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1. Experimental Nuclear Physics 

Oak R idgc lllectroii Idinear Accelerator Program 

INTROIXJCTION 

J. A. Harvey 

'The O;ik Ridge Electron Linear Accelerator ((IRELA) has continued to excel as a 
facility for accurats, high-resolution neutrc)n-crr)ss-sec~ii.)ii nieasi.iremerils. Diirjng the past 
y e a r ,  rieuti on-cross-section experiinerits of many types were continued, and techniques 
and cquipment for niaklrig the nieasurenients were improved. I n  aclditiun. a new type of 
experiment to nieasiure the (/r,cx) and 0 7 , ~ )  cross sections of' "Ni was performed. Many of 
the isotopes arid elements studied are selected because of thc iiccd for nuclear data on 
these nuclides in tlic nuclear power program. '4 surninary of the types o f  nieasurernents, 
the nuclides studied, and the energy rangcs ctuvered are summarized in Table 4.1 1 (see 
Chap. 4). A selected portion o f  the activities of I'liysics Division experirnenrers i s  
discussed biiefly below. 

One of the more pressing needs wiih regard t o  the possibility of  rccyding actinide 
wastes i s  for fission cross-section data o r i  aztinidc sanrples t h t  may- be liigbly :ilphii.ac:t.ive 
a n d  available. only in very sma!l quantities. 'I h i s  year, fission rrieasurenients were started 
on a lO+g sarnple of "' C'rri giving 10' cujsec. A hi:tiijspheric31-piate fission ch:iniber 
dcmonstraled a discriininatiim against alpha detectivti o f  a factor irf :;-IO' ' while still 
permitting X S X  fission couri tirig e fcicierr cy. 

Capi tire cross-section rncasurcnieriis we1 e extended f rom the earlier low-criergy cutoff 
o f  -3 k c v  down to 100 eV tiJ p r n i i t  ;I nieaSurCnl~:rit cri' ?he captLii'C cross section of 
"Xi. Thc nuc!ides ""Tl and 2 0 5 T l  were studied to  deterinine {tic duration of  stellar 
nucleosynthesis. The result was a probable value for the mean tirric betwecri neution 
captures iJf only  23 years: with a lower h i i t  of 1 2  ycars. [I! addition to  i r l ~ a ~ u r e ~ n e i l t ~  of 
nuclides applicable to reactor needs, such as "Ni and "Ni, o the r  nuil idcs near closed 
shells wclc studied. such as 3 L S >  "Sr, and 'OnOMo, which ale 
nunstatistical mechanisrns such as channel and valence caprure. 

Capture gainina-ray spectr;~ r~ieasurements cont iriucd to bc a powerfiil tcclmique for 
riucleai spectroscopy. ' r h ~  irivestigat ion c:)f thc isotope\ of t i n  and l e d  w a s  rewarding in 
dctermiriirig level sci-ienies i i ) ~  the odd isotopes of tin and  in  pruviding in fo r i i i a t io r i  on E2 
radiative strengtii in ' O h  Pb. A s tudy  o f  the capt i i re  g;iriinia rays f-rmn rrzirtiotis on ' i)oMo 
showed I ha t  valence captiit-e does not pl;iy a dominant rolc for this iiuclrde. 

A tnodjficalioii io  p e n l i t  the usi: of iirinioderatcd neut rons  from the OKf;l,?\ 
t an  t a1 urn targe t fci t total cross -see t ion irieasii rcni en1 s 11 as gr i-ii t ly i m proved !lie quality ( s f  

the data in the  MeV cncrgy region. I n  addition to [tic stiitly of riiiclides such as zos lJb  to  
determine the  fraginctitaticm of t11c shcll-iiiodcl states, total  cross-st:ctjon incasuIemflits 
were iiiati- I ) : J  scv~i-i i l  iirrclidcs sucli as ?. 'Na, '."'i.r, "I' PLI, and  the isotopes o f  nickcl t o  
obtaiii data tu satisfy iiuclcat rcactoi needs. A n  anal OF tiic tot;il cross section of 

Pb showed a large d;w;ive coti ti-ibutiori j i i  addition tiJ tlic Y-wave coritrihutioii for 1 .- 2 0 7 
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states. This technique appears to provide a unique means t o  gain information on the 
d-wave strength function. 

12 new experiment to  measure the (/i.a) and ( / / , p )  cross sections of "Ni from 0.01 eV 
to -20 keV. using a diffused-junction silicon detector. has  produced several unique 
results. In addition to  providing valuable applied in formation. such as the ' "Ni(/i .a)  
thermal cross section and the alpha width of the 203-eV resonance which are important 
for helium production in nickel alloys i n  power reactors. alpha and proton widths of 
many resonances were determined in the kcV energy region. Measiirements of i1 Li(/i .a)T 
have shown that the alphas and tiitons arc anisotropic even in the eV energy region. and 
this must be considered when this cross section is used as a standard for iiieasiiriiig 
neutroii fluxes. 

Finally. in the pursuit of accurate cross-section measurements, it has been necess:iry 
to  develop electronics. equipment, and techniques. One valuable development is that o f  a 
new neutron-flux iiionitor consistirip o f  a thin " LiF layer between two 0.1 -rnm sheets of 
NE-I I O  scintillator. producing a fast. good-resolution. a + I'. 4n detector for thc reaction 
products. The light is detected by two photomultipliers located out o f  the neutron beam. 

( / I , cY ) .  ( / ! , / I ) ,  (/7,7), AND TOTAL NEUTRON-CROSS- 
SECTION MEASUREMENTS ON "Ni 

J .  A.  Harvey 
J .  tialpcrin' S. Rarnan 

N. W. Hill' 

R. I.. Macklin 

I n  addition t o  (//,y) and total neutron-cross-section 
iiieasurements on '') Ni. we have made ( / / , a )  sild (r1.p) 
measurements at 0REI.A from -0.01 eV t o  -70 keV. 
The thermal and resonance ( / I , & )  cross sections of this 
isotope. which is produced from Ni(1r.y). are impor- 
tant beca lm of heliuiii eiiibrittleriient and swelling o f  
the structural material of power reactors. 

