Becker N.M. Larson' A.D. MacKellar?
). A.Smith®> ). P. Svenne®

For the past two years, motivated by a deficiency of
the renormalized Brueckner-Hartree-Fouk  (RBHF)
approximaticn with respect to the saturation properties
of nuclei. we have been antempting to include nonlinear
terms in the self-consiscent field. 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 seif-con-
ristency involves making Pauli and spectral corrections
to the rextion matrix. Preliminary reaction-matrix
corrections also were reported lzst year for '*0.* The
code was o slow however, s to provide 2 major
obstacle 1o extending the applications 1o heavier nuclei.
The bulk of the :omputational effort this year has been
involved in making thc Paulispeciral and SORB
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(sevondorder renormalized Brueckner theory) codes
very much faster. Suome sample results tor *°Ca,
calculated with the Hamada-Johnston interaction, are
showi in Table 5.2. In contrast to the case of ' * 0, the
residual Pauli and spectral corrections did not increas2
the radius. and the saturation properties are only
slightly improved relative to RBHF calculations with
the uncorrected matrix cleinents. Both the Pacli-
spectral corrections and the second-order particle-hole
terms are expevted to Increase in imporiame as one
considers heavier nuclei. The codes now appear fast
envugh 10 handle an ¥ = Z nucicus with ~200 nuclcons
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 guite feasible
at moderate cost.

A continuing interest in trying to include three-body
contributions into the finite nuclear Brueckner czleula-
tions led to an investigation of the validity of Day’s
approximation for the Bethe-Goldstone defect func-
tion. This approximation negiects the dependence of
the detect tunction on the energy of = interacting pair.
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Fig. 5.13. Dingrams mcinded i the SORB spproximation for
Ove seMl-consistens fleld.
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Tabie 5.2. Effects of Pash-spectral comrections of the reaction matny aad sexond - order tcrms
m the seif-consistent firld to propag tor-renormalized Brueckacy Slculations of 00t

Prepagator® SCH¢ \BEY™R (BP0 r‘: r:;': ) nly @Y v,y
SOC o RBHE 51 se Wa.s 037
soU e RBILE 61 875 Iry s (D
RBHEC *°Ca)  RBHF o6 374 g, » 1.31
RBUY *°Ca) SORB o 89 0y, "as

“An oscillator basrs with b = 168 MV and 2 well depth of 43 MeV was uwd.
Ohor the propagaior. SOU = unge oscllator configutaton and osailator spectrum. and RBHEF =
renormelzed Bruevknerdartree Fock configuratron and spectrum.

“SCK means sl vonsstent feld.

"'d 23 = second-order reatransemen: enerey of Cparticke” states.

Figurc 3.14 shows the energy dependence of relative
s-state defect functions in an oscillator potential.®-?

A level inversion wsez2lly oceurs in sell-consistent ield
cakeulations when only one of a pair of symmetry-
related kevels is occupicd. An interpretation s offered:
the singe-particle cnergy of the level unoccupicd in the
A-particle system is its energy of removal from the
{A + 1particle svstem.®-® The correction of this en-
ergy 1o convert it to the corresponding energy in sysiem
A 15 simply given. When ooth symmictry-refated levels
are calculated in the same system. there is ne level
inversion. The usual prescription to ovcupy the lowest
levels should be amwnded 1o state that the energies
should all correspond to renwval energics from system
A. Our interpretation also explains abnornnal spin-orbit
splittings.

In secking 10 ascertain how good the body densitics
calculated tfrom self-consistent ficld theories are. it 1s
important to know how reliable are the “experinwental™
densities inferred from claste clectron scattenng. The
usual analysis of the data is b finding a charge denuty
that yields a charge form factor that fits the data. We
have discovered. however, that the best cmpinical charge
densities of light nuclei correspond 1o body probabiliry
densities with negative regions containing a total nega-
tive prodabitity of about 1721 % Morcover. the negative
portions cannot be removed by adding a wmall positive
exponential 1l and subsequentiv renormatizing with-
out serisly disrupting the fit 1o the data. We propose
the alternative provedure of dividing the experimental
charge form factor by the nucteon form factor to vield
an experimental body form tactor and then liting this
with a form factor obfained from a nonncgative body
density. We have found that the analytic body form
factor

’ ——] M :
gt =q 7" [ sinaqre 24

rhl(}

Aaysinibgre- 4|

which corresponds to 3 nonnegative body  density.
together with the Hofstadier-Wilson double-pule torm
facur of the proton. vields excellent fits to the data on

8. T ar vesss

- ‘e . e >
LS Ad

Red:s! Dependence of *he T.ipie? Me'gtve Defect Functens { (¥

a0 Ve 00 for Kuda0, y2i, neS Drvoed By {410,850

U £ 3,0, ter The 0040 - Johasten ateraction. £ »30. 0, -100,

—20).0n0 - 400 MeV, 2204 F =" gag Pug, =5

Fig. $.04. Beike-Goldstone defect function.



*He. *He. and '*O. Further applications of our
relatively simple methed of mapping out regions of
uncertainty in the density also have been made. ' ! -!2

i. Computer Scences Divisson.

. University of Kentucky, Lexington,

- Yak Unireruaty, New Haven. Conn.

. Unneraty of Manitoba, Winnipeg. Manitoba, Canada.

. R L. Becker and N. M. Latson. Pias. Div. dnnu. Prog.
Rep. Dec. 31 1974, ORNL-S02511975). p_ 12.

6. R. L. Becker, p. 96 in Effective Intcractions and Operators
mn Nuclet. Springer, New York, 1975,

7. R. L. Beker and A D. Mackceiiis. 'o be published.

8 R. L. Becker and J. P. Svenne. Phys. Rer. € 12, 2007
(1975).

9. R. L. Becker aad J. P. Svenne, fnversion of Single-Parricle
Levels in Nuclear Hartree-Fock and Brueckner-HF Calculations
atth Broken Symmesry. ORNL/TM-SU74 ¢ 1975y,

10. ). A.Smithand R. L. Becker to be published.

11 R, L. Becker and ). A. Smith. Phys. Dir. Annu. Prog.
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NUCLEAR SHELL "UDEL

J.B. McGrory  E.C. Halbert  T.T.S. Kuo'
B. H. Wildenthal?

In the past year, we have continued to use the
sheli-model codes as an adjunct to the cxperimental
program. As reported elsewhere.’* there continues to
be interest in locating states of high spin in light nu-lei,
in both the (s.d) shell and (/. p) shell. In particulcr.
lifetimes have been measured and tentative spin assign-
ments proposed in *3Ca. The spins are higher than
allowed by the simgle (f; p)* model for *2Ca. so it is
necessary to include »ther orbitals. A model space was
chosen in which 2 23S core is assumed. and the ten
extra nucleons are distributed over the dy, and /5,
orbits. with up to five f,,, particles allowed. An
effective residual interaction was chosen which leads 10
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 there is the potential for describing jow-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 samc energy as the
high-spin states suggested by the measured spectrum: in
fact. there are more states calculated than there are
abserved. The caleulated B(E2) values for transitions
between these states indicate the existence of some sort
of “rotational” band structure for these high-ipin

siates. but there are not erough experimental Jdata with
which 1o compare this prediction.

Work was completed on an extensive study of nuclei
near the *°3Pb shell closure. The lead isotopes
204.2¢5.206.210.211.212Py and '°Py. 'V AL and
2V2Rn wers treated as systems of identical paricles (or
holes) built on a 2°3Ph core. The Kuo-Hetding interac-
tion was used. with some empirical renormalization.
The resuits were generally in good agreement with
experiment. 1t was found that a simple semiority
truncation scheme was very eftective in teproducing the
calcslated shell-model results in untruncated spaces.
Such a scheme should be useful in examining the
strocture of much lighter lead isotopes, for which data
are now being accumuinted.

There have been some investigations of more purely
theorctical qu=stions in the sheli-model field this year.
Ome concerned the infamous spurious state question. I+
was suggested by Gloeckner and Lawson® that a useful
pre-cription tor “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
mucleus multiplied by a large coeflicient. This large
coefficient would mean that i’ a state had a significant
admixture of states with the center of mass excited,
that state wocld be pushed to a high energy. In a very
simple shell-model space  the prescription appeared to
be very useful. The approach was then appiied o the
Zuker-Buck-McGrory (ZBM) calculation of '*0. Their
prescription for eliminating the spurinus states also
climinated 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 *his way, but we had no
success. We next studied in some detail what was
happening in the ZBM model when the spurious states
were climinated. We found that the ZBM mndel 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 mode} space.
This analysis suggested that the Gloeckner-Lawson
prescription was not generally useful,

}. State University of New 101k, Stony Brook.

2. Michigan State University, Fast Lansing.

3. J. Gomez de) Campo et al., Phys. Rev. 12,1247 (1975).

4. See this report, D. E. Gustafson :t al.. "High-Spin States of
the K7 =¥ and '’ Bands 1723Na

5. D. H. Gloeckner and R. D, Laws., ®hys. Letr. 60B, §
(197%)
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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 experimert with 150-
GeVic pions at the Fermi National Accelerator Labora-
try (FNAL). The experiment was done with a hybrid
system cmploying the 76.2-vm bubble chamber and
wire proportional counters. New data were obuined
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-cm bubble
chamber. Mecasurement of interaction of pions in the
208.3-cm SLAC bubble chamber has continued. leading
to completion of the measurement phase of a n’-
deuterium interaction experiment and accumulation of
data for a 7 ”™-proton experiment.

VERY HIGE ENERGY PHYSICS

The principal experimental elfort of the Oak Ridge
high-energy physics group continues to be the hybrid
bubuvi:chamber—proportional-wire-counter ex;-2zriment
at FNAL. During !1975. an additional experimental run
yielded ~200.000 pictures exposed to a beam of
150-GeV/c puositive pions. The data contained in this
exposure are still in the measuring and preanalysis
prase. Work is als> continuing at ORNL in the design
and construction of large drift chambers that will be
inserted behind the bubble chamter to enhance ihe
downstream capabilities. both in regard to the accuracy
of momenta determinations and to the physical size of
the angular acceptance of the region surveycd by the
proportional-wire systems.

E. L. Hant'
H. R. Brashear?
T. H. Handler?

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 #~ 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 K p interactions. The latter particles were
present in abeut 2% of the beam and were tagged by an
upstream Cerenkov counter. Our measuremenis 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 n"p data over a
broad range of pion momenta. In 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
reported in 77p interactions at 205 GeV/c.® The
principal difference in the two experiments is in the
large value for the p° cross section reported at 205
G V/c 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 different param-
eters employed for the Breit-Wigner resonance-fitting
procedurc. 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.
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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
S;racuse University. This talk summarized the wurld
sample of stopping p interactions with complex nuclei.
Very lew dara exist concerning stopping p interactions
in nuckei heavier than deuterium, except for nuckar-
emulsion data where the identification of the targei
nucleus is a well-known difficulty. Our previous expen-
ment, which suggesied the existence of a ncutron halo
in heavier nuckei. is virtually the only systematic study
of stopping p wnteractions. This result was critiized 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
ruclear periphery and used fr2e-particle pion-nucieon
charge-exchange cross sections to arrive as their con-
clusion. tn a shori note’ we hallenged the use of
free-part:cle cross sections to infer secondary charge-
exchange interactions following p capture. K~ meson
capture is an entirely analogous physical situation with
the added virnze that cne can identify specitic charge-
exchange reactions from the chares states of the
emitted pions and hyperons. The use of free-particie
charge-exchange civss sections implies that charge
exchange would be about an order of magnitude larger
than is obseived experimentally following A~ 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 Tirst measure-
ment of low-momentum (~300- to ~400-MeV/c) p
interactions with complex nuclei.

n*-DEUTERON INTERACTIONS AT 1§ CeV/c

We have completed the measurement phase of a
15-GeV/c n”-deuteron experiment being conducted in
collaboration with Florida State University. The
500,000 frames of film obtained at SLAC with the
208.3-cm bubble chamber filled with deuterium were
scanned fc- cvents with an identifica ..opping-proton
track. A total of 55..J0 zvents were measured at ORNL
with the spiral reader. About 907 of the cvents passed
the filtering program and yielded data suitable for
processing through the three-view geometric-recon-
struction program. After kinematic fitting of each event

to hypotieses of interest. data summary apes were
prepared. Analysis ol the data has just begun, and the
prefiminary results are consistent with previous meas-
urements at similar energies. We will search for produg-
tion of higher-mass bosons and compare the data to
predictions of thevretical models.

= -PROTON INTERACTEONS AT 8 GeV/c

We are continuing to scan and measure film obtained
at SLAC with the hydrogen-filled 208.3-cm bubble
homber expused 10 a2 beam of 8-GeVie . So far,
75.000 ¢vents have been measured on the spiral reader.
Considerable effort has been spent on improving the
efficiency and reliability of the filiering program. Our
share of the film is one-third of a larger expusure done
in collaboration with MIT and Tohoku University,
Japan. We are planning to pool our data to vbtain high
statistical results. Preliminary data based cn carly
measuremcsn’s show the expected general teatures in the
two- and thres-pion mass distribution. We expect to
study in detail A; meson production in association with
M1236) production. which will enabie us to effect 2
meaningtul check of the hypothesis of charge inde-
pendence.

I. Consltant to ORNL from the Universizy of Tennessee,
Knoxville.

2. Instrumentation and Controls Division.

3. Guest assignee to ORNL from the University of Tennessee,
Knoxvilke.

4. Z. Koba, H. B. Neilson, and P. Oleson, Nucl Pnyvs. B40.
37 (1972).

S. F.C. Winke'mannctal.. Phvs. Lenr 368, 101 ¢1973).

6. W. ). Gerace, M. M. Sternbeim. and J. . Walker, Phys.
Rev. Lert. 33, 508 (1974).

7. W. M. Bugg. G. T. Condo. and H. O. Cohn, Phys. Rer.
Letr. 38,631 11975).

3. H. Pilkuhn, Z. Phys. A273, 259 (1975).

THE n° rd ~+p + p REACTION AND
THE DEUTERON D STATE

E. E. Gross R. L. Burman®
C. A. Ludemann  R. P. Redwine’
M.J. Saltmarsh ~ W. R. Gihbs®
B. M. Precdom'  E. L. Lomon®
C. W. Darden’ K. Gabathuler*
R. D. Edge’ P. Y. Bertin®
T. Marks' J. Alster®

M. Biccher? 3. P. Perrond’
K. Gotow? B. Goplen”

The D-state probability, Pp, of the deuteron has been
the object of much study. The understanding of the
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Fig. 6.1. Angelar distribution for an incident pion energy of
S0 MeV. The curves are calculated using either Hamada-Johnston
{H)) or boundary-condition-model (BCM) wave functions with
the Dstate percentages (Pp) indicated.

binding energy. the magnetic dipoiec moment, and the
quadrupole moment of the deuteron requires a varia-
tion in Pp from 4 to 7%. Deuteron wave functions
determined from a description of nucleon-nucleon
scattering, deuteron electromagnetic form factors, and
elastic n-d scattzring contain 2 D-state admixture of §
to 7%.

We have measured angular distributions for the * +d
~ p + p reaction at inident enerpes of 40. 50, and 60
McV. These data were taken using the low-erergy pion
channel at the Clinton P. Andersun Meson Physks
Facihty at the Los Alamos Scientific Laboratory.
Because of the large momentum mismatch between the
entrance and exit channels (i.c..p, ~ 100 MeV ¢ pp ~
400 MeVic 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 angulardistribution 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 terins are the same
for each calculation. Only the form of the deuteron
wave function and the D-state percentage were changed.
The cakulation using the Hamada-Johnston (HJ) wave
function (Pp = 6.967) and that using the boundary-
condition-model (BUM) wave function (Pp = 7.57%)
are essentially paraliel, but both have a different slope
from the caiculation using the BCM (Pp = 4.56% ) wave
function. fhis is interpreted to mean that then* +d —~
p + p angular istribution 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
function.