The ( / / , a )  and ( i i . p )  ineasurenients were made siniul- 
taneously with a diffused-junction silicon detector 
locatcd 9.03 111 from the water-moderated neutron 
target at ORELA and resulted in a neutron energy 
resolution of 0.5% (FWI1M). A saniple of "Ni (95%. 
9 I pg/cm2 ) was electroplated upon a 1 -mil platinum 
foil. A deposit of Li (95rC, 104 pg/cni2 ) was evapo- 
rated on top of this ""Ni deposit. The triton and alpha 
groups (172X and 2056 keV. respectively. for thermal 
neutrons) from the ' Li(/r,a) reaction were easily re- 
solved from the 4'759-keV alpha group released by the  

N i ( / i , a )  reaction. The "" Ni(17.p) measurements were 
iiiade with a deposit of "Ni only. because the 1817- 
kcV protons were difficult t o  separate from the alphas 
o f "L i .  

The ( r / , y )  cross-section iiieasurement was made with a 
3.1 36-g nickel sample of 2.54-cln diarii, enriched to 
3.96% in '"Ni. The nieasurenients were made from 100 
to 12,000 eV. with an energy resolution of 0.15%,, using 
tlie total-energy detector located at a 40-111 flight path. 
Bccause the sample contained a sinall amount of ""Co.  

5 t" 

the bias level on this garnina-lay detector was set a t  -2 
MeV, involving an uncertainty of I O  5%. Another 
iiieasureiiient is planned with a "clean" sample to 
reduce the uncertainty due to this cxtrapulation. 

Total neutron-cross-section rneasureincnts were also 
made with this 3.136-g saniple. with an inverse thick- 
ness of 5295 blatoiii of "Ni. using an 80-In flight path. 
The total cross section of the 203.4-eV resonance 
obtained with this sample was 1.32 times that obtained 
froin earlier measurenients using the -c)-nisq 05%- 
enriched sample reported last year.3 This -9-iiig sample 
has been emptied, reweighed on a inicrobalance. and 
examined f o r  oxygen by measuring the I " N activity 
p rod imd  by the I O ( / / . p )  reaction with 14-MeV 
neutrons. 'These measureiiients confirmed the neutron 
analysis that the original sample contained only 7.0 nig 
of nickel instead of 9.2 iiig. This increases the thcrnial- 
capture and -absorption cross sections reported last year 
t o  70 -+ 5 and 87 t 6 b respectively. 

I he measurements on  "'Ni in the thernial cncrpy 
range yield a value of 1 2  t 1 b for the ( / / , a )  cross 
section and 2.0 ? 0.5 b for the (/7,p) cross section. This 
( 1 1 , ~ ~ )  result is to be compared with earlier values o f  13.7 
* 1.2, 18.0 ? 1.6. and 22.3  t 1.6 b I-epoi-ted by Eiland 
and Kirouac,4 by Wcrner and Santry.' and by 
McDonald and Sjostrand" respectively. 'Ihe (r1.p) result 
is lower than the valiie of 4 i 1 b reported by 
McDonald and Sjostrand." The results of our four 
experimcnts have been combined to produce the 
following parameters for the ?0.3.4-eV resonance: ICo = 
203.4 + 0.2 CV, r = 13.3 J 0.2 eV, g = .Y8. J =  ~ , r , ,  I: 

8.50 t 0.15 eV. r, 2 4.0 ?I 0.6 eV, I', = 0.50 f 0.03 
cV. arid I',] = 0.063 * 0.006 eV. Assuming that the 
thermal cross sections arise mainly from the large 

,, 
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203.4c.V resonance, tlie (u,!)) rhcrmal cross section 
would bc expected to be one-eighth the ( ) I , & )  cross 
section, or 1 .S b. 

Fiftecn higher energy resonances have been observed 
in thc  ibur types of experirnents. ?'be alpha and proton 
widths of the rcsoxiance5 vary widely because of 
szlccrinn rules ;ind because they are esseiitially sirigle- 
channel pioccsses to the ground statc. For exarnple: f o r  
11ic 2 resonance at 3%03 eV. I', i s  5;0.011'/), b u t  fcjr 
tlie 1 I-csonance at  303.4 eV and the 9103-cV 
resoiiiliice, l', is 271', . 

TOTAL NEUTRON-CROSS SECTlON AND 
RESONANCE PARAMETERS OF L 4 y  Kk 

collimated to a diaineter of  1.3 mni. T h e  sattlples wcw 
cooled with liquid nitrogen to redllce the  Doppler 
broadening, w h i ~ h  i s  greatcr h;in the neutron energy 
resolrition rip to - I O 0  eV. Measurements were r r i d c  OII  

the sampies using an I 1 .O-cm . d im,  1.3-cin-thick ' Li 
glass scintillator lcjcated at a 17.87-111 flight p a t h  'The 

ureinctits covered the ciicrgy range from 0.005 to 
-,10,000 eV, with an energy resollitiuli of 0.3% 

A t o i ~ l  of 37 ~ e s ~ i i a i i c ~ s  below ,-l30 eV was 
observed. A large resonance ohscrved at 0.197 eV i s  
responsible f o r  most of tlie ~.liern~al-absori,tion cross 
section. which departs markedly from a 1 /v energy 
dependence, ?'lie average level spacing based on the 
resonances u p  t u  20 eV is I.l eV. 'The largc resvilance 

at  0.70 eV was ;ilso obsei-ved. even though in 2 4  "('f 

there was only -2% 2 4 9  Cf in the sample (i.e., -1 0 pg)  
a t  the  time of nieasureinent. After about half of thc l  

330-day "'Bk has decayed into ""'Cf, additionti1 
iuzasuretnents will be made to ohlain paramcters for 
ihe resonances in '' Cf ;is well as its therriial- 
absorption cruss section" 'T'liese n2e;lsureincnrs will be 
conibirietl with the fission cross-sect ion nieasi.irzineiit:> 
uf Dabbs et al.3 to obtain a coriipkte szt of  paKaL1iett:rS 
of the low-energy resonances of i n  '' r f .  

J .  A. Harvey 
I<. W. Betijamin' S. Raman 

N. W. Hi l i2  

Scver:il years ago, a coopeiative program was initiated 
betwcen the Oak Ridge National Laboratory and Ihe 
Savannah River I..af;oratory. to measure the total m i -  

tron cross sectiijri of  the heavy actinides as sarnplcs 
became available. ltiitially the interest in the cross 
sections of the transplutonium isotopes was t o  enable 
inure accrirate calculations of '' C f  production. Re- 
cently, however, the study of tlie problem of  managing 
radioactive wastes, particularly the long-lived actinides, 
arid the possibility of recycling these long-lived acti- 
nides has emphasized the need Cor additional 2nd better 
data on  many lieavy isotopes. Total rieutron-cross- 
sectioii tncasu1-cttiencs on small samples (too sinal1 
anti/u!- r;idiuactive t o  permit a direct capture cross- 
icction rricasureiticnt) caii rcadily be iiiterprcted t o  
yiirltl 11.1~. absorption cross scction in the 1.11ernial 
energy rangr: aiid often up tu -1 00 eV. 

This year, a 6-mg sample of 2 4  "Uk bccaine availablc 
through the cooperation of John Bigelow o f  the 
Transuraniuin Facility (TKU). Two samples wei-e pre- 
pared. from t h i s  material, a "thick" satnple confaining 
5 . 3  mg ([I' -f: O.OU061 atorn/h) arid a "thin" one 
contaiiiirig -0.8 ing. 'The sample holders had inside 
diameters of 1.6 mni, and the neutron beam was 

FISSION CROSS-SECTION MEASUREMENTS ON 
SMALL ULTRAPURE CUKll lN SAMPLES 

J.W.T. Dabbs N. W. I-IiII' 
C. E. Bemis, ~ r . '  S .  Kitman 

~easiirerrients on a I 0-yg sample of ' 'Cm (99.94% 
purity) were started in Fe'uniary. Sonie 700  ht of 
ORELA operation at high power was required. Ten new 
resonances lielow 20 eV were observed. 7'he operation 
of the new 1ieriiisi)herical-plate iorlizaiion chamlxr W ~ S  

satisfactory in suppressing alpha particle pileup: how- 
ever-, tlie fission pulse spec1 I iiin was degraded (because 
of extraneous material in the deposit j  such that t t ic  
data will require nor~~~al iza t ion  to the wdl-known 
tlierrnal fission cross section. Low-re petition-rate runs 
at O[<EL,A were niade for this purpose in MaIch, arid 
the runs were complzted in July. 

. 3 C i i ~  ( 10 
ug, io7 a lsec) ,  L 3 5 U ,  2 3 y ~ u  (decay daughter o f  
2 4  '' Cm), arid a sample rif spontaneously fissioning 

2C:f (for testing the charnber arid time digitizer) was 

A second chamber containirig plates with 

. . . . . . 
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prepared and tested extensively at the Transuranium 
Research Lab o rat o ry ( T K L). The 11 emis ph cric a 1 -pla te 
fission chamber has exceeded expectations in sup- 
pressirig alpha pileup counts relative to tission counts. A 
factor of > I O ’ ‘  reductiun was obtained while p i - -  

nutting >%?, fission counting efficiency. 
A new neuirori-flux monitor has a l s ~  been developed. 

Lithium6 fluoride was vacuuni evaporated to  a thick- 
ness of 96 pg/cni? orito a 0.1-mni sheet of NE-I  10 
plastic scintillator. Another sheet of NE-I 10 served to  
convert this “open-faced sandwich” into a “nornnal 
sandwich.” This assembly wac suspended in a vacuuin 
chamber and inside two truncated cones (back to back) 
made of 0.01 27-cni a l u m i n m i  sheet. Light produced by 
the a>/ pair in the two Nk- l  10 sheets w a s  reflected by 
the inrrer cone surfacer into two 1?.7-cill photoniulti- 
pliers on either side o f  the neutron beam. The bearii 
passes directly through the cones. the NE-1 10 sheets. 
and the ” LiF deposit. Although It was found necessary 
to  reduce the  area of the scintillator t o  lower the 
backgrouiid. a satisfactory situation was finally ob- 
tained. 

Mcasurcnients on 2 4 . 3  Cm began in December and will 
continue a t  least thr-ough March 1976. These measure- 
ments are pari of a coinprelieiisivc program designed to 
providi: accurate fission cross-section data for tlie higher 
actinides. Many important dccisions regarding use. 
management, and storage of iadioactive wastes depend 
on (lie knowledge to  be acquired through this and othet- 
related measurement prograins. 

MONTE CARLO CALCULATIONS OF 
MULTIPLE-PULSE PILEUP 

J .W.T . Uabbb 

In fission cross-section ilieasuremcnts. i t  is often 
desired to make rneasureiiients in the presence of an 
intense alpha particle background. It is obvious tilat 
with sufficiently fast electronic equipment the alpha 
pulse pileup cain be reduced t o  unimportance. but 
quantitative knowledge o f  the problem is needed to 
choose the allowable amounts of  material with par- 
ticular ionization clianibers, gas scintillator systenis. or 
segmented ioniLation chaiiiber-s. 

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

Previously. closed-form calculations have beeii pre- 
sented only for four pulses. except in the trivial case of 
square pulses. The present calculations are easily adapt- 
able to unusual geometries such as in the hernispherical- 
plate fisyioii chantbcr work described elsewhere in this 
report. 

The method consists of setting iip a table of -72 values 
(noinirially one value per nanosecond) for the pulse 
shape in question. $1 double interval in time, 64 units 
long, is established. Yhen. for each multiplicity k (fi-oni 
1 to  s o m e  upper limit, say, 20) of pulses in  the interval. 
2k sucli pulses are distributed. t o  begirt randotniy i n  
iiine over the double interval, aiid their amplitudes are 
added in each unit of the second half of the doublc 
interval, thus generating 3.2 valries of pulse height for 
that k. After 250 repetitjons o f  this process for each h 
value, one has an 8000-member height distribution for 
that k .  ‘I’he pulse-height distributions are then weighted 
by the Poisson distribution factor. pk. for the particular 
counting rate involved and are sumitled to give thc final 
pulse-height distribution. Comparison with obsei-ved 
valucs in a practical case has establisiied t h e  validity of 
the calculation. Such calculations have been used in 
designing tlii-ea expel-iiiients so far. 