1. University of South Carolina, Columbia,

2. Virginia Poly technic Institute and State University . Blacks-
burg.
. Los Alamos Scientific Laboratory, Los Alamos, N.M.
. Swiss Institute for Nuclear Physics, Villigen. Switzerland.
. University of Clermomt ¥4, Clermont-Ferrand. France.
. University of Tel-Aviv, Tel-Aviv, luael.
. University of Lausanne, Lausanne, Switzerland.
Science Applications, Inc.. Albuquerque, N.M.
. B. Goplen, W. R. Gibbs. and ¥. L. Lomon, Phys. Rev. Lert.
32,1012 (1974).

10. B. Goplen, Ph.D. thesis, University of New Mexico. 1975.
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7. Molecular and Maternals Research

Electron Spectroscopy

INTRODUCTION
T.A.Carlson W.B. Dress

During 1975, the principal effort of the electren spectroscopy program has been the
construction of 3 chamber wheie photoelectron spectroscopy can be carried out under
ultrahigh-vacuum conditions. The main thrust of uur future program will be directed
toward the study of the electronic structure of molecules adsorbed onto surfaces. In
addition 1o clarifying the basic refationships between the photoelectron process and the
electronic structure of molecules. these >tudies will provide new tools for research in
heterogen=~us catalysis. In particular, we have a strong interest in the nature of the
angular distribution of ejected photoelectrens from a partially orientated molecule. To
this end. two photon sources have been corstructed: an x-ray source with changeable
anodes and an He | discharge lamp (21.22 ¢V) with a device for polarization. Different
ports allow a change in angle between the direction of the incoming photons and cjected
photoelecirons. and the sample can rotate 360° about its axis.

As 3 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
aluminum, 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 epergy or polarizability of molecules.! It will be particularly interesting to
measure this important quantity for molecules adsorbed on t'ie 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 # 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. Dili *
and J. Dehmer® to set up a program for calculating photoelectron cioss sections as a
function of the angle of the cjected photoelectrons, using molecular orbital methods
employing x, scattering. These results will be used to compare our earlier results on

156



randomly uricnted gas molecules and 1o evaluate the antipated results on molecuies

pseferentially onentated on the surface.

- Metaks and Ceramucs Divison.
. Boston Lmmersuty . Boston, Mass.
. Argoanc Natiwaal Laboratory, Argoane. 10,
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ULTRAHIGH-VACUUM CHAMBER AND DATA
SYSTEM FOR ELECTRON SPECTROSCOPY

T. A Carison  W._B. Dress
F. H Ward'

Major medifications were made last year to the
clectrostatic analyzer. These consisted of construction
of an ulirahigh-vacuum (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 aew chamber is 3 stainless steel
bakcable bell jar with 11 ports. The system is pumped
with an NRC-4 diffusion pump which is czrefully
trapped with 2 Granville-Phillips double-wall nitrogen
trap. The system is designed to operate in the low
10°'° torr region. An ion gun is employed for in-situ
cleaning of the sample. The sample holder is manipu-
lated in x, ¥, and 2 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 ditferent ports to direct

OATA ARD CORTROR,

CONSOLE f Y ;
ELECTROMCS

il

[13 14 b Bhd
stomact | | motren Ayl ol
SPLY

. C.D. Wagner, Feredavy Discuss. {hem. Soc.. m press.
. Conssliant w ORNL Irom the Umiversaty of Teamessee. Knoxville.

their beams ar angles of 45°. 55°. 90°. and 135° to the
direction of the cjected 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 chaiacteristic
x rays canr be varied. At presenti. 2 mixed siver-
duminum anode is being used. The aluminum K, x rays
are used in obtaining core-level photoelection specira.
whereas the silver L x rays ase useful for producing
KLL Auger spectra of the third-row elements. The
second photon source produces 21.22-eV radiation by
means of 2 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 mirrors. which should
yield 90% polasization: the design is taken from Horion
etal?

Ejected photoelectrons are transferred to the entrance
slit of the analyzer by means of a three-elc.inent lens.
This arrangemnent has several advantages. First, having
the sample at a large distance from the spectrometer slit

OfWL-PUE TE-3T33

# CLECTROSTATIC
FLECTROS
SPECTROMETER

TO SAmPLC Cast ($)

Fig. 7.1. Experimenial arangement. The schematic sketch of the source chamber shows the photon sources (x ray and uv), ion
gun ((7), window (W), 1on gage (GA), transfer lens (7), and sample manipulatos and source cage (S). The electrostatic amalyzer
indicates the relutive position of the entrance slits and detector, with a ty pical electron orbit shown as a dotted line. A block diagram
of the data-handling sysiem depicts the major components of compauter, detector electronics, disk storage, plotter, display scope,

programmable power supply, and both Teletype terminals.
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mmimizes contamination tfrom the spectromcter. which
is not bakeable and is Maintiined at 2 presawc from
107* 1 1077 tom. Because of the small dit, the
pressute in the ulw chamber can be mamntained by
differential pumping at 107'® :orr so lomg as direct
line-of-sight contamination can be avouided. Sevond. the
ransfer lens alw serves 1o accelerate o develerate
dectrons ¢ a vonstant voltage. which is of advantage w
vperating a position-sensitive detector. Third. the tnigle
bens alows for efficient tramsfer of electrons even
though the sample is set some distance back from the
entrance. thus offening more room 10 manipulate the
sample and the different photon souraes.

Substantial improvement in data handling has also
been achieved. A position-sensitive detector consisting
of a channel-plaie multiplier aray” and located at the
focal plane of the electron spectrometer has been
interfaced to a PDP-3/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 2 predetermined voltage
so that only electrons of a set energy are allowed to fall
on the detector aray. any portion of the spectrum may
be selected. acquised, and stored for later analysis. The
range in energy of each spectrum is about 5% of the
kinetic energy of an analyzed ele-tron and is dis-
tributed over 1024 data channels with a linearity of
better than X%.

A softwate 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 2 “batch™ capability that allows
a2 set of mstructions to be executed automatically
without operator intervention. Various portions of the
spectrum under study may be selected, counted for 2
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 autside user in mind. Changes to the system

e guik and easy 1o make, 29d 2 visiting worker coutd
coily wiite his ven specrl program usag  exisime
mudules.

The compicte spectromcter system. ixluding high-
vacuum sousce and data acquisiton. has been sested.
and 2 number of Auger spectra of the Mg-MgO sysiem
have been acquired and examined. The next phase s (o
explore surface orientativn of adsorbed species using
the polarized He | radiation. 1t is bere that we expect
the biggest benefit of our new data system to make
tself felt m 1s case nd rapidity of handaling the lugh
counting raics and the many spectra we hope 10 oblain.

1. Pant and Equipmcnt Divison.

2 V.G Hotton et 2. Appl. Opr. 8. 667 (1959

3. C.D. Moak et Al J. Fic-ovon Specorosc. Relat. Piowom. &,
1S1 (1975).

STUDY OF SATELLITE STRUCTURE FOUND
IN THE PHOTOELECTRON SPECTRA

OF GASEOUS HYDROCARBONS
T.A.Cardson  F. A. Grinwm'
W.B. Dress 1. S. Haggerty?

Electron shakeup can occur in a molecule when an
election is suddenly ejected from a core level. This is
manifested in the photoelectron spectrum by the
appearance of satellite structure which occurs at 2
photuelectiton energy lower than the main photo-
clectron peak by exactly the amount of excitation
present in the electron-shakeup process. Electron shake-
up is defincd as the transferring of an electron tmost
probably an electron from the valence shell) into an
excited bound state as the result of 2 sudden change in
core potential.

It has been noted with unsaturated hydrocarbons in
the solid phase that a rather sharp satellite peak is
found at smail energy separations from the main peak.?
It has been postulated that these peaks are due to the
~ %% transition involving the # orbital that results from
the carbon-carbon dcuble 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 inteiest and importance of the solid-
phase work, it is essential that the basic understand:ng
of electron shakeup due 10 excitation of the # arbitgic
be examined with free molecules in the gas phase.
Experimentally, photoeleciron studies in the gas phase
have a much better peak-to-background ratio, and
contributions from characteristic energy losses can be
determined and comrected. Theoretically, electron



sakeup calculations can be made using mviecular
urbeal theury and can B¢ compared directly with
expeTimERL

We hawve caried oue photociectom studacs wsing 2
sagnesium K, x-12y source on 3 goup of unsaturated
abiphatic hydrocatbons: cthylene. propylene. I-butenc.
rans-2-buwene. cis->-butence. and butadeene. and Tur
comparison. soie awraked hydrocarbons: methans.
propans. and oyclupropane. In each case. spevira were
taken m the vicinity of e carbon Is photoelectron
peak. Studics were also made on CF,4 and furan. In cach
case, chaacteristic encrgy losses were determined by
pressure studics and separaie clectron-impact measure-
ments. During this work 2 similar vestagation has been
repusted on gascous benzene and some of its derrva-
tves*

Figure 7.2 shows two typical specira of ethylene and
propanc. The doticd line gives the small contribution
from mclastc collisions of photoclectrons passing
twough the gas. The satellite structure can be divided
miv wo groups. One group is characterized by a
relatively sharp peak at low excitation energy (about 6
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to ¥ eV) which s believed o result from the £ —~ 2*
transition and s usmally from the hghesi-occupied to
the lowest-unoccupied muolecular orbital. In addition.
there 5 2 broad complex band that peaks at an
excitation energy of aboutr 20 eV and has a long wil.
This satellite structure probably contains contributions
from the excitauon of 0 webitals nd may also inciude
contributions from ebectron shakeoff (wransition o the
coniicam). The absence of a low-energy peak in
propar.c as compared 1o ethylene is striking and gives
coradence o the assignment of that peak to the
carbun~arbon double bond.

in Table 7.1 are listed cesults on the intensities of the
satellite structure. The broad excitatice band is similar
in each case. amounting to about 30% of the main peak.
The sharp. low-er21gy excitation peak is found in each
of the unsaturated hydrocarbons. and its intensity is
Toughly proportional to the ratio of the number of
double bonds 10 the total number of carbon atoms in
the molecule.

Theoretical calculations on the intensity of the
z =+ 2* transition were made using the sudden approxi-

ose-0ut 78- 3234

CreARNEL NUMBE R

0 &
1s00% ’ ’
ETHYLENE

S RO 10 WG 0 20

2 300 3%
’ 1T ah

.

counts / channel

-8 %0

-30 -4 -4

23 20 8 0 8 0O

EMERGY (aV)

I IRT L ket ).

s

e

Fig. 7.2. Photosiectron spectrs of ethylene and propene showing the sstellite structure plotted as a function of kinetic energy
relative to the main peak. Magnesium K, X “ays (1 254 ¢V) were used as a photon source. The dotted curves are 2 measurement of the
small contribution from inelastic collisions of the ¢jected photoelectrons passing through the gas samples as determined from
ekectrongun measurements. Regions | and 1l are as defined in Table 7.1.
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Tabie 7.1. Insemsity of sasellite structure abserved i the photoeiectron
spectss of geseous hydrocasbons relative 00 sam peak = 100

Molecule

Ethylewe H:C- CH:
Propykeme. H:C -CH-CH,
1-Buteme, H:C-CH-CH; -CH,
Wy
trans-2-Butete. _ (H-CH
CH;,

CH; JCH)
cir2Bulene.  \CH=CH’
Butadiene, CHy =CH-CH=CH;,

Propame. CH3; -(H,;-CH,

E xperimental Theors*
Region I* Region u® -
96 273 64
6.7 34 4.1
42 385 29
48 28
5.6 33
15.6 (4.4 317 149.1°

33.7

“Intensity of kow-excitation-cnergy satellite peak.
°Iat¢|&ty of hagher-excitation-energy satellite band.
“Calculation of lowenergy = — »* transitions. using Eq. (1) with CNDO/2

wave functions.

S hows two distinct peaks: intensity of lower-excitation-energy peak given in

parentheses.

mation. {rom which the transition probability to a given
final state, p;_.s. is taken as

Pig =i forvidri . m

where ; is the wave function for the initial neutral
molecule, or, specifically, the frozen orbitals repre-
sented by that molecule with the provision that one
electron from the 1s carbon shell has been removed,
and VY is the relaxed state of the 10n with one electron
missing from the Is carbon shell. Fquavion (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 coupling the unpaired spins. The comparison 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
caiculated values up dightly to even better agreement
with theory. Specifically, the calculations showed that
the shakeup due to 7 = 7* was substantial only when
vacancies were 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 aumber of

carbons associated with the double bonds. Butadiene
has two double bonds and. curiously. also has two
distinct peaks at low excitatior epergy in its photo
electron spectra. However, caleufations show a much
more complicated situation. Because, in butadiene there
are two occupied # orbitals and iwo unoccupied »
orbitals, a total of four dif":vent transitions are pos-
sible. In addition, a fairly intense transition was found
involving ¢ orbitals which dso 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 attributed to the n 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 ORNL from the University »f Tennessee,
Knoxville,

2. Oak Ridge Associated Universitics Trainee, summer (975,
from Manhattan College, Bronx, N.Y.

3. D. T. Clark and D. B. Adams, J. El~ciron Spectrosc. Relat.
Phenom. 7, 401 (1975).

4. T. Ohta, T. Fujikowa, and H. Kurtoda, Chem. Phys. Lelt.
31, 369(1975).



HYPERFINE INTERACTIONS IN SOLIDS

F. E Obessiom  J. O. Thomson'
P G Hurn' G. Pettn?®
C. M. Tun’

These investigations of hyperfime interactions mn solids
use experimental techniques of auclear physics applied
1o solid-state plysics and provide imfarmataon about the
environment of the atomic nucleus m metals. allovs,
and compounds. Among these technigues are the
Mossbaver effect, perturbed angular correlation (PAC).
and tme-differentid  perturbed angular  correlation
(TDPAC). These methods are complementaxy and give
nformation about nuclear physics as well as solid-state
piy sics. Together, these meassrement techniques re-
flect in three distinct ways the changes in local behavior
of the material uader mvestigation. The electric
monopole interaction (isomer shift) shows changes in
the clectronic charge density at the mucleus. The
magnetic dipole mteraction is 2 measure of the mag-
neiic propertics of the materid. and the electric
quadrupole interaction reflects the charge symmetry of
the crysialline structure. When this information is
combined with that from electron spectroscopy for
chemical analysis (ESCA). neutron diffraction and
inelastic scattering. magnetic susceptibility. and muclear
magnetic resonance data, a complete description of
solids emerges.

Eb h Demsity Distyibuts
Surrounding Impurity Atoms im Gold

Mossbauer isomer-shift measurements of '’ Au for
1-. 2-, and 4-3t. % solid solutions of calcium. scandium.
titanium. vanadium, chiromium. 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
conductio,; band of gold. The screening “cloud” of
electrons distributed about the impurities has been
interpreted through a phase-shift analysis of electron
scattering by 2 perturhation potential

Vir-m)= yiﬂlpnrily" - 5) - Vaolr -5

located at the impurity site g5;. 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 4 (0.5 of the gold
near-neighbor distance) and of variable depth depending
on the angular momentum and spin of the incident

%1

scatiered elecuon of the gold conduction band. This
wechaigue has been used by Fraedel and others 1o show
that the residual electncal resistivity 1/0 brought about
by 1 2. T of the mpunties may be expressed @ terms
of the phase shift 34k ) of the mcident wave function
wiven evaluated at the gold Fe-wa level through

u -
==— L+ 1ysn? [sakp) - 8y (kg
& ‘F e

The expression is modified slaghtly for spim-dependent
8;. It has also been demomsirated that preservation of
electrical charge neutrality in 2 huge sphere about the
mmpunity requires that the variows 34k;) stisfy de
sam rule

N=

w|1e

z U+ V)54ky).
=0

where N is the nominal charge dfference Az between
the impurity and gold atoms. (We also cosvect for local
lattice strams.)