ANGULAR ANISOlROPY IN THE 6 L i ( i z , ~ ) T  
REACTION 6N ’[‘HE CY ENERGY R E 6 1 0 N  

J .  A.  Harvey 
J. lqalperin’ S. Ranran 

N. V i .  Hill2 

Thc yield of tritoiis and alphas in forward and 
backward directions (a n) from the interaction of  
neutrons with ‘Li has been nieayured from a thin 
mnple  of  ‘LiF (101 pg/ciii’). from 0.5 to 25,000 eV. 
I he ineasurenients were made with a diffused-junction 
silicon dcccctor located 9.03 112 from thc writer- 
modcraizd tantalum target at OKELA. The alplia and 
triton groups a t  7.06 and 2.73 MeV are well resolved, 
ensbling one to obtain an acculaie ratio of their inten- 
sity a <  a t inction of  neutron energy. The intensity of 
the alplia peak w i ~ s  p a r e r  than the intensity of tlic 
t i i t o n  peak it1 the forward direction but less i n  the back- 
wai d dit-cction. I‘liis difference is rneasurable down to 
10 eV. An anisotropy has already been reported for 75-  
keV neiiilons by Schrodel- et who made  iii2asim- 
ineii ts using :iil iron-filtered neutron beairi. I I I  tlie IO-eV 
t o  IC-keV energy region, o u I  results give an energy 
dependence for the alpha-to-triton ratio at 180” (or 
triton-to-alpha ratio at 0 ” )  of the form 1 f CEO.“, 
where c is -0.005 and E is the neutron energy in eV. 
At 100 cV. this ratio equals 1.06. I t  is necessary t o  

- 1  
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DURATION OF STELLAR NUCLEOSYNTHESIS 

R. 1.. Macklin J .  Halpcrin' K. K. Winters' 

Thc elerne!its heavier than iron ~vhich are found in tlie 
s o h r  systcrn werf foriiied 5 to 10 billicin years ago, 
deep .inside stars that subscqiiently exploded. Most of 
the heavy material was built up sluwly b y  the c a p t i ~ e  
of ortc neutron at a time durillg the slow evolution of 
rcd gixnt stars. 'nu: radioactive dec;iy half-lives of 
ccrtain isotopes in flit chain uf rnostly stable jsokqxs 
allow t is to set Iimirs to rhc fast-.rieuIri-)o-llux 1i:vels 
involved and hence the mean t i m e  betwl:en !lfUti'oJi 
captilrcs. using the isotopic abulidances folind oii Earth. 

r'dvorabk branch i n  the s process occurs at t11ailiUnl, 
and OLU Iieutrori-capti.~re da t a  for 2 " 3 ~ ~  2nd 29sTI Icxd 
to a probable neutron flux (for a ieinperature near 350 
rn l l iorr  "K) of I .O X 10' '' neutr~orls/ctn?, with an i ipper  
l h i t  of 2.0 X 10' neutrc.xis/!;rri'. The rnean neutron- 
capture time was found to bc only 23 years. with :I 

I(iv:er limit u f  I ?, years. The upper litni t (-1 SO year-sj i s  
lcss reliahly established, and a value of 250 yesrs 
estiriiatetl (by otIieis3] frorri ' ' Sm capture arld d e ~ y  
is prcferrcd. 

NEUTRON-CAPTURE MECkIANISM IN LIGHT 
AND CL,OSEU-SNEL,L NUCLlDES 

R.. L. Mackliri 
J. Ilalperin' M. J. Kenney3 
R. R. Winters' 

J .  W .  Boldeman" 

A. R. M11~sgr .o~~~ 
R. J .  Allen3 1-112 Pe" 

The search for evidence of iionstiitistical mechaiiisnis 
it1 nuclear reactioiis has been extcnded to our iletltron- 
capture data on a nuinher o f  promising nuclides, 

12s, 4 0 r , &  R R S r ,  "zs, 13 8  Ba, and including si, 
several [)[ their neighboring, enriched, stab12 isotopes. 
'I'tie low coriii:ciurid-iiucleus ciiiss sections at  closed 
nucleon shells Itxve the nonstatisticd coiiiponents such 
as channel and valence capture more prorninent in the 

Sr(n,y) reaction, for  example, with the 50- 
neutron clvsed-shil target. tias shown strong evidence 
of  the valerice-cap1 (ire rnecliar~ism. 'I'h is is show11 both 
through curri:Jalion of reduced rieutron and radia~ive 
widths (cocffiicicn ts of 0.96 for p l j z  resonances and 
0.7 7 f o r  p 1 3 ,  rc:;ortances) and optical-model-based 
calcukiticitis o f  the valetice-1-nodel widths, agreeing 
within 25 i o  30% 7ait.h tlii: experimental rcsutts. In 
capture by " ~ a  arid l 3  "a. a further nonsiatistical 
iiiechanisni bcyorid the valence component scems to be 
required b y  the data, and tht: investigation is contin- 
uing, using <,;e(l,i)-detector data on the part.id radiative 
widths at p;irt.iculnr levels. 

diita. 
'The 

T'he tin isi)t(-qxs are well sliii,ed to a study of riudcar 
structure withirl Llie fi-arnework of the n!iclcar shell 
model because the  magic nuriiber of protons (Z = 50) 
minirnixs ilic neeil fur corlsitlerilpg ti-p pairing inter-  
actirms iri If-mmtic:il calarlatims and because the large 
rlurliber o f  stable isotopes makes i t  pwsible to study 
systematic trends in both expeiiinental arid shell-rnodel 
features. The existing expcrimcrital Jzta on the udd-A 
tin isotupes are not as extcirsive as might be expected 
011 the basis o f  tlicir rheorc1,ical importance. 'Themial- 
rieutron-capture studies h ~ v e  not  bceii widely 11sed 
because of the extrernely s~-r~all  c;ipture cross sections 
for the heavier eveti-A tjn isotopes. Most experimental 

Ily nucleon-transfer studies) arc beset 
with the probleni o l  interference f rom isotopic i m p t i -  
t ies. 'This mially necessitates an extensive study of all 
tin isotopes before conclusive results can be obtained 
Resonmce neutron capture offers a powerful tet:hrlique 
f o r  studying tin isotopes because interference fIoni 
iiriwar~ted isotopes can be grwtly suppressed througli 
the combination o f  enriched hrgets  a id  selection of 
resonances kriuwn to be in the nucleus under study. W e  
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have. therefore, undertaken a systematic investigation 
of the level structiire o f  six odd tin isotopes between A 
= 1 15 and A = 125. Measurements have been coniplcted 
on all the isotopes except i 'Sn and I 7Sn,  which will 
be carried o u t  in the near future. In the case of ' I  Sn. 
treated here as typical, capture gamma rays ( 1  8 primary 
and 32 secondary) from 16 neutron resonances up to 7 
kcV. obtained with a Ce(Li) detector, have been used 
t o  determine 20 excited levels in 2 2  Sn. Several new 
levels have been found. Spin and parity assignments 
have beeti I I I ~ ~ C  IO ii1iitiy 01' the l e ~ , ~ l s .  When the presci11 

sct-tes o f  stiidies liave becn coiiipleted, the i-ewlting Ievcl 
schemes f o r  tlic tin isotupes 31-e espcc(cd i o  signif- 
icantly ~nci-e;isc our utidei-standing 0 1 '  their energy 
systclllatics. 

We have also begun ( ~ y )  measurements in the lead 
region to obtain information on absolute gamiiia-ray 
transition widths and on teaction mechanisms. Measure- 
ments have been coiiiplctcd on enriched '("Fb and 
2 0 7 P b  targets. Unlike the case :if thc tin isotopes. the 
gamma-ray spectra i n  lead isotopes are strikingly simple. 
being composed uf  less than five primary gamni;i-ray 
transitions. The idea. then,  would b e  to combine the 
relative gamnia-ray in ieiisities ob taincd with a Ge( Li) 
detector (or even an Nal  detec tor )  with the total 
gamnia-ray widths obtained with a total-energy de- 
tector" t o  deduce the partial widths. In this  mariner. we 
liave been able to dctcrniine the E2 radiation widths f o r  
tlic ground-state transitions in 2 o x P b  f r o m  2 + neutron 
resonances at 3. I .  10.1, and 16.2 keV. The observed 
strengths reptesent only =0.3% of' thc energy--weigh ted 
surii-I-tile ( E W S K )  strength. By extending the (1i .7) 
tiic:isureiiicnts to higher neutron energies. we hope t o  
locate other pieces of the b l  strength as well as t l ie t ' l  
and MI strengths. Initial iresults' obtained with a large 
N a l  detector. tip to a neutron energy of 200 keV, are 
encouraging. 
, . .- 

St;itc I l n i v e r ~ i l y ,  Mtiri-rccsboro. 
2. l ' c i i n c s u  'rL,chnological IInivcrriiy , ( . i l t lkwik.  
3 .  <;eor;ia Iiihtitiitc (1t' 'l ei.linolo;y. Atlanta. 
3 .  K. 1.. M;ickliti a n d  J. 11. Gibbons. P/IJ,\. Rr.13. 159. 10117 

(1067). 

5 .  I n  coI l ; i t~t i r~~t toi~ \ k i t h  <;. I . hlorg,tii and (;. . I .  ('hapiii:lri < I t  
t hc  Ncutro l1  Pliy\ic\ 1)ivihion. 

NEU'IRON INTERACTIONS WI'Tl-1 ""Mo 

W. Wcigmannl J .  A. Harvey 
S. Iianian K .  L.  Macklin 
G. G. Slaughter J.  iialperin' 

Neut ron  capture iri the isotopes ' I  'Mi and ""  M o  is 
known to be doniinated by  the "valence-capture" 

riiechanisni. Among the observations related to  valence 
capture are strong correlations b c t w m i  red uced n c u -  
tron widths of p-wave resonances and partial radiation 
widths t o  tinal states with large (d.p) spectroscopic 
factors, such as the ground state. 'Ihc nucleus '""Mo 
w a 5  considered another- candidate fer valence capture. 
particularly because a strong coiiccntraiiori o <  p w a v c  
strength occurs betweeti 1 - and 2.5-keV neutron energy. 
Therefore. Iicutroii-capture gamma-I-ay spectra were 
nieasurcd in reparated resonances o f  ' ( '( 'Mo. As neu- 
t ron  widths given in the literature for the resonances in 
qucstion are strongly discrepant. a traisrnission nieas- 
ui-eiitent w a s  a l r o  perfornied t o  redcterniine neuti-on 
wid t 11 s. S itn ul t a n eo t i  s I y . t o t  a I  -ca 11 tu  re data. ob t a i rictl 
earlier at the 0 R E l - A  neutron-capture cross-section 
riieasureIiiclit filcility. havo bcen a n a l y ~ e d .  

L he captui-e ganiina-ray spectra weIc nieasured with a 
40-cm.' Gc( detector. using a 10.2-1ii flight path l o r  
neutron time-of-flight spectroscopy. Capt ur-e gaiiiiiia- 

ray spectra have bccri obtained for  individual reso- 
nances tip to  about 5-keV neutron energy. The trans- 
mission ineasuremcnt has been perfor rnctl at ai1 80-iii 
flight path. and rcsonance analjsis is bcing done up to 
about 15 kcV. 

tw 0 

niain ~-esults can be given : ( 1 ) The neutron widths 01- 
die sti-ong p-wavc resonances between 1 - and 2.5-keV 
neutron energy are considerably ( u p  t o  a factor of 3 )  
siiialler than those given in BNL-325:' This reduces the 
probability that valcncc capture doininates and inay. in 
part. explain the second observation. ( 2 )  Valence 
captrirc does not play a d iminant  role in these 
resonances: for instance. a transition to the ground state 
ot I o  M o  (spectroscopic factor. 0.42) is not obsei-ved 
in three o f  the four  strongest / w a v e  resonances. 

Although analysis of the data is still in pro, I.' iress 

MEASUREMENTS ON TOl.41, NEUTRON CROSS 
SECTIONS FOR UNDERSTANDING 

NEUTRON CAPTURE 

C. H. Johnson 
J .  Halperin' R. L. Macklin 

K. K. Wintcrs' 

In the valency niodel f o r  neutron capture. enhanccd 
dipole transitions occur frutii states with relatively large 
neutron widths to  final states with large neutron 
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spectroscopic factors. To  study this phenomenon, we 
need t u  know riot only I', for each resonance buL also 
the neutrun widths and J" valuey. The observed total 
cross sections give the neutron width and J values for 
well-resolved resonances. T h e  parity can also be cle- 
duced if the nonresonant phase shift is large enough to 
give an interference pattern. 