We have extended these calculations to accouns for
the incremental change in dectron charge density at the
12 near-neighbor gold nuclei. at the 6 second-near-
neighbor gold nuclei. etc. We then interpret changes in
the Mossbaver somer shift of the '*7 Au nuclei (after
volume corrections) as the average influence brought
about by the presence of the impurity scaltering
“cloud.™ Residual electrical resistivity measurements.
the excess nuciear charge Ne to be screened (the local
magnetic moment). and the Mossbauer scattering meas-
urements all extrapolated to T = 0°K thus provide an
interpretation of thre (four) unknuwn phase shifts that
must satisfly three (four) simultaneous transcendental
equations. We have  one this for all impurities studied
here and present the results in terms <7 ihe total
scattered charge susrounding each impv.ity in terms of
the various anguiar momenta and spui. Figure 7.3 shows
the resulting variation of this fracvional charge for the
case of no local magnetic moment at T = 0°K. that is,
only s, p, and d types of scattered charge. The results
are given relative to the electronic angular-momentum
character of the conduction 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 inkuded in Fig. 7.3 the electronic states
expected for a free atom of the impurity.

e e L] e
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Valence States of BeFeD,

Barium ferrate®** and strontium fervate” are the oniy
two known compounds of iron that exhibil ionic
properties cortesponding 1o Fe* and Fe*’ as well as
Fe™. Samples of these compounds were prepared by a
new techrique® here at ORNL. 21d the hyperfine
interactions were studied by the Mozsbaver effect. The
electronic charge densities for these three ionic states
have been cakculated. wd they :ndicate increasing
charge density with increasing valence. With respect to
pure iron. ihe 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 covaient
mixing for the three valence states.

The method of sample preparation used here was to
react barium hydroxide and iron >xide in a high

pressuresteam envisonment and () observe the hydro-
gen released. From this information an estuncte of Fe*
could be obtzined. The use of the Mossbacer technige
serves (o identify the oxidation states present in the
reacted sample.

The Mossbauer specira showed that the three ex.
pected valence states were present in freshly prepared
samples of BaFeO, The most negative isomer shift is
taken 1o be BaFeQ, for Fe** and. for the most positive,
2820-Fe, 0, for Fe” and BaFeO, for the Fe** that
appears in between. The relative amounts of three
charge staies assun..ng similar recoilless fractions are
2% Fe*, 40% Fe*. and 40% Fe*. This is rather
surprising. considering the difficulty in preparing Fe*'

When exposed tc. the atmosphere. the samples used
showed a slow iransition lo an almost pure BaFeO,
Fe** state. which then appears 1o be stable. The
transformation of th: Fe* to Fe* is 1o be expecied



fiom emerpetns. However. the (nsiormaiin of the
Fe* 1w FR* n bt o be expected. Am: other
micrpretativn of uii results would requre unreainin

asswerptrons. for oxample. dout the cdecine quad-
TNPUL METR TN

Elecwsc Quadrapale Intevaction
a."miago)

We have applxcd the tmme-dificrential perturbed angu-
ta cormredation (TDPAC) and Minsbaucr icchnigues (v
measure the chectrn quadrupoke micracinm 21 ** "Dy o
Gd.0;. Two peviows Mosshpuetr cifect stadeey of
*in m GJd.O; have been repurted In the firss
cxpennaenl 3 compieX camssion spectrunr was obsen »d.
and thes was mucrpreted m et of Two chectne-fidd-
gradacnt tennws. the larger havine an mieraction € o1y
of ~1000 M/ In the scvond cxperument 2 unique
cectre ficld gradient was obtased with an cectrx
quadrupule frequency of 485 MH/ '

For the present measurements with the TDPAC
methad 2 distinbution of electng -field-gradecnt sensor:
was used to fit our data at both 20° und 650°C. Wik
thse maodel an awerage value for the fidd and an
ssuniated width s vhtained from the expenimentad
data. At roum femperature (20°C) the averape chectin
quadrunale frequency was ~337 MHZ with 2 width of
~1%0 WLz, When the temperature was 1arsed 1o 650°C
the frequemy decressed 1o ~235 MHY. wheteas the
width of the desinbutnon moreased 10 ~3%2 MiH».

The Misshauer meurement at roaen (CRpTature
viclded a rewll that 1s consister: wath thrs dstnbutjen-
of -freelds model. The source for the Mosshawer mcasure-
ment s (d: O, that has been wradiated in the reactor
1o produce ' Dy * 35 the TDPAC measurement. For
the zhzorber we havz used an ordered 30-21. 7 Dyv(Cu
mtermetalin cosmpound. The alln has cubw symmern .
and no eectrn ficld gradsents are expecicd. The
Mnshaue; snectrz tené (o whsiantate bt do ot
prove thes conclusion.

The Gd wns in Gd: 0, occupy two diffzrent ty pes of
latine sites. and a2 caowe elecine Gicld radwent would
not he expecied.

1. Consaltant 1o ORNE from the Unicraty of Feancueer,
Kneawilie.

2. Consultant 1o ORNL from Goorga Staie Unmveraiy.
Atlanta,

). Graduate siudent from the inmersity of Fennessec,
Knovlie.

4. Detadv of tive model have been seported m Phvs Div
Annu. Prog. Rep. Dec. 31, 1974, ORNL-S028 (1975 p. 214,
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3. P Galtagher. J. Mx(hrsacy. and D Baxioman_ J. (hew
Mivs 43514 019830

6. V. Pmyuditm G DefPrgical. >od H. Drnkamac:. J (rm
Mvs $0. 33054199

1. P Gallaghe:. J. (e . 20d D Bachonaa. J G v
Fatx 88, 2429 (1961

8. C Bamberger. (emesirs Drtstus.

9. \_Skhiyancvshy ¢ial . Mhy= Lerr 6. 157 (19830

10. S Worwp :ad G Tramgn . Mhix Srgms Solndk 80, 759
(15 ¢ T8

RADIO-FREQUENCY SURFACE RESISTANCE OF
LEAD NEAR THE CRITICAL TEMPERATURE
J.R. Thompson’ C.M._Jones

3 bt

We are wvesugaimg the 1f surface rewstance. R, of
iead up ic and bevomd the superconducting cniwal
emperature. T, = 0K, The work has heen done
wsmrg 2 lead-plaied. helxally haded canity constructed
largely of OFHC copper. The tundamenial frequency
of the cavity s f; = 137 M. mast of the measore-
menis renovied lere were pertonmed ot the sevoad
harmons. £ = 229 MHz. To the hest of cur knowbodee.
thes s the first detaded exammaton o sorfacs resst-
anve near T, fow 2 hrigh-quahiny fead surtace. partatadhy
3t cowmparaively k3 mezsuremient freguenicns The
obgectives of this woerk are (1) te enamane the cnitwal-
pomt hehaviw of R, Tor superconducuing kead. {2 10
compare the resulis of thewrefnal calculainns within
the BUS framcwork watk experiment fae the temnera-
e g wiere T'T, <0 0% 3nd 1o obfain the
reulting @atenal parameters for bead. ad (5) 10
camine R, m the amwnalous tesistance .caime. 7 - 7

Provius expenmental studies of R, have conven-
trated o0 the iow-temperatuie repon pwath 77, &
05, where the evperimental valies. Roypr. can be
dessnbed ™y

Revpr = Ry ¢+ Rieo

fleie Rps 18 the temperature-dependent theoreinal
wriace resistance. cakulable' a5 g fumction of the
clectrone mean free path /. the | ondon penctratien
depth 2, . the superconducting cap 3. and The coher-
ence length &, K, 1« an sddinonal. iemperature
indepenaent reudual ressiznee whose magnuude de
pends on the gudiny of the surface being studied. To
within m additive consiant, the agi~ement with theory
1 satisfactony Tor the hw-tempcrature region.

At higher temperatures. however. 11 s important o
establish  the range of vahidity fos the theory. For

R e, LTI =TI

x e . ambda o ksl f A e e
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cample. 1 T = T the supercomdantmg cocrgy gap 3
b nu loaper constant bu? decreases from s low-
wempeeaiere value and eventually vanehes 22 7 = 7.
Hipenmentally . thes beboveor makes it desitable 1o
mepsure £, at 2 comparnatreeh low frequency /3 m
thes wixk. bevause direct sbsorptwn 18 cawsed by the
brealung of Couper paies when & > 2.

Experi 4%

The of cavity snd trassasssion: limes were stuated m 2
well-msulated dewar comstrucied of Iergass e aiu-
manum. To svose e presemce of siprificani external
mapeeta: fackds_ the regron near the caviy was shickded
ti-wn the carth’s sxagneti field.

The tempesature of tee cavity was determined usine 2
on the exterror surface of the caaity . The resistance was
measared using 2 comstant curtest sapph ad 2
four-wire potentiometne sechanme. To venfy that the
resstor was akhrated socuratehs . 1t was decked where
possible agamst B¢ vapor pressure of *He. that 15. T <
32°K. Mezstemerts of R, below 32K wer: per-
formed v pressunsing the dewar up o pressures of
~1720 orr. Mcrwremenis sbowe 51K were per-
formed by aliowsng the canity to dnft up W tempera-
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Fig. 7.4. The of mtface resistance of v} vs iempenature T.
The frequency B 229 MHz,
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Fig 1.5. The low-temperatave savwnsl-siate swfsce sesistance
of bend vs foeqguency [, The e s 2 Ieast-aquascs it be the data,
wh R, - A" a7 0085 - 00}

ture with ondy gaseous helium m the dewar. Detanls of
the measurement techaque have bern described clse-
where ©

Discuss

In Fig 7.4. the surface resstance R, 2t /- = 20 M,
1 photted vpanthmically v temperature 7. Just bekow
T, = 7.20°K. the vanaton 15 vens raped. There R,
mreases by Three orders of magnitade m an wterval of
~0.3°K and by ome decade m an miersal of 003°K.
Thn repion of extrermay rapud change s bewng analyzed
m iorms of the scamg bws and cntcal exponents as
widely applied m cnixal phemomena ® For the entire
emoerature range. the BCS expressions are bemg
numericaity evaluated.

At T, the -urface resistance abruptly chamges slope
avi becomes noarly temperature-wnlependent.  Just
above I.. nonmalsiate bead & o the anomalous
resisiance repme whete the elecironi mean frec path /
15 comparable with the rf skin depth . When /A - =
the surface resistance sppros Hes the exireme anoma-
lous limit R.. The normal-saate aitface resistonce R, .
which is within 2 facinr of 2 1o 3 of R.. ha been
measured a8 2 function of frequency f. This s plolted as
a function of frequency in Fig. 75. The line s a
leazt-squares fit to the data of the equation R,, = Af°.
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whete @ = 0683 wnth 3 stambard devaten of 0012,
Thes valee of @ i swiprsany becouse  sithough dee
matersal 5w the anomalows resstance repmc. it s Beor
the daiecd lwewt wiere a demdd oqual 'Lt We
therefore mier an apparest weak (toguency dependence
m the chectrncal conductvity. Loy R, with repontad
valucs* * of R. and o'l dec mecam (rec gath ot T,” may
be detcrmmmed. We obiam [ = 0353 pem. theerchy
determmng expenmentally one of the materal param-
cters mecded fur cvaluatun of the BUS expeesyons for
wWiiare sestance

in comciwonm. the surface resssiance vanes exiremeely
rapedh wwth temperatere near. but below. the critical
wmperatare. Abuse 7. the bebawwr s iemperatuee-

mdcpendent and yeckls valwes for the how-temperature
wcan lier path.

{. Conwpitynt (rem the Ueserats of Femmesare. Kaowillie.

2 1 P Jebvdh sapebinbed thess. L seecvwry <1 Teemewer.
Cmnvlle, 1973,

3 D.C. Warms and b Bardeens. Phax Rev REL 312 (19358).

4 A A Abrkesss, L P (et how. and 1. M. Nhalatishas.
Sov Phvs JFTP Fuypl Tronsl : 33, 1K2 41959,

$. H b Susla . Intrekcrams te Phss Trensrscws snd
Croeac ol Plornmrerns. (ntord Press. } ghaad_ 1971

& b M Rewser and . H_Sondieamer, Pve R Sor AI9S.
36 (NN

T RG Chamiers, Prowr K Sor A2ES. 481 ¢1952)

S V.o, baler smd A Popyard. P R Sar AJ3). 330
{988,

HIGH-RESOLUTION WITROSCOPY PROGRAM
R E Swshwm W.W.Hams

In the hope of cinminating 1ie hegh-voltage s harges
that ied (o destruction of the Sord-om'ter (7F) fips
the hegh-coherencz muceocope. the gun was tohadt.
The bushwng was repl-ced wth 2 tenstep xcekeracng
tube and cxch of th: S.0Rcmdong anode | ancde li
msulators was replxed with two 2 54<cm units. Conda-
tiomnz of Jhe entite uan 10 X0V kV was presaie

To forther protect he very deli ate FE emiltens and
ncrease the celiability of use gun. 2 vacusm fock was
added which permits 2xchange of emmilers withoul loss
of thr ulirzhigh sacuum. In additon. the emitier may
be withdsawn from the gun nito the kxk for protection
dunng mgh-vollage conditroning. A lock chamber pres-
sure of 1077 0 107" s 13 adequate with the 1.59-cm
opening into the pin chamher.

Follomng these modifications to tiw gun. th: column
was pul hack i operation with specimen used. first of
all, 10 determine the capahility of the nicrascope. With

thm (<50-A) carbon films. mecrographs were obianed
whach showed. usieg an vptaal ramsform. that mfonna-
tun crrespunding To 2 resolutior <2 A was present.
Latice mapes of K.PrCl, crystallites were durectiy
vieble vn the wreen. A searly comtmuars aray of
@twe magpes with about 30 1o 40-A moapr demenoun
wn obxrved m » i caboa lm The halfl pacing of
the bmes exasweed ! 55 10 100 A Apparently . nerther
{rmpes such: 25 these aod Somparable optaal transforms
have been obizned mith other muroscope:.

Furthes comparnson of the hagh-colerence micrascope
with two commerncts macrwcopes wxx made (or the
appecarance of the waxgr on the screen wurg Wentucal
tand;ov samme baiches of) specimons. The contrast and
resolution: of dhe iagh-colierence column were markedhy
supernor. Befose further applicaion of the mcroscope
corld be made . however. the funds were exhausted . AR
wark was stopped temporaney . Near the end of this
report peniod. work hegan anew 1o pet the microscope
back mio operatom.

INFRARED SPECTRA OF SO, F AND
SO,¢UH) ' IN SOLID SOLUTION

HW Mugpa P A Staats

A siuvdy of the morovalent wns MO),F° and
SQ,(0H) " (ollowed atterpts e resolve sofopic stru-
ture w the spectrum of divalent SO,° . The ibrational
absorption bamds of disalent jons m licoh-halide sold
solutions are relatively braad_ even 2! low lemperatures.
Thes is bebeved 1o anse fram the random position .
the vacancy nrcessary for charge compensatics in >
lative of msasvaent jocs. Use of 2 divalent caiion does
preduce narrow $0,7° absorphion tines. but normally 2
complen & formed which lowers the symmetry and
temoves the depeneracy of the $O,% normal mndes of
nibiation.

The ions SO,F " and SOL(0HN " are similas. F~ and
OH™ beth bemg strongly electronegative and compa-

Tat 7 L. Vilwrational shessption frequencies of $0,F
> 30 (0W) ™ i solid solusinn (in cm ')

SOnF 0,01
Vibration e e e e
0 K1 KBe X!

ritA ) 1084 10713 1085 1058

r3lAy) 7y 738 17}

ratdy) $76 2 586 (34

»4tFY 137 1 1278 1262

rytP) $as 82 597 592

vl 414 413
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Table 7.3. Isotopic shift cbserved m
spectrum of SO;F  in KBr

matrix at 77°K
Isotope vald;) valB)
3 737.0 1297.0
g 731.0 1288.0
s 126.5 1279.5

rable in mass. We have considered ihe (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 widthsare 2 cm™'
or less. At the lower temp -rature the vibrational bands
involving isotopic sulfur atoms can be easily distin-
guished with the intensity ratio of approximately
100:5:1. The frequencies obscrved for SO, F ~ are given
in Table 7.3.