We have measured the total neutron cross section of 
3 2  S, using ihe 200-rn flight path with 5-nsec pulses at 
ORELA, to supplenient our earlier neutron-capture 
data obtaincd at  the 40-ni station. From these data 
were determined and .J"' for 1.5 of the -60 
resonances observed in capture. There is no  obvious 
correlation o f  and r-,, but the radiative widths 
predicted i rom the  valency model froin the observed I', 
and .?" are large fractions of the observed ITT. Furlher- 
more,  resoriances predicted to have relatively large 
valency capture are observed to have relatively intense 
high -energy gaiiiiiia rays in the emitted spectra. 

~~~ 

1. ClicniisLry I3ivision. 
2. Dcnison IJtiivcrsity, Granville. Ohio. 

RESONANT STATES OF "I Pb FROM TOTAL 
NEUTRON-CROSS-SECTION MEASUREMENTS 

J L. Fowler C I1  Johnson 
N. W. Hill' 

Using a suitable combination of three natural saniples 
of lea3 in a transmission experiment. we have measured 
the total neutron cross section o f  effectively 99.6% 
20dPb.  The ORELA time-of-flight facility provided4- to  
5-nsec pulses of neutrons for the 200-m flight path.  
About 100 resonances between 0.7 and I .5 MeV were 
observed, about twice as many as were seen in a 
previous experinient2 carried out  with Li(p,n) neu- 
trons. In this energy interval, resolution varied i'rorn 
-0.6 keV a t  0.7 MeV t u  -1.4 keV a t  1.5 MeV. The 
improved energy resolution and statistics froni this 
experiment, together with differential cross secl.ions 
from the previous experiment." will enable US to 
identify the J values, parities, and reduced widths of the 
resonant states o f  '"' Pb more definitely than was pos- 
sible earlier. In the case of the  other doubly closed-shell 
nuclei, such data give inforniation on the fraginentation 
of shell-model states."' 

1. l r ~ s t r u ~ i ~ c n t n t i o n  and Controls Division. 
2. J .  L. Fowlcr, PhJs. Rev. 147. 870 (1Y66). 
3, I .  L. IP'owler. C. T I .  Johnsor1, and R. M. l:eezel, PhyY. Rev. 

4. C. H. Johnson, P?zys. Rev. C 7, 561 (3973). 
C 8, 545 (1 973). 

d-WAVE ADMIXTURES IN s-WAVE, 
J = 1 RESONANCES IN 7Pb + I I  

D. 5. fioren 
J. A. Harvey 

C .  ti. Jolinson 
N. W. Hill1 

Previous analyses of resonances in neutron trans- 
mission experiments (Erl < 500 keV) Iiave usually 
ignored all b u t  the lowest 1-wave contribution t o  the 
resonance cross section. However, preliminary analysis 
o f  the neutron transmission of ") 7Pb indicates the 
presence of tl-wave admixtures in some of the reso- 
nances which are of s-wave, J = 1 character. In 
particular, a tw o-channe 1 sing1 e -level R mat r ix  analysis 
of the 256.25-keV resonance (r = 3.2 keV) reproduced 
the experiinetital da ta  with a d-wave width of V n d  = 
0.711',s. A fit to the data assuming only s-wave 
contribution would require an abnornially high radia- 
tivc absorption width (Le., I', 2 l keV). 'The admixture 
found here is comparable t o  that deduced b y  Wok2 
f r o m  a reanalysis of available angular distribution (lata 
from the inverse reaction and from a study of the 

(' Pb(y,n,,) reaction. From our results, it appears that 
there is appreciable cl-wave admixture in the 18 1.45- 
keV resonarice (17 = 150 eV) arld probably a small 
coniponent in the 101.78-keV resonance (I' e 70 eV) ;IS 

well. 
The high resolution (M;/E x 0.07%) attainable at the 

200-in tligtit path at ORELA was instruniental in 
providing the quality of  data required to investigate 
such adru ixtures. 

The study of ti-wave admixtures in s-wave resonances 
would appear t o  provide a unique means t o  gain 
information on  the d-wave strength function. In gen- 
eral, i t  is difficult to determine the parity of  a 
resonaiice (except for s waves) and, hence, whether it  
was formed by an even or an cxld 1 wave. 'Phis probletn 
can be resolved when there is admixture (of the d )  with 
an s wave. The determination u f  d-wave widths in sucb 
admixed resonances could be used to derive a lower 
limit on the d-wave neutron strength function. 

I-____ ____I __ 
I .  Instrunicntation and Cui~trols Division. 
2. R. Ilolt, private co~nr~~un ica t ion ,  Jmuary- 1976. 

GIANT RESONANCES iN " Pb AND 
NEUTRON RESONANCES 

0. J .  florcn J .  A. Harvey 
N. W. Hill' 

The investigation of giant rzsutiances in 2 o  * Pb con- 
tinues t o  be an  active area of  research which involves 
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various types of nuclear reactions (e.g.. inelastic hadron 
and elcctron scattering. photonuclear rcaction). Because 
the giant iesonances lie in a region of high density, thc 
"rcsonances" observed in such expcriinents usually 
overlap more than one excited level. Lack o f  detailed 
knowledge of the microstructure of the observed 
"resonancc" can sometimes lead to erroneous interpre- 
tations of. or conclusions from, the da ta  obtained in 
such experirneiits. 

High-resolution neutron-transinission experiments can 
provide unique information io aid in the interpretation 
of the resonances observed in thesr reactions in an 
energy intcrval up to about 1 MeV (and in some cases 
higher) above the neutron separation energy. The value 
of such total cross-section data has been pointed out by 
Harvey et  al.'.' Recently, Morsch. Decowski, and 
Benenson4 reported detection of part of a giant 
monopnle resonancc in '"'Pb at 9.11 MeV (which 
corresponds to E,, - 1.74 MeV in the '(''Pb + I I  

system). This work was performed with 45-MeV pro- 
tons (Ai?:jE - 35 keV) and 70-MeV 3He (&/E - 45 