The ions SO;F~ and SO;(OH) " readily form solid
solutions in KBr and KI. Solution in KCI, NaBr, and
MNaCl 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, SO,(OH)~
decomposes in the matrix to give $O,. SO,. 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 icns; Ranian studies wese made
of aqueous solutions and initared studies were made of
the pure salt. Our work included laser Raman spectra of
the pure salt for comparison. We confinm the assign-
ments of Siebert' and disagrec with the data of
Walrafen, Irish, and Young.? while obiaining more
precise frequencies and the first data on isotopic shifts.

i. H. Siebert, Z. Anorg. Allg. Cher--. 189, 1S (1957).
2. G. E. Walrafen, D. E. Irish, and T. F. Young. J. Chem.
Phy- 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 M2V)
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which will induce much higher auclear transmutation
rates than can normally be attained in fission-reactor
irradiations. The one exception occurs fur nickel-
containing alloys irradiated in 2 mixed fast-thermal-flux
reactor [eg.. the High-Flux Isotope Reactor (HFIR) or
the Oak Ridge Rescarch Reactor (ORR)]. In this case
the twostep reaction $*Ni(n,7)?10:22)3 Fe results
in helium preduction rates similar io 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-wali material. Fission irradiations will therefore
provide the CTR program with information applicable
to these carly devices. Eventually. however, siainless
steels may be superseded by one of the refractory
metals, for which the helium generation rates in fission
reactors are far too fow. The effect of helium must be
examined by preinjection of the samples befos : irradia-
tion. For such a simulation proceduie to be validated.
correlation experiments aze required to compare the
postirradiation properties of samples that have beer
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 correiativn experiments with stainless steels and
the investigation of some refractory-metal alloys. Fo;
the preinjection of helium we have used the 60-MeV
alpha be.m fromm ORIC, employing a rotating ‘vedge
and scanning the specimen holder across the beam to
ensure uniform helium deposition throughout the speci-
mens. Figure 7.6 shows one of the specimen holders.
An array of tensile specinens, a few of ™} «h are sfiown
in the foreground, is vacked by a thizu sheet of somne
other metal of intecest behind wh.ch cooling water is
flowing. Helium is deposited both in the tensile
speciniens and in the backi-ix sheet. from which an
equal number of tensile speea. ens car be obtained.

Helium levels of 60 to 200 appm, which are relevant
fu those anticipated for early CTRs such as EPR-1, have
been implanted in 300 tensile sampies of type 3%
stainless steel, Nironik PE-16, V--20 wi % Ti, and
V-15 wt % Cr--5 wt % Ti. Forty.seven of the.se samples
combined with 27 samples containing no helium are
currently under irradiation in EBR-1l to produce the
dpa (displacement per atom) levels relevant to carly
CTRs. An additional 115 tensile samples containing
helivin and 125 with no helium will be placed under
irradiation in EBR-H in 1976. Included in these 125 are
samples of the two vanadium alloys containing different
amounts of cold work, which is a parameter that has
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s

Fig. 7.6. Wstex-cooled specimen holder used 10 inject helinm into tensile snd sheet specimens of variows abloys.

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 temperatuse and 10 the same helium and dpa
levels in ORR. The correlation ob'ained by this
comparison will provide valuable information on the
use of helium preinjeciion followed by fast-neutron
immadiation for studying the swelling and postirradiation
mechanical properties of refractory-metal alloys that
contain helium and dpa levels relevant 1o CTR appli-
cations,

Twentysix 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 imadiated in EBR-1I. 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 proceres in these alloys during and after
irradiation.

1. Metals and Ceramics Division.

o
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8. Publications

Prepared by Wilma L. Stair

The following listing of publications includes primarily thase articles by Physics Division staff members and
associates which have appeared in print during 1975. It is not possible to include openiterature publications for the
entire calendar year, however, as some journals for 1975 will be received only after this report has gone to press:
thus. five open-literature publications nor previously reported in an annual repor: are included. and a few 1975
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and iteavy lon Atomic Phisics Sy mposiur (Gatlinburg. Tenn., September 1975).

Gustafson, D.E.. J. Gomez del Campo, R. L. Robinson, P. H. Stelson. P. D. Miller_and J. K. ®air, "High Spin States
of 2*Mg Populated in the ' 7 C(* * O.a) Reaction.” NVuclear Physics

Gustafson, D.E.. S. T. Thornton, T. C. Schweizer. S.L.C. Ford, Jr.. P.D. Miller, R_ L. Robinson, and P. H. Stelson.
“High-Spin States of the A* = *%," Bands of ??Na.” Physical Review

Gusta'son. D.E., S. T. Thornton, J.L.C. Ford, Jr., P.D. Miller. R. L. Robinson. and P. H. Sielsor. “Preferential
Population of the A* =" Band of ?*Na Observed in the ' 2C(" *N.a) Reaction.” Physical Review 1 etters.

Halbert. E. C., I. B. McGrory, G. R. Satchler. and J. Speth, “Hadsonic Excitation of the Giant Resonance Region of
208 Py Proceedings Symposium on Highly Excited States in Nuclei (3Glich. Germany. September 1975).

Hamilton. J.H., K. R. Baker. C.R. Bingham, E. L. Boswor'n. H. K. Carter. J. D. Cole. R.W. Fink. G. Garcia
Bermudez, G. M. Gowdy, K. . Hofstetter, M. A. Haz. A.C. Kahler, B.D. Kern. W. Lourens, B. Martin. R. L.
Miekodai, A.V. Ramayys. L. L. Riedinger, W.D. Schmidt-Ott, E, H. Spejewski. B.N. Subba Rao, E.L.
Robinson, K. S. Toth, F. Tumer. J. L. Weil, J. L. Wood. A. Xenoulis. and E. F. Zganjar. “*New Isotope ' >*Pb
and the Structure of ' ?? TI; Shape Coexistence :n ' **Hg and in '*® Au: and a New lon Source: Recent UNISOR
Research,” Izvestiva Akademii Nauk Uzbekskoi SSR.

Hamilton, J.H.. H.L. Croweli. R.L. Robinson. A.V. Ramayya. W.E. Collins. R.M. Ronningen. V.
Maruhn-Rezwani, J. Maruhn, N. C. Singhal, H. J. Kim, R.Q, Sayer. T. Magee. and L. C. Whitlock. “Lifetime
Measurements 1o Test the Coexistence of Spherical and Deformed Shapes in ”2Se.” Phys. Rev. Lett. 36, 34042
(1976).

Harmatz, B.. “Nuclear Data Sheets for 4 = 167.” Nucl. Data Sheets 17. 143 92 (fa.uary 1976).

Hillis, D. L., E. E. Grass. D. C. Hensley, M. L. Halbert. L. L. Riedinger. C.R. Bingham, A. Scott. and D. Martin.
“Elastic and Inelastic Scattering of 70-MeV '2C lons from '**Nd.” Physics Letzers.

Hillis, D. L., E. E. Gross. D. C. Hensley. L. D. Rickertsen, C. R. Bingham. A. Scott, and F. T. Baker, *'‘Multi-Step
Processes in the Inclastic Scattering of 70.4-MeV ' 2C from '**Nd.” Phys. Rev. 1.et1. 36, 304 - 6 (1976).

Horen, D. J.. "Nuclear Spectra.” Encyclopedia of Science and Technology, McGraw-Hill, New York.
Horen, D. J.. “Nuclear Data Sheets for A = 2% " Nucl. Daia Sheets 17, 367 - 90 (March 1976).

Hudson, E.D.. R. S. Lord, L. L. Riedinger, J. A. Martin, J. K. Bair, L. N. Howell. F. lrwin, J.W. Johnson. G.S.
McNeilly. and S. W. Masko. “Magnet Model Studies for Separated-Sector Heavy lon Cyclotzons.” Proceedings
Viith International Conference on Cvclotrons and their Applications (Zusich. Switzerland. August 1975),
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Hudson, E. D.. M. L. Maliory, and R_ S. Lord. “Production of Positive lon Beams from Solids.” JEEE Trams. Nucl.
Sci. (Intemational Conference on Heavy loa Sources. Gatlinburg. Tean.. October 1975).

Hudson. E.D.. J. A. Martin. M. L. Mallory. F_t. McDaniel. and F._ lrwin. “Magnetic Field Trunming S wiies for 2
Separated-Sector Cyclotren.” Proceedings Viith Internationsl Conference on Cyclotrons emd thewr Applications
(Zurich. Switzerland. August 1975).
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Cross Sections.” Physical Review.
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Physics Letters.
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Kocher, D. C., “Nuclear Data Sheets for .4 = 74, Nucl. Data Sheets 17, 519-72 (April 1976).
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Physical Review Letters.
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25-MY Tandem,” Proceedings VIith International Conference on Cyclotrons and their Applications (Zurich,
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198+ 190 and '2C -+ '*N,” Nuclear Physics.

Ludemann, C. A., “Raise Your Hand if you Know What CAMAC 1s!.” Proceedings 1976 National Computer
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Macklin, R. L., “Neutron Capture Cross Section of Niobhium from 26 to 700 keV.” Nuclear Science and
Engineering.

Macklin, R. L., “The ' 45 Ho(n,y) Standard Cross Section from 3 to 450 keV,” Nuclear Science and Engineering.

Mallory, M. L. and D. H. Crandali, A Penning Multiply Charged Heavy fon Source Test Facility,” /EEE Trans. Nucl,
Sci. (Intemational Conference on Heavy lon Sources, Gatlir.burg, Tenn., October 1975).

Mallory, M. L., K. N. Fischer, and E. D. Hudson, “Isochronous Cyclotron Harmoniz Beam Space Charge Effect,”
Nuclear Instruments and Methods.

Martin, J. A., “Acceleratnrs for Heavy lons,” Procexdings Seventh International Conf mmce on Cyclotrons and their
Applications (Zurich, Switzer!and, August 1975).
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Martin. J. A.. “Oak Ridge Heavy lon Research Laboratory,” Pwrticie Accelerators {News & Views).
Martin, J. A.. “Viith Intemational Conference oa Cyclotroas and their Applications.” Parricle Accelerators (News &
Views).

Martin, M_J.. Ed.. “Nucdlear Decay Data for Selected Radionuclides.” Appendix - A Mewual of Redicactivity
Pocedwres, NBS Hendbook 80, National Cous il on Radiation Protecticn and Messurements.

Maruhn J. A_and W. Greiner, “Collect:ve Effects on Mass Asymmetry n Fssion,” Physical Review.

Maruhn, J.A. T.A Welton. and C. Y. Wong, “Remarks on the Numerical Solution of Puisson’s Equation for
Isolated Charge Distribution.” Jownal of Computations! Physics.

McGrory. J. B. (invited paper), “Shell Mode! Calculations of Electromagnetic Observables of Nuclei in the sd-Sheli
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International Conference on Atomic Collisions in Solids (Amsterdam. The Netherlands, September 1975).

Mosko, S. W.. D. B. Bates, R. R. Bigelow, E. K. Connongim, E. W. Pipes. and K. Sueker, **A 120-kA Pulsed dc Power
System with Computericed Thyrtistos Triggering.” /EEE Trwns. Nucl. Sci. (Proceedings Sixth Symposium on
Engineering Problems of Fusion Research, San Diego, Calif.. November 1975).
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Capture in *°Ca,” Nuclew Physics.
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Obenshain, F. E., J. C. Williams, and L. W. Houk, “Hyperfine Interactions at *'Ni in Jonic Nickel Compounds,”
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Accelerators.

Pegg, D. J. (invited paper), *Autoionizing States in the Alkalis,” Proceadings Fourth International Conference on
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Pegg. D. J., H H. thasefton. R S. Thoe. P. M. Griffis. M. D. Brown, and |. A. Sellin. ~Core-Excited Autoivnizing
States in the Alkalis.™ Mivsics Review,
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of the First 2* Extitgd State in ' 2*Se,” Nuclewr Physics.
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Schmorak, M. R., “Nuciear Data Shee

Sellin. . A., “The Measurement of Autoionidi
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Sellin, 1. A., “Applications of Beam-Foil Spectroscepy to Atomic Collisions in Solids,” Surface Science.

Sellin, 1. A., “Highly lonized fons,” Advances in Atomic and Moleculsr Physics, Academic Press, New York, 1976.

Shamu, R. E., Ch. Lagrange, E. M. Bernsiein, J. J. Ramirez, T. Tamurz, and C. Y. Wong. “Quadrupole Deformation
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Smith, J. S., Il and R. O. Sayer, “*A Program to Calculate and Plot the Nuclear Moment of Inertia Versus the Square
of the Rotational Frequency,” Computer Physic: Communications.

Stelson, P. H. (invited paper), “The Awomic Physics Potential of New Accelerators,” Proceedings Fourth
International Conference on Beam Foil Spectroscopy end Heavy lon Atomic Physics (Gatlinburg, Tenn.,
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Stelson, P.H., “Coulomb Excitation,” Fourth Edition McGraw-Hill Encyclopedi® of Science and Technology,
McGraw-Hill, New York.

Stelson, P. H., “Future of Phrsics with Heavy lons,” JEEE Trans. Nucl. Sci. (International Confererice on Heavy lon
Sources, Gatlinburg, Tenn., Octobe: 1975).

1 A =244-262(even-A).” Nucl. Duta Sheets 17, 391 -484 (March 1976).

Jon Levels and Lifetimes by Projectile Electron Spectroscopy.”
troscopy, Springer-Verlag, Heidelberg-New York-London,
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Reactams from ' *C loms on **Z1.” Physical Review.
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Toth, K.S.. £. Newman. C. R. Bingham. and A £ Rainis. “Comment Comcernng the Tentatively Propused
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Tricomi. J.. J. L. Duggan. F. D. McDansel. P.D. Mulles. R.P. Chaturveds. R. M. Whkeeler. J. Lm. K. A. Kuenhold.
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Physicel Review.
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Wells. JC.. Jri., R.L. Robmson. H.J. Kmn. and JLC. Ford. Jr.. ~Absolute Cross Sectons for e
SINi'*03n)" *Ks Reaction.” Physical Review.
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Wong, C. Y., “Tame Scaler in the Dynamics of Nuclear Systems.” Nuckesr Physics.
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Worsham, R.E.. “Siudies with Highly Coherent Ilumination and Liquid-Helium-Cooled Specimens.” Prx-eadings
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Amevican Chemical Seciety Mecting (S2. Joscph Valley Section). Senth Bend. Indians. Januery 3. 1978
H. W. Morgan (mvited wik). “Coherent Light and Holography .~

intemmptions! Weslknhep W8 on Gren Propertin of Nucleli and Nuclesr Eacitstion. Nirchegy. Amtvin. Jonusry
13-18. 1975

K 7T R Devies. S £ Koomm. J. R Nux. and A J. Sierk. “Maxrosop Approsches to Nuleas
Dissipation.”

F. Plasl. “Experimental Summary.”

F. Manl. "On Reaction Tiwes for Quan-Femion and on the Cotical Distance Concept m Heavy Jon Fuson
Reactions.”
Amsican Chrwiical Saciety Movting (Kslamssee Section). Kalamszeo. Michigm. Jenuasy 14. 1978

H. W. Morgan (imvited talk). “Caber-nt Light 224 Holography ~

Amwices Chomical Seciety (Univenity of Michigss Section). Geond Ragids. Michigen. Jemmwy 15, 1978
H. W. Morgan (imvited wik). “Cohwrent Laght and Holography.”

Amesican Chemical Seciety (Univemity of Sichigs Section). Aun Asbov. Michigan, Semuary 16. 197S
H. W. Morgan (imvited wik), “Coberent Light aad Holography.™
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J. H. Hamilton. K. R. Baker, C. R. Dingham. E. L. Bosworth. H. K. Carter. J. D. Cole. K. ¥. Fimk. G.
Gercia Bermudez, G. W. Gowdy, K. J. Hofstetier M. A. iz, A. C. Kabier. B. D. Kemn. W. Lowsens. B.
Martin, R. L. Miskodsj. A. V. Rameyys. L. L. Riedinger, W. D. Schmid1On, E. H. Sprjrwski, B. N. Subbe
Reo. E. L. Robimson, K. S. Toth. F. Tummes, J. L. Weil, J. L. Wood, A. Xenowlis. and E. F. 2genjer. “New
Isotopes ‘2P0 and the Structure of '*I7); Shepe Comistence in '**Hg ad m '*°Au. d 3 New lon
Source: Recent UNISOR Research.”
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3. A. Biggentafl (mvited k). “New Meamrements with Chawner g.” Al Am. Myys. Soc. W, 1)
(197S).

D. Bogent. W. Berletts, D. Dauwe, M. Kenton, A. E. Sayder. R. D. Sard, D.G. Fong. M. Heller. A. Pavanes K_A.
Zdanis. 0. Fu. D. V. Fesenen, E. D. Alyea, 31, J. Grushaus, E. Hafen, P. Trepagnier, J. Woifson, R. K. Yememoto,
W.M Bugg. E L Hart, T.C. Ou, R. J. Pl E. L. Kaller, snd P. Stamer, “Two-Body Correlations Among Mesons
Produced by 147 GeV/c 5 p Intersctions,” S . Am. Phys. Soc. 30, 14(1975).
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R Y Cesson snd R. Hiko. "Realistn Heawy fon Potentishs from Comstrained Setf-Consistent BHF.
Calculations ™ Bull Am. Py Soc. 20. 67 (1973).

D G Fong. M Widgoff. P. Lucas. R A. Zdamss. R A. Burmiems. C Fu. H. A Rubin. A_ E. Sayder. J.
Tortara. E D Alvea, Ji. A Levy. A Napeer. | A. Pless, P. Trepagnier. G. T. Condo. R. J. Plamo. T. L.
Wates, P. Stamer. 5. Taylor, M. Johmon. H. Kraybell, D. Liung. 7. Ludiam. and H. Toft. "Feynman-x and
Rapedety Distribwtions of #” and £° Mesons Produced by 147 GeVic = 7-p Interactions,” Bull. Am. Phys. Soc.
2. 13 41975).

B Hamat7z. D. ). Horen. and Y. A Ells. “Anomalous Ground States s the Newtros-Deficient 171 € A
< 181 Regon.” Bull Am. Phys Soc. 20. 96 (1975).
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m the New N = 81 fsotope, **'Dy.” Bull Am. Py S 20, 74 (1975).
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Western Reglonsl Nuclesr Confosence. Manitobs. Camade. February 20-22. 1975

G. R. Saschier (mvited talk). “Microscopic Description of Ineaistic Scattering and the Excitation of Gisat
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20, 173 (1979).

gL



). A. Harvey and N. W. Hill. “Neution Total Cross Section of *Li from 100 eV 0 3 MeV.” Bull Am.
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G. A Keyworth. C. E. Olsen. ' T3 Moses, J. W. T. Dabbs, and N. W. Hill. “Spin Determination of
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“Absolute Charge State Yields of 20 MeV Fe and 1 lons Scatiered from Xenon.” Bull. Am. Phys. Soc. 28, 195
(1975).
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J.W._Boldeman. B. J. Allen. M. ). Kenny. A. R. de L. Musgrove_ and R. L. Macklin. “Vaeace and Doorw 4y State
Effects in Neutron Capture near Closed Shefls. ™
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H. L. Crowell. J. H. Hamilton, R. L. Robinson, A. V. Ramayya. W. E. Collins, W_ T. Pirkston, R. M. Ronningen,
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D. E. Gustafson, T. C. Schweizer. S. T. Thomton. J. L.C. Ford, Jr., P. D. Miller, R. L. Rooinson, P. H. Stelson,
and 1. 8. McGrory. “Selective Populaiion of High Spin States in 2*Na,” Bull Am. Phvs. Soc. 20,829 (1975).
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D. J. Pegg tinvited talk). “Progecuile Election Spectnncopy of Autoromuzing States m the Alkaln =~ Bull 4m
Phys Soc. 20.82611975).
Thirtieth Annsal Symposium on Melecular Structure 2nd Spectrescopy . Columbus. Ohie_ June 16 20, 1975

H W_Morgan_ P A_Staats. and E. Sdberman. “Vibravonal Spevctra of No ™ and Noy™ ™

Faraduy Society Discussions on Electron Spectrescopy of Selids and Sarfaces. Vancouver. B.C . Juby 15- 171978
T. A.Carbon_ “Saiellite Structure in the Photoedectron Specira of Transstion Metal Compounds lomuzed m the K
Shell of the Metal fon.”
Intermational Confevence 0a Radintion Tost Facilities for Lee CTR Serface and Materials Programs. Argoane, lineis.
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M. J. Salimarsh, A. P. Fraas. and J. A. Horak tinvited talk). A Large-Volume Intemse Nzutroqa Sousce for CTR
Matenials Studies.”
Symposiam on Intermediate Energy Heavy lon Physics. Berkeley. California_July 17-19, 1978
J. B. Bali finv:1ed talk). “Oak :Gdge Prans for 3 Bownter Cyclotion.”
C Y. Wong tinvited talk). “Foundaton of Nuvlear Flud Dvnamucs.™
Niath Iaternational Conference on Physics of Electronic and Atomic Coilisions. Seattle. Washington. July 24 30.
1975
C. F_ Barnett (invited talk)_ ~"Atomic Physws in the CTR Program.™

D.J. Pegg. H H. Haselton. R.S. Thoe. P. M_Gnifin M. D. grown. and 1. A_ Sellin. ~“Autoronzmg States Formed
1n Na“® + He and Mg~ + He Collisions ar 70 keV*."

R.S. Thoe. 1. A.Sellin. R.S. Peterson. D. 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. Manos. Hawaii. Augest 6-19_ 1975

H. 0. Cohn, “Nuclear Structure with High Energy Physics  The Neutron Halo.™

Thirty-thizd Azaual Meeting, Electron Microscopy Society of America. Las Vegas. Nevads. Augnst 11 - 15. 1975

T. A. Welton. “Practical Resolution Enhar ment in Bright Field Electron Mwroscopy by Computer
Processing.™
1975 Nijenrode Summer School on Nuclear Spectroscopy . Nijenrode, Netherlsnds, Augast 11-23. 1975

G. R. Satchler (invited lecture series), “Direct Nuclear Reactions.”

Seventh International Conference on Cyclotrons and Their Applications. Zurich. Switzeriand, Aogest 19-22, 197§
E. D. Hudson. J. A. Martin, F. E. McDaniei. and F. Irwin, "Magnetic Field Trimming Studies for a
Separated-Sector Cyclotron.”

E. D. Hudson. R. S. Lord, L. L. Riedinger, J. A. Manin. J. K. Bair. L. N. Howell_J.W_Johnson, G. S. McNaeilly.
F. E.McDar‘el. and S. W. Mosko, “Magnet Model Studics for Separated-Sector Heavy lon Cyclotrons.™

R.S. Lord, E. D. Hudson, G. S. McNeilly, R. O. Sayer, J. B. Ball, M. L. Mallory, S. 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 2
25 MV Tandem.”

J. A. Martin (invited talk), "Accelerators for Heavy lons.”

G. S. McNeilly, E. D. Hudson, R.S. Lord. M. {.. Mallory, 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 MeV ™
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RS Peiersm R Laubert. RS Thoe. H Hayden. S Elston. ). Forester. K. H. Liao. P. M. Gnifin. D. J_ Pege.
and 1 A Selln_ ~Drtferernce. in the Production of NonCharactensine Radiatron in Solid and Gas Targers ™

P H Stelson gnvited 121k, “The Atoma Phyiacs Potential of New Acceleratorns”

RS Thoe 1 A Sellin. K H Liao. R S Peterson. D. J Pegg. J P. Forester. and P M. Gr.ffin. ~“Angular
Distobuison Studses of NonCharactensiie X-Radation ™

British Phyvical Seciety Mecting. Daresbwry . England. September 17. 1978
G R_Satchler rinviied talk), “Scaitenng of Heavy loas ™
Sixth intermationa! Confevence on Atomic Collisions m Solids, Amsterdam. Netherkands. September 22 -26. 1975

J. U Andersen. b Lacpsgaasd. M. Lund. and C. D. Moak. Z; Scaling for Impaci-Parameter Dependence of
Inner Shell lomization by Heavy Jons™

S. Dats. C. D. Moak. B. R. Appleton, J. A Biggerstaff. and T S. Nogge. “Hyper- and Planar Channeling of
Chasge State Selected 27.5 MeV Oxvgen lons i Ag.™

C. D. Moak. B. R. Appleton. J. A Biggerstaft. M. D. Brown. S. Dat7. T S. Nogge. and H. Verbeek, “The
Yelocity Dependence of the Stopping Power of Channeled lons from 0.6 1o 60 MeV.”
Symposium on Highly Excited States in Nuclei, Julich. West Germany . September 23-26. 1975

F. E. Bertrand. “Excitation of Giant Resonances via Inelastic Hadron Scattenag.”

E. C. Halbert. J. B. McGrory. G. R. Satchler. and J. Speth. “Hadionic Excitation of the Giant Reson-nce Region
of 12%ph

G. R. Satchier (invited talk), “*Hadroni: Excitation of the Giant Resonance Region of ***Ph
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http://Gn.ui.xd

192

Symposium on Experimental Methods for Charged-Particle irvadistions, Gatlinburg, Tenmessee, 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 lon Radiation Damage Studies.”™
Conference on Radiation Effects and Tritiam Technology for Fusioa Reactors, Gatlinburg, Tennessee, October -3,
1975
1. B. Roberto, J. Narayan. and M. J. Saltmarsh, 15 MeV Neutron Damage in Cu and Nb.”

Americsn Chemical Society (Boulder Dam Section), Las Vegas, Nevada, October 9, 1975
H. W. Morgan (invited talk). “Coherent Light and Holography "

American Chemical Society (Sierra Nevada Section), Reno, Nevads, October 10, 1975
H. W. Morgan (invited talk), “Coherent Light ard Holography ™

American Chemical Society (Sacramento Section), Davis, California, October 13, 1975
H. W. Morgan (invited talk), “Coherent Light and Holography.”

American Chemical Society (Fresno Section), Fresno, California, October 14, 1975
H. W. Morgzan (iavited 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 Scction), Honolulu, Hawaii, Octobes 17, 1975
H. W. Morgan (invited talk), “Coherent Light and Holography.”

Optical Society of America, Boston, Massachuset*s, October 2124, 1973
K. L. Vander Sluis, “‘Stark Structure on Hydrogen Spectra in ORMAK Plasma.”

international Conference on Heavy lon Sources, Gatlinburg, Tennessee, October 27-30, 1975

G. D. Alton, “Preiiminary Evaluation of a Modified Hortig-Geometry Negative-Ton Source Using a Negative-lon-
Source Test Facility.”

E. D. Hudson, M. L. Mallory, and R. S. Lord, “Production of Positive lon Beams from 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. H. Stelson (invited paper), “‘Future of Physics with Heavy lons.”

H. Tamagawa, 1. Alexeff, C. M. Jones, N. H. Lazar, and P. D. Mi'ier, ““Lise of the Hot-Electron Mirror Machine
INTEREM as a High-Z lon Source.”
American Physical Society Meeting, Austin, Texas, October 30—November 1, 1975

G. Bagieu, A. J. Cole, R. de Swiniarski, C. B. Fulmer, D. H. Kong, and G. Mariolopoulos, “41 MeV
Alpha-Particle Scattering from 27 Al, 2822298 " Bull. Am. Phys. Soc. 20, 1156 (1975).

F. T. Baker, A. Scott, E. E. Gross, D. C. Hensley, and D. L. Hillis, “The Nuclear Reorientation Effect for ' 2C
Scattering from 2%Si and 2¢Mg.” Bull. Am. Phys. Soc. 20, 1190 (1975).
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W. K. Dagenhart, P. H. Stelson, F. K. McGowar, W. i. Milner, S. Raman, and R. L. Robinson, “Coulomb
Excitation of ! ' $Sn,” Bull. Am. Phys. Scc. 20, 1187(1975).

B. J. Dalien, “Fixed J, Fixed T Shell Model Level Densities for Arbitrary Orbiials,” Bull Am. Phys. Soc. 20,
1185 (1975).

C. D. Goodman. F. E. Bertrand, D. C. Kocher, and R. L. Auble, “(*He t) on Several N = Z Targets,” Bull Am.
Phys. Soc. 20, 1156 (1975).

R. S. Grantham, R. M. Ronningen, J. H. Hamilton, A. V. Ramayya, B. van Nooijen, H. Kawakami, R. L . Piercey,
R.S. Lee, L. L. Riedinger, and W. K. Dagenhart, “B(E2) Values of 2, 23, and 24 States in 162,164 and "' YD,
Bull. Am_ Phys Soc. 20, 1190 (197%).

1. J. Griffin and C. Y. Wong, “Vibrational Instability in Droolets (and Nudei?),” Bull Am. Phys. Soc. 20, 1158
(1975).

E. E. Gross, M. L. 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, P. O. Tydm, G. B. Hagemann, B. Herskind, M. Neiman, and H. Oeschler, **High Spin States in
14Se,” Bull Am. Phys. Soc. 20, 1172(1975).

1. A. Harvey, J. Halperin, N. W. Hill, R. L. Macklin, S. Raman, and E. T. Jumey, “Total and Capture Cross
Sections of $*Ni for eV 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 lons from '42:144.196.168.150Ng " Byl Am. Phys. Soc. 20, 1192
(1975).

D. J. Horen (invited talk), “Informaticn Systems of the Nuclear Data Project,” Bull Am. Phys. Soc. 20, 1152
(1975).

R. C. Hunter, L. L. Riedinger, D. L. Hillis, C. R. Bingham, and K. S. Toth, “Vibrational Bands in ' *4 Yb,” Buil
Am. Phys. Soc. 20, 1154 (1975).

M. A ljaz, E. L Robinson, K.S. 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
338 " Bull. Am. Phys. Soc. 20, 1195 (1975). ‘

R. L. Macklir, “The '**Ho(n,7) Standard Cross Section fiom 3 to 450 keV,” Bull. Am. Phys. Soc. 20, 1196
(1975).

J. A. Maruhn, C. Y. Wong, :nd T. A. Welton, “Fluid Dynamic Description of Heavy-lon Collisions.” Bull. Am.
Phys. Soc. 20, 1158 (1975).

J. B. McGrory and B. . Wildenthal, **A Comment on the Projection of Spurious Center-of-Mass States in
Truncated Shell-Model Calculations.” Bull. Am. Phys. Soc. :0, 1184 (1975).

R. B. Piercey, A. V. Ramayya, R. M. Ronningen, and J. H. Hamilton, *In-Beam Gamma-Ray Spectroscopy
Following *°Ni(* ©0,2p)7*Se,” Bull. Am. Phys. Soc. 20, 1172 (1975).

A. V. Ramayya, J. H. Hamilton, J. D. Cole, B. van Nooijen, H. Kawakami, L. L. Riedinger, C. R. Bingham,
K.S.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. Hillis, “Second-Order Coupling Effects in Heavy-lon Inelastic Scattering,” Bull. Am.
Phys. Soc. 20, 1167 (1975).

R. M. Ronningen, J. H. Hamilton, R. S. Grantham, A. V. Ramayya, B. van Nodijen, R. B. Piercey, R. S. Lee,
H. Kawakami, L. L. Riedinger, and W. K. Dagenhart, “Coulomb Excitation of 2° Ground and 3~ Octupole Levels in
156,158y, 162,164, 204 1 $3YY " Bull. Am. Phys. Soc. 20, 1189 (1975).

M. ). Saltmarsh (invited talk), “*Accelerators and Energy,” Bull. Am. Phys. Soc. 20, 1153 (1975).
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W. K. Tuttle {ll, 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. Phyx Soc. 20, 1173 (1975).

C. Y. Wong. J. A. Maruhn. and T. A. Welton. “Nomal Sound, Spin Sound, Isospin Sound, and Spin-1sospin
Sound in Nuclear Fluid,” Bull Am. Phys. Soc. 20, 1155 (1975).
Intermationsl Atomic Energy Agency Advisory Growp Meeting on Tramsactiniom Isotope Nuclear Data, Kaslsrube,
West Germany, November 3-7, 1978

S. Raman (invited talk), “Some Activities in the United States Concerning the Physics Aspects of Actinide Waste
M ‘- "
S. Raman (invited talk), “General Survey of Applications Which Require Nuclear Data.”