keV). 'The contribution to the energy-weighted sum rule 
for this fragment was calculated to  be -7%. 

The neutron transmission of ""Pi) provides a valu- 
able rncaiis for locating 0' states in the continuum 
region of 2oxPb.  Even though one cannot determine 
whether such states contribute t o  the giant monopole 
resonance, their observation can wive as a guide for 
investigation (and an independent confirmation of 7 )  
by experinicnts of other types which ai-e capable of 
sampling the monopole transition element t o  the 
ground state. Thus far the analysis of the 2 0 7 P b  da ta  
has revealed four 0' resonances in the neutron energy 
region of 80 to 265 keV. .These. as well as paramctcrs 
for some other resonances, are presented in Table 1 . l .  
Arialysis of the data both below and above the energy 
region repurted here is in progress. 

........... 
1, Inctrumentatiori  sild Control i  Division. 
2. J. 4. Harvey et al..  P/i.i's. Dit,. Aiimi. Prog. Rcp.  DCC. 31. 

IY?.?. ORNL-4937 (1974).  p. 194. 
3. J .  A.  Ilaive). and N.  V i .  I i I l l .  P/?,vs.  dit^. AtZt7Li. Prog. Rcp. 

Dcc. 31, 1074. ORNI.-5n25 (1975).  p. 126. 
4 .  H. P. Morcch, P. Decowski, and  W. Benenson, K c p o r t  

N S U C L I 9 7 .  LJnivcrsity of Michigan. $Inn h b o r ,  December 
1975. 

Table 1.1. Resonances in 2 0 7 P b  + 11 

................ 

F,} (I<eVI I J" I.,{[ iCV)  
. . ....... ~- 

82.07 1 0 + I O 0  + I O  
82.97 I ,  2. -3 
87.73 
90.1 6 

2 1  
I6 

98.37 
101.78 
103.54 
1 12.08 
115.12 
128. (doublet) 
130.20 
132.16 
135.23 
136.46 
139.65 
145.38 
148.19 
149.12 
1.53.74 
155.68 
158.86 
168.47 
171.08 
179. (doublet)  
181. (doublet)  
181.45 
186.24 
207.54 
209.3 8 
2 10.60 
21 1.69 
21 8.35 
220.15 
2?3.93 
2?7.89 
229.66 
233.20 

24 3.44 
249. (doublet) 
254.35 
256.25 
262.1 I 
265.33 

240.60 

0 + ( 2 )  
I 

I" 
1 .  2 
I 

l a  
l a  

1 "  

la 
1 

0 + 2  

1 
2" 

I" 

0 
I U  

'From phaw shift .  

2 
I -  
o + 

2. 3 
1 +' 

I +' 

0 +  
1 .  2 

2 +a 

I 
I ,  2, 3 
1. 2. 3 
1, 2, 3 
I +a 

1. 2 ,  3 
1 +' 
2 +  

1 -  

0 + 

2 -' 
1. 2. 3 

60 
854 A 5 0  

in0 i i o  
5 3  

20 
163 + 5 
I l l  + 8  

18 
23 
23 

1 1 2 i s  
55 

190 * 6 
156 + 8 

-81 f -69  

211 4 2 0  
521 ' 5 

(1). 2. 3 
1 
2, ( 3 )  
2. 3 
0 -  9435 + 200 
I +a 659 A. 15 
I ,  2. 3 
( I  ). 2. 3 
1 .2 .  3 

2. 3 
1 -  1875 1 1339 
1. 2, 3 
1 190 + 20 

20 
83  

I90  
I03 

4 3  
36 
74 

I85 

71 
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Oak Ridge Isochronous Cyclotron Prograxxl 

mmoijucrm0i 
E .  E. Gross 

I‘hc folliowing simi-riarics show that the rcse,irch progrmi at the Oak Ridge 
)tron (ORlC) is broad in scop:: md exiensive in participation. I t  is 
iLe  that  t h i s  report reprz:-:ents tlie efrbrts o f  all ORIC participants, 

~tiereliy cutting across many divisional and institutiorial lilies. Despite t h e  wide variety o f  
results icported here ,  the program is ;I cchesive, integrated effort  that has beeti sliaped o r  
itillueiiced by ORIC schedule meetings, Program Corriirijttze reviews, arid t‘requent 
infnrrnal reszarch seminars. ‘Thesl: interactions have provided an atmosphere coriducive to  
new idsas. Conditions have also been Fwor;ihle for continual regroilpings of cr)llaboraiors 
as ncw experiments are proposed. 

In this proc.ess of  contini~al evolution, we notc tlie many reports fi-om a f~illy matured 
IJNISOR project. Signiticanf, 1-csults from this efforl include evidence for  o.ier.isleiice of 
spherical arid deformed hands iri m;iss determinatiotis hy positron endpoint 
energies o r  ;ilplia-dec:iy energies, and a tor rrieasuretrrent f o r  the first 2 ‘- state in  

‘Xe. tising ihe separator ;is at1 i o r i  implantatinn device. A combination of io-beiini 
garnnia-ray studies arid isotope separ,ilur iiieasiiwiients tias led to a thorough urider- 
staridiny o f  tlie roles of the A ,  ,z neutron ant1 I Z , , ~  piotoii orbitals throughout the 
mercury isotopes. Om: also nutzs itisit the I-escarch program has 3 strong corrirriitrncnt to a 
systematic invcstig:ition of “macroscopic” pli~:noiiicna iri general and  to  ”strongly 
tlarnped” reactiori processes in particular. Iiiteresting tlctaiJs are beginning to  appear, such 
as structutc iii ihc ‘“di:i:ply inelastic” yield:; of Z 2 H pi.!,d1.icts f r o m  130-MeV “ C  
boriibardment of ‘ (:ti. I t  will d s o  he noted t h a t  !he a i  t . j ck  011 heavy-ion fisslorl, fusion; 
:I r i  d “d ..: e pI y iri clastic ” phi: ri om en a is supp I cn i c‘n t c d h y experiments a t  o t he I ;I cc ele r:t to rs ,  

‘Tlit: “microscopic” Iicavy-ioii reaction conrin tics to show primise 3s a spectroscopic 
tool. TWO icsi.ilts arc (Jkltstalldillg in this regard. One i s  a clear del-iioiistr:itioli that tlic 
( 6  Li: kjej clinrge-e:ichangc reaciiori is a rc\iahIe prolie f o r  C > : I ~ I I O \ V - T ~ ; I L C ~  strenglIr in 
nuclei. Thc o t h e r  is ail eqi,i:iliy clear demonstration that heavy-iori inelastic scattering ciin 

be i ised as :r sensitive p i h e  o f  riiiclear skiape:;. 7‘hc lattei- results from a coupled-channels 
analysis (jf 2‘. !I+, a n d  .3 ~ s i a t c s  excited by 70-1%feV ’C ineI:istic sc;itii.i-jrig froni 

eI  sigiiific;irit contribiutions from the x e a s  o f  transfer 1 4 2  , 1 4 4  , 1 4 6  > J < L ~  , I  s o  

reaclirsns, giant resori itation, Doppler-siiitf 1ifrl.ii~ii: ilclcrminations, ;ind riucleai- 
clicinistry can hc gleaned from the followirig reports.  

‘Ih Hg. I 

I7NIVlt;liItSITY iSO‘HWE Sf3’ARilTOR 
AT OAK RIDGE (IJNISOII) PROJECT 