American Physical Society Meeting (Division of Plasmns Physics), St. Petessburg, Floride, November 1014, 1975

K. L. Vander Sluis, “Stark Structure on Hydrogen Specira in ORMAK Plasma,” Bull. Am. Phys. Soc. 20, 1227
(1975).
Materials Science Symposium (American Society for Metals), Cinciamati, Ohio, November 11-13, 197§

T. A. Carlson (invited talk), **Use of Photoelectron Spectroscopy for Surface Analysis.™

American Physical Society Meeting (Southeasiern Section), Asburn, Alsbame, November 1315, 197§
W.E. Collins, A. Ashley, J. H. Hamilton, H. L. Crowell, and R. L. Kobinson, ““The Level Structure of % 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 72Se.”

T. Magee, L. C. Whitlock, H. L. Crowell, J. H. Singhal, R. L. Robinson, and R. O. Sayer, “*‘Mean Life of the 4
State in 72Se.”

F. E. Obenshain (invited 1alk), “Heavy lon Induced Fission near 4 = 100.”

E. L. Robinson, B. 0. Hannah, B. H. Ketelle, G. Schuster, and J. L. Weil, “Decay of '**Pb.”

1. A. Sellin (invited talk), “Highly lonized lons.”

F. E. Tumer, L. L. Riedinger, C. R. Bingham, E. H. Spejewski, R. L. Mlekodaj, H. K. Carter, B.D. Kem, J. L.
Weil, E. L. Robinson, and J. H. Hamilton, *!*2Pb -+ '*2T1 > ! *2Hg "
American Nucless Society Meeting, San Francisco, Californis, November 16-21, 1975

C. F. Bamett and E. Ricci (invited talk), "Plasma-Wa.i Interface Studies for TOKAMAK Type Plasmas.”

Sixth Symposium on Engineering Problems of Fusion Research, San Diego, Californis, November 1821, 197§

S. W. Mosko, D. D. Bates, R. R. Bigelow E. K. Cotiongim, E. W. Pipes, and K. Sueker, “A 120 kA Puised dc
Power System with Computerized Thyristor Triggering.”
American Physical Society Meeting (Division of Electron and Atomic Physics), Tucson, Arizons, December 3-6,
1975

D. H. Crandall, D. C. Xocher, and T. J. Morgan, “Single and Double Chaige Transfer of C* in Helium,” Bull.
Am. Phys. Soc. 20, 1456 (1975).

R. 8. Peterson, 1. A. Sellin, H. Hayden, S. B. Eiston, J. P. Forester, K. H. Liao, P. M. Griffin, D. J. Pegg, and R.
Laubert, “Non-Characteristic X-Radiat on Production in Solid and Gas Targets,” Bull Am. Phys. Soc. 20, 1450
(1975).

American Physical Society Meeting, Pasadena, Califorin, December 29-31, 1975
A. Gizon, J. Gizon, and D. J. Horer.. “*Band Structure in ' 32Ba,” Bull. Am. Phys. Soc. 20, 1496 (1975).
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10. Omniana

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.

During 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 grests from the United 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 guesis of laberatories located outside the United States. A list of guests, staff

assignments, and personnel changes follows:

Guest Assignees from Abroad

B. J. Allen, Australian Atomic Energy Commission,
Lucas Heights, New South Wales, Australia — Oak
Ridge Electron Linear Accelerator Program (com-
pleted one-month assignment in March 1975)

E. L. Andrade, Universidad Nacional Autonoma de
Mexico, Mexico - Van de Graaff Program (completed
one-month assignment in July 1975)

Michel Barre, Commissariat a {’Energie Atomique,
Group GANIL, Institut de Physique Nucleaire, Orsay,
France — Heavy-lon Project (completed two-month
assignment in June 1975)

Marie-Paule Bourgarel, Commissariat a V'Energic Atom-
ique, Group GANIL, Institut de Physique Nucleaire,
Orsay. France -- Heavy-lon Project (completed two-
month assignment in June 1975)

A. A. Dacal, Universidad Nacional Autonoma de Mexi-
¢o, Mexico - Van de Graaff Program (complcted
one-month assignment in July 1975)
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E. D. Earle, Aiomic Energy of Canada Limited, Chalk
River. Canada - Oak Ridge Electron Linear Accelerz-
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. Commissariat a 'Energie 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 November 1974)

P. S. Murty. Bhabha Atomic Research Centre, Trom-
bay. India - Electron Spectroscopy Program (began
one-year assignment in May 1975)

Maria E. S. Ortiz, Universidad Nacional Autonoma de
Mexico. Mexico - Van de Graaff Program (completed
one-month assignment in July 1975)
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Hermann Weigmann, Central Bureau for Nuclear Meas-
urements (CBNM). EURATOM, Geel, Belgium — Oak
Ricee Electron Linear Accelerator Program (began
cight-month assignment in July 1975)

Guest Assignees from the United States

B. J. Dalton, summer rescarch participant (ORAU)
from Fort Valley State College. Fort Valley. Georgia
~ Theoretical Physics Progiam (completed theee-
month assignmert in September 1975)

Stuart Elston, University of Tennessee - Accelerator
Atomic Physics Program (began one-year assignment
in January 1975)

). P. Felvinci. Columbia University — Oak Ridge
Electron Linear Accelerator Program (completed six-
week assignment n July 1975)

). P. Forester, University of Tennessee — Accelerator
Atomic Physics Program (continued assignmeni begun
in September 1974)

L. D. Gardner. Yale University — Charge Exchange
Cross Section Measurements Program (completed
one-month assignment in December 1975)

J. B. Garg, State University of New York at Albany —
Oak Ridge Electron Linear 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 Tcnnessee — Accelerator
Atomic Physics Program (began one-year assignment
in June 1975)

D. L. Hillis, University of Tennessee — Oak Ridge
fsochronous Cyclotron Program (began one-year as-
signment in January 1975)

A. C. Kahler I1§, University of Tennessee — Oak Ridge
fsochronous Cyclotron Program (began one-year as-
signment in October 1975)

P. M. Koch, Yale University ~ Ouk Ridge fsochronous
Cyclotron Program (completed twn-week assignment
in December 1975)

Kuo-Hsien Liao, 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
Limear Accelerator Program (completed six-week as-
signment in July 1975)

Edward Melkonun, Columbia University — Oak Ridge
Electron Lincas Accelerator Frogram (completed six-
week assigamwent in July 1975)

T. J. Morgan. sununer research participant (ORNL)
from Wesleyan University - Atomic Physics Program
(compicted two-month assignment in August [975)

T. L. Nichols, University of Tennessee — Hyperfine
Interactions Program (completed ten-month assign-
ment m 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. O. 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 Atomic
Physics Program (completed two-year assignment in
June 1975 - now consultant with ORNL Physics
Division)

Cheng-May Tung, University of Tennessee — Electron
Spectroicopy 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. Tutde I, University of Tennessee — Van de
Graaff Program (completed eleven-month assignment
i November 1975)

J. Waldman, University of Lowe!l — Rasma Disgnostics
Program (completed three-month asignment in Sep-
tember 1975)

R M. Wieland, summer research perticipant (ORAU)
from Franklin and Marshall College, Lancaste:, Penn-
sylvania — Ouk Ridge Isochronous Cyclotron Program
(completed three-month sssigament in August 1975)

University Isotope Separator
a1 Ouk Ridge (UNISOR )

G. M. Gowdy, Laboratory Graduate Purticipant Fellow
— Onk Ridge Associsted Universities (began one-year
assignment in Janusry 1975)
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H. K Carter, Oak Ridge Assaciated Universities (in-
definite assignment)

R. L Mieckodaj, Oak Ridg: Associated Universities
(indefimite assignment)

A. V. Ramayya, Vanderbilt University (completed
one-monih assignment July 1975)

E. L Robinwn, University of Alabama (completed
one-year assignment in September 1975)

A. G Schemidi. Oak Ridge Associated Universities
(continued postdoctoral appointment begun in Sep-
ember 1974)

E. H Spejewski, Oak Ridge Associated Universities
(indefinite assignment)

Staff Assigaments

C. B. Fulmer - Qak Ridge Isochronous Cycdotron
Program. Completed in September 1975 a one-year
assignment with the Institut des Sciences Nucleaires,
University of Grenoble, Grenoble. France

E. E Gross - Oak Ridge Isociwonous Cycletron
Program. Completed in May 1975 a four-week assign-
ment at the Grenoble Cyclotron Laboratory. Gre-
noble. France

Edith C. Halbert - Theoretical Physi-s Program. Com-
pleted in August 1975 a one-year assignment with the
Nicls Bohs Institute, Copenhagen, Denmark

M. L. Halbert - (Ouk Ridge lsochsonous Cyclotron
Program. Completed in August 1975 a ome-year
asignment with the Niels Bolr Institute. Copenhagen.
Denmark

J. B. McGrory - Theoretical Physics Program. Began in
October 1975 2 onc-yeas assignment with the ORNL
Program Planning and Analysis Office

C. D. Mosk - Van de Grasff Propam. Began in
February 1975 a six-month assigament with the
University of Aarhus, Aarhms, Denmark: began in
xwber 1975 2 six-month sssigament with the
Duresbury Laboratory, Deresbury, England

F. Pasil - Physics of Fission Progam. Completed m
September 1975 2 ome-year assigament with the
Laborstoire d¢ Physigue Nucleasire, University of
Paris, Ovsay. France

K S Toth - Osk Ridgr Isochromows Cyclotron
Program:. Completed im October 1975 2 five-monih
ssignment oi the Labosatory for Nucleas Reactions,
Joint Institwte for Nuclesr Research, Dubne, USS.R.

N e T -
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PNerssanel Changes

C. F. Bamett - Controlled Fusion Atomic Data Center.
Transferred from Thermonuclear Division to Physics
Division in July 1975

D. H. Crandall — Atomic Physics Program. Transferred
from Thermonuckear Division to Physics Division in
July 1975

R. A Dayras — QOak Ridge Isochsonous Cydotron
Program. Began two-year postdoctezal appointment
in December 1975

J. Gomez del Campo — Van de Graaff Program. Began
four-month appomtment in October 1975

D. P. Huichinson - Plasma Diagnostics Program.
Transferred trom Thermonuclear Division to Physics
Division in July 1973

J. W. Johnson ~ Van de Graaff Program. Traniferved
from Instrumentation and Controls Division to Phys-
ics Division in September 1975

M. B. Lewis ~ Van de Graaff Program. Transferved
from Physics Division to Metals and Ceramics Division
n July 1975

E. Newman - Oak Ridge Isochsonous Cydotron
Program. Transferred from Physics Division 1o Chemi-
«al Technology Division in July 1975

R. A. Phaneuf - Atomic Physics Program. Begn
one-year appontment with the Thermonuciear Divi-
son im October 1975 (on losn to the Physics
D.vision)

). A. Ray - Atomic Physics Program. Transferred from
Thermonucieas Division to Physics Division in July
1975

E. Ricci - Surface Swdies Pogam. Began losn
asignment with the Physics Division from Analytical
Chemistry in July 1975

L. L Riedinger - Heawy lon Project. Completed
cight-month ssignment in August 1975

K. L Vander Slusn - Plasms Disgnostics Program.
Transferred from Thermonuclear Division to Mhysics
Divigion in July 1975

G. K. Werner - lnfrased Spectroscopy Progam. Trans
ferred from Paysics Division 10 Osk Ridge Gaseous
Diffusion Plant in March 1975

Ao, L
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ADJUNCT RESEARCH PARTICIPANTS UNDER SUBCONTRACT WITH
UNION CARBIDE CCEORATION NUCLEAR DIVISION - ORNL

Faculty members of colleges and universities who were under subcontract with ORNL and who participated m
the activities of the Physics Division during 1975 are listed as follows:

P. M. Bakshi. Boston Collegr — Comtrolled Fusion
Atomic Data Center

C. R. Bingham, University of Tennessee — Oak Ridge
Isochronous Cyclotron Program

H. G. Blosser, Michigan State University — Heavy fon
Proyect

D. A Bromiey, Yale University — Nuclear Physics
Program

W. M. Bugg. University of Tennessee — High Energy
Physics Program

J. W. Burton, Carson-Newman College — Hyperfine
Interactions Program

R F. Carlion, Middle Tennecssee State University — Oak
Ridge Electron Linear Acczlerator Program

T. P. Cleary, University of Tennessee — Oazk Ridge
Isochronous Cyclotron Program

G. T. Condo. University of Tennessee — High Energy
Physics Program

R. Y. Cusson, Duke University — Theoretical Physics
Program

Brian Gilbody. Quecn’s University, Belfast, Ireland -
Controlled Fusion Atomic Data Center

J. Gomez del Campo, National University of Mexico -
Van de GraafT Program (contract clased September
1975)

F. A Grimm, University of Tennessee — Electron
Spectroscopy Program

E. L. Hart, University of Tennessee - High Energy
Physics Progan

Philippe “Jubert, Centre d'Etudes Nucleaires, Bordeaux,
France ~ Oak Ridge Isochsonous Cyclotron Program
{contract closed Septemter 1975)

P. G. Huray, University of Tennesiee - Hyperline
Interactions Program

Constance Kalbach, University of Tennessee - Oak
R:dge 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. ). Pegg. University of Tennessee - Accelerator
Atomic Physics Progam

G. A Peutt, Georgia State University — Hyperfine
Interactions Program (contract cosed August 1975)

L. L Riedinger, University of Tennessee - Heavy lon
Project

A. B. Ritchie, Uriversity of Alabama -~ Elextron
Spectroscopy Programr

Regmald Ronningen, Vanderbilt University — Van de
Graafl Program

Amold Russek, University of Connecticut — Controlled
Fusion Atomic Data Center

I. A. Sellin, University of Tennessee — Accelerator
Atomic Physics Program

A ). Sietk, California Institute of Technology -
Theoretical Physics Program (contract closed Decem-
ber 1975)

R. M. Tate. University of Tennessee - Van de Graaflf
Program

Robert Thoe, University of Tennessee — Accelerator
Atomic Physics Program

c. W. Thomas, Georgia Institute of Techology -
Controlied 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 Progam (contract closed
August 1975)
Additionally in 1975, the Physics Drvision had the

participation of the following nonfaculty ORNL sub-

contract holders:

F. T. Howard. ORNL rctiree - Accelerator Information
Project (contract closed November 1975)
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D. D. Kikma. vndergaduate student from Princeton
Uniersity  Van de Graaft and Oak Ridge iscchro
nous Cyclotron Programs

R. F. King. ORNL reuree - Van de Grzall Program

J_ D. Lasson, representing self - Heavy lon Progect

L A. Slover. ORNL retiree — Oak Ridge Isochronous
Cydotron Program
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A. H Snell. ORNL retiree - Oak Ridge lsochronous
Cyclotron Progam

G. J. Smith. ORAU postdoctyral appointee - Oak
Ridge Isochronous Cyclotron Progam  (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 umiversity or
college Taculty members 20d students visited the Physics Division for consultation and collaboration during 1975.

These individuals and their affiliation are listed beiow:

F. T. Avignone I, University of South Carolina
F. T. Baker. University of Georga

J. 1. Barker. Saint Louis University

S. Bashkin. University of Arizona

V. E. Bovfield, Yale University

R. A. Bragda, Georga Instituie of Technology
W. H. Branilcy. Furman University

L. B. Bridwell, Murray Siate University

R. P. Chaturvedi. Statc University of New York at
Cortland

S. ). Cipolla. Cresghton 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. Gacdke, Trinity University

R. S. Grantham. Vanderbilt University

T. ). Gray. Kansas State University

M. B. Greenfield. Florida A. & M. University

M. A. Grimm, Jr., Georgia Instituie of Technology
S. A. Gronemeyer, Washington Unwversity

D. E. Gustafson, University of Virgnia

J. H. Hamilton, Vanderbilt University

B. O. Hannah, University of Alabama in Birmingham
E. V. Hungerford, University of Houston

M. A ljas, Virginis Polytechnic Institutie and State
University

D. E. Johnson, North Texas Siate University

H. Kawakami, Vanderbilt Uamversity

G. Kzgel. Lowell Technological Instituie

K. W. Kemper. Florida Statc University

B. D. Kurr. University of Kentucky

Q. C. Kessel, University of Connecticut

S. E. Kionir., Canfornia Inststute of Technolop

S. J. Kricger. University of Blinois at Chicago Circle
T. 1. Kruse. Rutgers - the State Universit.

K. A. Kucnhold. University of Tulsa

K. Kumar. Vanderbilt University

W. S. Lewis, Georgia Institute of Technology

7. K. Lim. Drexel University

J. Lin, Tennessee Technological University

W. G. Love, University of Georga

A. D. MacKcellar. University of Kentacky

M. S. McCay. University of Tinnessee at Chationooga
D. A Mc(lure, Georgia Instituie of Technology

F. D. McDansel. North Texas State University

G. C. Monigold, North Texas State Universny

J. R. Mowat, City University of New York

J. W. Negele. Massachuseits Instituic of Technology
R. B. Picrcey . Vanderbilt University

B. M. Precedom, University of South Cardlina

A. R Quinton, Unwveruty of Massachusetis

A. E. Rainis. West Virgnia Umiversity

A. V. Ramayya. Vanderbwlt Unwversity
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P. V. Rao. Emury 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

E. L. Robinson. University of Alabama in Birmingham
J. R. Rowe, North Texas State Universir;
K.S.R_ Sastry. University of Massachusetts

T. C. Schweize:. University of Virginia

A Scott. University of Georgia

J. Trcomi. North Texas State University

B. Van Nouijen. Vanderbilt University

G. Vourvopoulos. Florida A. & M. University
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T. A. Walkiewn:z. Edinburo Siate College

3. L. Weil, University of Kentucky

§.C. Wells, Jr.. Tennessee Technological University
W._ R. Wharton. Carncge-Mellon University

R. M. Wheeler. State University of New York at
Cortland

R. M. Wiclard, Franklin and Marshall Cullege

B. H. Wildenthal, Michigan State University

S. R. Wilson, North Texas State University

R R Winicrs. Denison University

J_ L. Wood, Georga Institute of Technology

S. W. Yates, University of Kentucky

A. R. Zander, East Texas State Uriversity

E. F. Zganpr. Louisiana State V). and A. & M. C.

PHYSICS DIVISION SEMINARS

Physics Division seminars were held once 2 week on the average. The seminar cochairmen during most of the
year were J. 8. McGrory and W. B. Dress. On October |, E. Eichler { Chemistry Division) replaced McGsory. Ti. -
seminars listed below are announcea 1o the entire Laburatory by being listed in the ORNI. Technical Calendar. In
addition. groups within the Division hold meetings of more specialized interes, such as the Nuclear Research CofTee
meetings on alternate Wednesday afternoons and the Theoretical Circus on Fridays.

January 15 - David Nagel, US. Naval Reswch
Laboratory. “X-Rays from Plasmas and Projectiles”™

Jamuary 20 - G. Goldsing, Weumann lnstitute of
Science. Retwwol. Istael. “Hyperfine Interactions and
Cyromagnetic 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 ). L. Fowler, Physus Divison. ORNL,
“Neutrons and Energy. the Mystery of the Missing
Ninth™

February 12 Charles Flaum, University of Rochester,
“Expenimental and Themetival Investigations of
Anomalous Behavior of Rotatwnal Statey at High

February 24 J. N. Gmaxchio, Yae University,
“Statistical Mechanual Appruach 10 Nuckear Stru-
fure”

March 4 lgor Alexelf. University of Tennessee,
“Plasma Containmeat Devices as Sources of Multiply -
Charged Jons™

March 6 K. Thomas R. Davies. Physics Division,
ORNL, "Effect of Nuclear Viscosity on the Dynamics
ol Fission™

March 20 B. L Cohen, The Institute for Energy
Analysis. Oak Ridge. "Environmenial Impacts of
Plutonium Dispersal and Radioactive Waste Stovage™

March 24 H. C. Pali, Max-Planck-Institnt tur
Kemphysik, Heidelberg, Germany. “Dynamic Excita
tion in Fission”

Aprid ) M. R. Mottlesm, Niels Bohe Institutet,
Copenhagen, Denmark, “What Can Aagular Momen-
wm Do to the Nucleus?”

April 24 Oe Hansen, Los Alamus Scientific Labora-
tory. “Resonances m he ' 7C(' 'C p) Remtion: A
New Rotational Band in **Mg”
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May 2 Klaus Eberhard. University of Washington,
“Corvelated Suucture n ' 2C + ' 3C Induced Rea-
vons™

May 5 - Charles lewis. CERN. “Some Expeniments in
Nuckear - Absorption”™

May 8 H. Schrader. lnstitut Lave-Langevin. Grenobie,
France, “Fision Yields with Mass Separator Lohen-
gin’

May 12 - Mikkel B. Juhnson. Los Alamos Sceentific
Laboratory. “Nuclear Matter Theory for Pion Scatter-
ing from Nuclei™”

May IS - D. H. Youngblood. Texas A. & M. University,
“Particle Decay from the Giant Resonance Region of
40 CJ"

May 22 - Maran Scully, Optical Sciences Center,
University of Arizona, “An lon Beam X-Ray Lasev:
Superradiance in Actior”

May 28 - E. Salzbom. Kansas State University.
“Electron 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 Rescarch™

May 29 — L Bergstrom. Research Institute for Physics,
Stockhoim. Sweden, ~On Effective Two- and Three-
Body Interactions: A Lesson from High-Spin States im
the Lead Region™

June S - W. B. Dress. Physics Division, ORNL, 2%,
Years of Measurements with and on French Neuw
trons”

June 17 - A. K. Edwards. University of Georgia,
“Collisional Excitation of Negative lons and Neutral
Atoms™

June 19 - Terrance Cleary, University of Wisconsin.
“Nuclear Structure in the A = 90 Region from Reuc-
tions Induced by Vector Polarized Deuterons™

June 24 - L. C. Feldman. bell Laboratosies. Mumay
Hill. NJ.. “X-Ray Yields from Ar-Al Collisions:
Lifetime Effects”

June 26 G. S. Huryt, “Resonance lonization Spec-
troscopy on He (2'S)”

July 9 - R. de Swiniarski, University of Grenoble.
France, “Some Recent Experiments Done at the
Grenoble Cyclotron™

July 14 8. G. Nifseon, University of Lund. Sweden,
“Nuclei at High Angular Momentum States™
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July 14 - Guater Kepel. Lowell Technologwcal Insti-
tute, “Fast Neutron Scattening from U-2387

July 22 - Johann Rafelski. Argonne Natxmal Labora-
try. “Spontancous Neutralization of Charged Nu-
clezr Matter™

August 4 - Paul Bonche, Saclay. “Nuclear Dynamics in
One-Dimension in the Tume-Dependent Hartree-Fock
Approximation™

August 5 -- V. S. Nikolayev, Moscow State University.
USS.R. “Atomw Cross Sections for MultiCharped
lons™

August 7 - C. K Gelbke. Max-Planck-Institut. Heidel-
berg. Germany. “Exchange Symmetries in Heavy-lon
Reactions™

August 14 - J. A Maruhn. Physics Division. ORNL.
“Collective Effects on Mass Distributions im Fission™

August 21 - Vida Marubn-Rezwani, University of
Frankfurt. West Germany. “Generalized Collective
Model™

September 2 - Jiri Kopecky. Reactor Cemrum, Petten,
Netherlands, “(n,y) Experiments at the High Flux
Reactor a1 Petten™

September 4 - Bill Dalton, ORAU. “Statistical
Methods for Finding Shell Model Level Densities™

September 11 - M. L Halberi, Physics Division.
ORNL. “Danish Photons Soft and Hard™

October 9 — Franz Plasdl. Physics Division, ORNL.
“Physics with the Very Heavy lons - French Connec-
ton”

October 20 — W. F. van Gunsteren. Free University.
Amsterdam. “Relationship between Odd and Even
Single Closed Shell Nuclei in 2 Low Seniority Approx-
imation™

October 27 - S. M. Lee. Institute for Nuclear Physics.
University of Cologne, West Germany. “Role of
Resonances and Critical Angular Momenta in Heavy
Jon Reactions™

October 28 - M. A. Nagarapn. Daresbury Nuclear
Physics Laboratory. Daresbury, England. “Generator
Co-ordinate Method for Nuclear Collisions™

October 31 - H. H. Andensen. Aarhus, Denmark,

“Spullering as 2 Tool for the Investigation of Atomic
Collision Cascades in Solids™

November 6 - Hermann Weigmann, CBNM, Geel,
Belgom, “Neutron Data Measwements at the Geel
Linac™
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November 13 - Peter Wurm, Max Planck Institute for
Nuciear Phwsics. Heidelberg. and SUNY. Stony

December 10 - R K. Adair. Yale University. “Prompt
Leptons: Leptons Produced by the Direct Interaction

Brook. “Friction in Deep Inelastx Scartering™

November 17 - R F. Casten. Brovkhaven National
Laboratory. “Nuclear Sunture Research Using the
(n.7) Reaction™

ol Hadrons™

COLLOQUIA AND SEMINARS PRESENTED AT OTHER INSTALLATIONS

Staff members of the Physics Division and other scientists assoviated with the Division frequently receive
invitations 10 present seminars and collcquia at institutions both in the United States and abroad. Partial support for
some of the requests was provided through the Traveling Lecture Program (TLP) administered by Oak Ridee
Assoviated Universities. A number of lecture-demonstrations were supporied by the Jocal-section fecture program of

the American Chemical Society.

Following is a list of seminars and colloquia presented in 1975:

J. B. Ball - University of Melbourne, Australia,
February 29, 1975. “Plans for a New Heavy lon
Acceleratr at Oak Ridge™: Florida State University.
April 10, and Texas A. & M. University, Mzy 29."The
New Heavy fon Labreratory a3t Oak Ridge™ (TLP):
University of Tennessee, December 2. “Siatus Report
on the Heavy lon Accelerator Facility at Oak Ridge™

C. F. Barnett - National Bureau of Standards Work-
shop, March 3 4. “Atomic Data for CTR, Particu-
larly on Heavy lon Impuritics’™. National Bureau of
Standards. Gaithersburg. Maryland, March 3, *Alomic
Physics Research at ORNL™ and “Controlled Fusion
Atomi: Data Center™

F. E. Bertrand  University of Georga, April 17,
“Excitation of Giant Resonances via Direct Rea-
tons”. Texas A. & M. University. November 4.
“Giant Resonances and the Nuclkear Continuum™

C. R Bingham KVI, Groningen, Netherlands, Novem-
ber 11, “Initidd Research with the On-Line Isotope
Separator, UNISOR™; Free University. Amsterdam,
Netherlands. December 4, “Structure of Light Mer-
cury bsotopes with an Isotope Separator™

T. A Cardson University of Missouri, Apn) 25,
“Elecwron  Spectroscopy tor Surface Swudies™. Uni-
versity .4 Blinois, November 12, “Use of Electron
Spectroscopy  for Surface Studies™ (APS Visiting
Scientist Program)

W. B. Ewbank  Instituut voor Kemphtysisch Onder-
zack, Amsterdam. January 4. “ENSDF (Evaluated
Nuclear Strciure Data File)™

). L Fowles  University of Tennessee. February 11,
*The Neutrom a3 a2 Probe for Nuclear St ture
aound (Tosed Shell Nuclei™”

C. B Fulmer Instivt des S.iemces Nucleaires.
Grenuble, France, January 24, “Heavy-lon Scattening
Studies at Oak Ridge™: Centre de Recherches Nucle-
aires de Strasbourg. Strasbuurg. France. Apnl 23,
“Heavy-lon Scatiering Studies at Oak Ridpe™: Kern-
fysssch Versacller fnstitut. Groningen. Netherands.
September 2. “Some Experiences m the Fremch
Alps™. Nawurkundig Laboratorium der Vripe Uni-
versiteit. Amsterdam. Netherlands, September 4.
“Some a-Particle and Heavy-lon Scantening Expen-
ments”. Wheatstone Physics Laboratory . King's Col-
lege. London, UK., Sepiember 6. “Some Experi-
ences in the French Alps™

C. D. Goodman  Kent State University. Kens. Obio,
Scptember 17, “The Nuclear Reaction (*L1."He) as a
Tool fur Studying Nuclear Transitions Related to
Gamow-Teller Beta Decays™

E E Gross University of Texas at Arhingion,
February 5. and North Texas State University. Febwu-
ay 6. “tieavy-lon Research at Oak Ridee™ (TLP)
Clemsn University., February 27, “Testimg Time
Reversal Invariance m Nuclear Physis™ (TLP). Nicls
Boly Institute, Copenhagen, Denmark, May 2, "70
MeV '2C Scattering from ' **Nd”. Umversity of
Gronmgen, Netherdands, May 6. “Heavy-lon Rescarch
at ORIC™: Insutut des Soences Nucleaires, Grenoble,
France, May 9. “Coulomb-Nuckear Interlerence
Effects in 70 MeV ' 7C + ' 44 Nd Scatitering™

R. L Hahn Randolph-Macon Women™s (-~tlepe,
Janvary 3. Davidsn Collepe, March 21 Union
College. April 19. Huntmgdon Collepe, Apnil 24 and
Tuskege: Institute. April 21, “The Quest fin New
Elements” (TLP). Lawrence Berkeley Laburatory.
December 16, "Reactions of ‘®Ar wath * *"y. and
lblw and ¥ 'Ilyb"



E. C. Halbent Niels Bohr Insutete, February 5.
“Renuvrmalization 10 Cell Fffective Interactions for
Truncated Many-Body Shell Models™

M. L Halbert = Hahn-Meitner Institut, West Berin,
January 31, “Heavy-lon Elastic Scatiering from
ORIC: The Heavy-lon Accelerator Project at Oak
Ridge™

J. B. MGrory North Carolina State University,
January 24: Vanderbilt University, March 14, “Suc-
vesses and Faiures of the Nuckear Shell Model”
A{TLP). Gewrga State University, April 16, ~Micro
wopic Descniption of Collective Nuclear Motion in
Terms of the Nuciear Shell Model™

M. L. Mallory  Michigan State University. Noveinber
17, ~Metal lon Source and Harmonic Beam Space
Charge Effect™

J. A Maniin  Gesellschaft fur Schwerionentuorschung.
Darmstadi. September 2. “Heavy lon Accelerators at
Oak Ridge™

J. A. Marvhn  Vanderbilt University, February 6,
“*Dynamic Theory of Mass Distnbutions m Fission™;
Argonne  Natwnal Laburatory, Aprit 2. "Dynami
Theors of Mass Distributions m Fission™. Lawrence
Berkeley Laboratory. July 15, “Some Practaad
Aspects of Implemenung a Fluid-Dynamical Code for
Heavy-lon Reactions™: Los Alamwrs Scientific Labuora-
tory . (ktober 14, “Fluid-Dynamucal Descnption of
Heavy-lon Reactions™. Cahifornia Institute of Tech
nology . (K tober 24 “Flud-h nanwcal Descnption of
Heavy-lon Reacions™: Duke University, November
20. “"Flurd-Dy nanwcal Desciipiiom of Heavy -ton Rea-
wons™. North Carohna State Unversity, November
2. TColkective Theon of Mass Dsinbutuons 0
Frssson™

P D Miller State Unmersin o New Yaork an
Cortland. Febwuany 4. Unversty of Alabama. Febru-
ay 27. Auburmn Unweraty, February 2% Unnersity
of Kentuchy., vtober 3. “Search 1o the Flevtin
Dipode Moment of the Neutron ™ (TLP)

R 1. Mickidy (wwliwhalt hr Schwenonen-
forschung. Darmstadi, September 15, “The Stann of
the UNISOR Progect™

C. D Mok  Hapers  the Sate Unwersany . Nowemn-
bee 7, “laige Tandem Accelesatons”. Universty ol

Onfond. Fngand. Novemin . §7. “Physics wath fheany
fom"”

HW Mupn  (koures sponuned by the Anwrcan
Chemnal Sncty hwalsectnm kectere program are
mahed wmith e sicink) Indiana Unwersily a1 South

Bend. January 3. St Joseph Valley Section. ACS.®
Janvary 13: Kalamazuo College ® January 14: Grand
Valley State College. January 15: Hope College.®
January 15: Unwersity of Michigan. Ann Arbur ®
January 16: Wayne State University. January 17
Gannon College. May 7. Villa Marnia College.* May 7.
Northeastern Ohio Section. ACS.* Mav 8 Penn-
sylvania State University. May 9: Penn--Ohio Border
Section, ACS.* May 9: Ball State University, June 23:
University of Nevada at Las Vegas.® October 9:
University of Nevada at Reno® October 10: Uni
versity of Califorma at Davis, October 13: Sacramento
State University * October 13: Califormia State Uni-
versity at Fresno.® October 14: Naval Weapons Center
at China Lake.® October 15: California State College
at Bakersfield.* October 16: University of Hawaii at
Manoa* October 17, "Coheremt Light and Holog-
raphy™

F. E. Obenshain  University of Georgra. February 4.
“Some Applications ol the Mossbauer Effect™

F. Plasid - Hahn-Meuner Institut, Berlin, February 21.
“Heavy-lon Induced Fission and Fusion™". University
of Vienna. Jame 13; University of Marburg. Junc 16;
Max-Planck-Institut. Hewdelberg. June 18: University
of Munich. June 20: University of Liverpool, July 9:
University of Manchester, July 100 Unwersity of
Lyon. July I8 “Fission ¢t Fusion Induite par lons
Lourds™

S. Raman  Unweruty of Tennessee. Nuclear Enpnees-
mg Departmeni. May 27, “The Acunde Waste Prob-
fem”

L. L Riedinger  Notre Danwe Unversity . Dece aber

10, "New Acuelerator at Oak Ridge: Recent (Hlvnr)
Meastsements”

M. ) Salimarsh  Unncrsiy of Virgma, March 19,
“Some Praciwal Applaatons of Accelerators, Past,
Prewent and Future™

G. R Saichler  Texas A. & M. Umiversity. Apnil 8,
“Miroswcopr Descnipiion of the Inelasine Scattening
ardd the New Giant Resonances”™ . (xilord University
I ngand. xtober 2. “Gant Resonances™

A G Shmdt Unwversity of Tennessee. Apnil i,
“Mulupke Meliopole Mixiures m the Decay of "% Ta™

0 Spexewshs Tennssee Technolog-al University
Sanuary 27, " The UNISOR Progect™

P H Sicdun  Irstiuto de Fsaca, Mexno City, March
1IN, “Heany don Factity a1t (ak Ridpe™". March 19,
“Backbendmg Phenomena m Nacker”




R. G. Stokstad - State University at New York, April
4. ~Limis on Fusion Cross Sections for Light Nudei™

University of Alabama. September 26: Clark College.
October 15: University of Kentucky. November 21,
“What is Lite?” (TLP)

C. Y. Wong — University of Puertvo Rico. Mayaguez,
February 4: University of Puerto Rico. Rio Pirdras,
February &: 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 dEtudes Nucle-
aires, Saclay. France. May 12-30. series of five
lectures on “Selected Topics in Heavy-lon Reactions™

K. S Toth - University of Tennessee. March 3,
“a-Devay in the Cis-Polonium Region™: Institute for
Nuckar Research. Kiev. USSR, July 3. “Heavy-lon
Research at the Oak Ridge Isochronous Cyclotron™.
Institute for Nuclear Physics. Gawchina, USSR..
August 6. “Heavy-lon Resuarch at the Oak Ridge
isochroraus Cyclotron™

T. A. Welton - Virginia Polytechnic Institute and State
University, June 2, “Coherence Effects in Optics™;

MISCEL.LANEOUS PROFESSIONAL ACTIVITIES OF DIVISIONAL PERSONNEL

Staff meinbers are frequently involved in prolessional activities which are incidental to their primary
responsibilities. During 1975 607 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
beluw. A listing as 2 member of a Users Group implies active participation in experiments at other laboratories.

G. D. Alton - local arrangement commitice tor J.L.C. Ford - member. National HeavyJon Labora-

international Conterence on Heavy lon Sources: guest
co-editor for Proceedings of International Conference
on Heavy lon Sources

C. F. Bament -- Research Advisory Commitice for
ERDA-DCTR: ranel member, National Academy of
Science for Atemic Phyics in the Energy Program:
pancl member. ERDA--DCTR fusion research plasma
faality. proposal reviewer. FRDA DCTR. ERDA,
DPR. NSF. National Rescarch Corporation: consul-
1ant to JAEA on atomiv data; organized sympusium
for APS annual mecting. Anaheim, California, Janu-
ary 29. 1975 organizzd workshop — “Theoretical
Atomic Physics in the CTR Program,” Oak Ridge.
Septemnber 8, 1975

R. L. Becker reviewer for Division of Physical
Research (ERDA) and National Science Foundation:
lecturer, University of Tennessee

F. E. Bertrand - charman-clect, Indiana University

Cycloron Users Group: member. LAMPF  Users
Group

T. A Carlson  joint editor-in-chiel of the Journal nf
Electron Spectmscopy: chaitman of 1976 Gordon
Conference on Electron Spectroscopy ; lecturer at the
NATO Acdvanced Study Institute on Photoionization
and Other Problems of Many Electron Interactions,
September 1975

E. Eichler (Chemistry Division) Physics Division
Seminar Chairman since October 1. Heavy-fom Lab-
oratory  Users Group Liaison Officer. meinber of
Organizing Committee. Heavy-lon Workshop

C. B. Fulmer -

E. E. Gross -

J. A. Harvey

D. P. Hutchimson

tory Users Group Exccutive Committee; member,
Superhilac  and  Brookhaven National Laboratory
Users Groups

). L Fowler - part-time professor., University of

Ternessee: secretary for Nuclear Physics Commission
of 1UPAP. member of Fellowship Committee of
Council of APS

safety officer and radiation control
officer for Physics Division. instructo- for ORNL
Personnel Development Programs

C. D. Goodman -- chairman of the ORNL Scicnce and

Technology Colloguium: Physics Division Quality
Assurance Coordinator: representative from Nuclear
Physics Davision of APS to advise on Physics and
Astronomy Classification Scheme (PACS): member of
Indiana University Cyclotron Use:s Group

UNISOR Exccutive Committec; ORIC
Program Committec; reviewer for NSF and Rescarch
Corporation Propasals

jabor coordinator for the Physics
Division: Physics Division coordinaior for ORNL
Awards Commilice: secretary treasurer of the Dwi-
sion of Nuclear Physics of the American Physical
Sacicty (1967  1976): member, organizing commitiee
of the 1976 International Conference on the Interac-
tions of Neutrons with Nuckei: member of the
editorial hoard of the Aromic and Nuclear Data
Tables

Physics Dwvision coordinator for
Computer Microfiche Printout Commitice
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C. H Johnwon  awmber of Accelerators and Radiation
Sources Review Commuittee

N. R Johnson (Chemistrs Daivision)  member of the
ORIC Program Commmitte: memer of Heavs-lon
Faaihiny Users Organization: ORIC Scheduling Coords-
nator

C. M. Jones member. Progam Committee. 1975
Particte Accelerator Conterence: member. bocal ar-
rangenxents committee. International Conference un
Heavy fon Sources

C. A Ludemann  reviewer of Physics Division ADP
facihities. Phy sics Diviston representative. Union Car-
bide Nuclear Dwiston Affirmative Action Program:
member, LAMPE Users Group

F. K. McGowan - member. cditorial board of Aromic
Data and Nuclear Data Tables, journal published by
Academn Press

J. B iGrory  ORNL Ad Hoo Commitiee on Long
Range ADP Acquisition: Physics Division  ORIC
Scheduling Comnutiee: on leave to Program Planning
and Analysis Group

R. L. Macklin  Physics Dwision Industrial Ceoperation
Officer:  Criticality  Safety  Approvals  Commitice
ORGDP

M. L. Mallory  co-editor, International Confereme on
Heavy len Sources

J. A, Martin - chairman, Mectings Commitice of
Technical Activitics Board of 1EEE: member. Admin-
istrative Commitiee of the IEEE Nuclear and Plasma
Sciences Sovicly: member. Editorial Advisory Board
of Particle Accelerators: consultant. Natonal Science
Foundatzon Physics Section as member of Visiting
Commitices Tor Indiana University Cy clotron Progect
and Columbia University Synchrotron Improvement
Project: member, Organizing Commitice for the 1975
Partikle Accelerator Conference. Washington, D.C..
member. Intemational Organizing Committee for
Viith International Conference on Cyvclotrons and
Their Applications. Zurich, Switzerland. August 1975

J. A. Maruhn  lecturer, University of Tenncessee

S. W. Mmko member, ERDA Electreal Safety
Crtena Committee: member. Program Committee of
1975 Particle Accelerator Conference

F. Plasil  chairman, ORNL Graduate Fellow Selection
Pancl: member. ORNL Ph.D. Recruiting Team: mem-
ber. Lawrence Berkeley Luboratory Superhilac Users
Exccutive Commitiec
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F. Pleasonton  member. Review Committee for Phase
Il tseparated-sector cyclotron) of Heavy-lon Facility

E. Ricci  technical chaitman. International Atomic
and Nuclear Actvation Analvsis Conference, Gadin-
burg. October 1416, 1975 member. Executive
Comnuttee of Amercan Nuclear Society Isotopes and
Radiation Dwision: chairman, Committee Analytical
Applications ot American Nuclear Sociery Isotopes
and Radiation Division

M. J. Salimarsh - member. Technical Advisory Panel,
LAMPF. member. American Society for Testng
Matcrials Subcommittee E10.08 (Procedures for Radi-
ation Damage Simulation). member, ORNL Pruposal
Review Commitiee (Seed Money Committee)

G. R. Satchler member, Executive Committee.
Division of Nuclear Physics. American Physical Soci-
ety: member. Program Committze. Division of Nu-
clear Physics. American Physical Society: member,
editorial board of Aromic Data and Nucleasr Dats
Tables: 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 organizat'on
of and directed laboratory portion of Twenty-Sixth
Annual Fisk Infrazed Institute. Fisk University, Nash-
ville. Tennessce. Avgust 11 15, 197§

P. H. Stelson - part-time faculty member. Department
of Physics. University of Tennessee: assiciate editor
of Nuclear Phivsics. member, executive committee of
Southeastern Section of the American Physical Soci-
cty: member, American Physical Society Division of
Nuclear Physics Commistee on Nuclear Data Compila-
tions: member. advisory committee for the ORNL
Instrumentation and Controls Division. member.
nominating commitice for Nuclear Division of the
American Physical Society

R. G. Stokstad  member. Ad Hoc Panel on The Future
o” Nuclear Science (CNS NAS): member. National
Heavy-lon Facility Users Group Charter Committee:
reviewer of research proposals for the National
Scicnce 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 Scciety meeting held in Knoxville.
Tennessee

g
-l

on tmand



T. A. Weltn — completed three-year term on Council
i Electron Microscopy Society of America: program
chairmar for 1975 annual meeting of above sucicty:

206

reviewed research proposals for ERDA and NSF:

part-time consultant to the ORGDP Gas Centrifuge
Program: part-time professor and collogquium chair-
man. University of Tennessee Physics Depariment

GRADUATE THESIS RESEARCH

During 1973, Physics Division staff and assaciates served as advisors or supervisors for 16 students engaged in
thesis research. All projects listed below were carried out with facilities opersted at least in part by the Division. In
19735, four doctoral theses and one bachelor’s thesis were completed.

Candidste
W. K. Dagenhart.

University of Tennessee

J. P. Forester.

University of Ternessee
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 I,
University of Tensiessee

M. S. Pandy,
State University of New York
at Albany

R.S. Peterson,
University of Tennessee

R. Piercey,
Vanderbiit University

Cheng-May Tung,
University of Tennessee

W. K. Tuttle 0I1,
University of Tennessee

Ph.D. Thesis Research
Advisor(s)
P. H. Stelson

{. Sellin,
University of Tennessee

M. L. Mallory

E. H. Spejewski,
E. Eichler
S. T. Thumnton.
University of Virsinia;
J.LC. Ford. Jr.,
R. L. Robinson, K. S. Toth

E. E. Gross;

C. R. Bingham, L. L. Riedinge:.

University of Tennessee:
M. L. Halbert. P. H. Stelson

L. L. Riedinger.
University of Tennessee:
UNISOR Staff

J. A. Harvey. R. L. Macklin

1. Sellin,
University of Tennessee

J. K. Hamilton,
Vanderbilt University:
R. L. Robinson

F. Obenshain

P. H. Steiscn, 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 2*Mg and 2>Na
Populated by Heavy lon Reactions™
(degree to be conferred in 1976)

*Shape Eifects in the Elastic and
Inelastic Scattering of 70.4 MeV '1C
Tons 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 Isotapes of Copper™
(degree conferred in 1975)

Heavy-lon Atomic Collisions

High Spin States in 7*Se

Isomer Shift Studies in Dilute Au
Alloys

“Levelsin ''3-11% )y a5 Seen by Coulomb
Excitation and (H.1..xn) Reactions™
(degr=e conferred December 1975)



Master's Thesis Research
Candidate Advisor(s) Thesis Title or Field of Research
B. O. Hannah, E. L. Robinson, Decay of '**Pband '** T
University of Alabama. University of Alabama:
Birmingham E. H. Spejewski
R. C. Hunter. L. L. Riedinger, Decay of '**Luto '**Yb
University of Tennessee Uriversity of Tennessee:
K.S.Toth
F. E. Tumer, L. L. Riedinger. Study of the 4 = 192 Chain: Pb-Tl-Hg
University of Tennessee University of Tennessee;
UNISOR Staff
Bachelor’s Thesis Reseasch
Candidatr Advisor(s) Thesis Title or Field of Resemch
J. A_Smith, R. L. Becker *On the Radial Proton Distzibutions of
New College, Sarasota Light Nuclei”

(degree conferred June 1975)

UNDERGRADUATE STUDENT GUESTS AND EMPLOYEES DURING 1975

A. R. Bogdan.' student at Haverford College - Heavy-
lon Project (completed ter-weck assignment in
August)

H. E. Doughty II. employee of the University of
Temessec - High Energy Physics Program

Sally Fairman? student at Carrolton College  Plasma
Diagnostics Program (completed three-month assign-
ment in September)

3. L. Gray.! studemt at University of Wisconsin ~ Oak
Ridge Electron Linear Accelerator Program (com-
pleted ten-weck assignment in August)

J. S. Haggerty.! student at Manhattan College
Eiectron 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, employce of University of Tennessce
Hyperfine Interactions Program (completed ten-
month assignment in February)

Terry B. Sexaucr.’ student at Center College -~ lon
Source Development Program (complicied five-month
assignment in May)

T. A.Slamon.! student at Pennsylvania State University
- Oak Ridge Isochronous Cyclotron Program (com-
pleted ten-weck assignment in August)

D. M. Tanner.! student at University of Southwest
Louisiana - lon Source Development Program (com-
pleted ten-week assighment in August)

C. G. Trahern.? student at Rice University - Theoreti-
cal Physics Program (completed three-month assign-
ment in Augist)

Vickic D. Vandergriff. employee of University of
Tennessce University of Tennessce High Energy
Physics Program

1. Oak Ridge Associatcd Universties Trainec.

2. Oak Ridpe National Laboratory Fxceptional Student
Program.

3. Southern Colleges and Unijversitics Union.

¥ N
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ANNUAL INFORMATION MEETING

The 1975 Physics Divison Information Mecting was held on May 19 and 20. Members of the Advisury
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. Nin, Los Alamos Scientific Laboratory