The UNISOR project i s  a cc:operative venture and is 
organized as a unit o f  Oak R d g c  Associsted Universities 
(ORAU). Pa1 ticipmts include tiic Ilniversil y ~ 1 -  
Alabani;] in  Rirniirigham, Georgia Institutc of’ Tccli- 
nology, Emory University, Fiiririan University. the 
University (.if Kentucky. Louisiana Scatc University, thc 
University o f  Massachiisctts, Oak Ridge i4ssoci;itcd 
Universities, Oak Ridge National Laburatory, the 
University- o f  South Cardjria, the Univcrsity of 
Tennessee, Tmnessee .le diriologi cal University . 
Vindcrbilt University, and Virginia Polytechnic Iris1 i- 
tute arid State Uriiversity. IlNISOIi was for l i ie j  foi- ilie 

primary purpose of  stiidyirig nuclei lying far fro111 {.lie 
region of beta stability by ~iie;ms or ;in isotope 
separator insialled on-line to OK1C. The following 
reports describe IJNISOR research and developmerit 
efforts using !lie ORIC facility. 

SPHERICAL ANI) DEFORMED BANDS 1N “Hg 

J. 11. Cole’ 
J .  II .  €laniilton’ 1-1. Kawakanii’ 
A. V. Rarriayya’ 

13. van Nooijen’ 

[., 1.. Ricdinger’ 
K.S.K. Sastay3 

In our USISOR sliidics of 1.11~ decay of ’ “T1. we 
reported last year tlic first evidencc for the existence of 
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two bands: one band on a spherical and one band on a 
deformed shape in ' ' Hg. where low- and high-spin 
states were seen in both bands (Fig. 1 . 1 ) .  Such 
coexistence o f  spherical and deformed states can occur 
if there is a second mininium in the potential a t  large 
defoi-niation. From in-beam gainma-ray studies.'-" the 
high-spin deformed states are observed to drop i n  
energy in x 4  I Ig .  Thus.  one expects to see a 
deformed band with its 0' band head at lower energies 
in I ' "Hg. The existence and position of these 0' band 
heads are essential t o  visualizing the theoretical pictitre 
of the coexistence of spherical and deformed shapes. 

'''-11 and have 
studied its decay t o  "Hg t o  test and to  extend our 
understanding of  nuclei in this region. Analysis of  the 
primary features of I ,  and /(> tnultiscale and y-y and c-y 
coincidence studies of the I "TI decay now confirms 
our x x  Ilg interpretation. A 373.9-keV transition has a 
4.5:; :g-sec half-life and is assigned as an isomeric decay 

OUJ /(, and c-y data show that an EO transition of 533 
i 1 keV feeds the ground state to  establish a 0' level at 
tlus energy in I H 6 H g  and that a 215.8-keV transition is 
EO 4- E2(+:2.11) and feeds the first 2' state t o  establish a 
2' level at 621 .O keV. 'l'hese two states are interpreted 
as the band head and first excited state in the stronglq 
deformed hand seen at higher spins in the yrast 
cascade."-' Transitions seemingly associated with 
hghe r  spin states in the band built on a neat-spherical 
ground state are also seen. The levels in the spherical 

We have identified the new isotope 

rl (Fig. 1.2). i n  1 8 6 .  

O R N L - D W G  764139 

- 356.0 KeV 

02.5+405.3 KeV 

73.0 KeV 

2 
T1_=4.lr 

0 12 24 36 48 
SECONDS 

Fig. 1.2. ~ e c a y  curves for promincnt transitions i n  
decay. 

8 6 ~ ~ ~ ~  

and deformed bands in I '' Hg are shown in Fig. I .  I .  
These data confirm the same coexistence and crossing 
of  bands built o n  near-spherical and deformed shapes in 

Hg as seen in I "Hg. except that  the defoi-nied 
band has dropped in energy. as expected froiii recent 
theoretical' and e x p e r i ~ n e n t a l ~  .'' studies. These studies 
used the high-spin yrast states in x 4 H g .  One may 
predict that the first excited state in ' x 4  i l g  is the 0' 
band head of the deforined band. as shown in Fig. 1 .  I . 

1 X h  

Fig. 1 . 1 .  Systematics of spherical and deformed bands in 
t 6 6 ' 1 8 6 H g ,  as determined in UNlSOK W X ~ ,  and predictions 
for l E 4 ~ g .  4. D. Proetel et  d., / % I ~ \ .  H C T  /,of/. 31. 896 (1973) .  
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SI'RUCTURE OF THE ODD-MASS GOLD ISOTOPES 

J. 1.. Wood' 
E. F. Zganjarl 
R. L. Mlckodaj3 

I). A. McClure' 
R. W. f:inkl 
A. C. Schmidt3 

F. T. Avigncine [ll' 

TI1-, t tal-ly ". stages of these studies were described in last 
year's annual report.' Since then, we have reported the 
systematic features of the I r l  I 1 2  bands and the positive- 
parity states for 'These studies have riow 
been extended to  ' Au, and the low-spin levels in 

Au have been investigated through the beta decay 
of the low-spin 93Hg ground state produced indirectly 
via the beta decay of '""'TI. The systematics o f  the 
posil ive-parity states of low j are shown in Fig. 1.3: the 
shell-rriodel states and isomerism are shuwn in Fig. 1.4. 
The / I ,  systematics are shown in the following 
section of this report, together with details of the 1 z 9 j 2  

bands arid the inferpretal.ion o f  these high-j orbital 
bands as the coupling o f  the odd proton to a triaxial 
rotor. 

It is not easy to  explain tbc intrusion of the hq j2  and 
i, 3 / 2  proton orbitals a c r o ~ s  the  Z = 82 closed she11 t o  
appear near the k r i n i  energy in the odd-rndss gold 
isotopes (and also thc odd-mass thalliurn isotopes -.- see 
article in this section). 

'1'hc deformation reqiiired in the Nilsson model is 
about twice that reflected by the rotational structure uf 
the bands built on these orbitals. A strong pairing 
correlation (blocking) effect has been kvoked by 
Newton et aI.' to explain the low energy of i i u j z  

(orit:-particle- two-hole) m t e s  relative t o  s l j 2 ,  " 3 1 2  

(one-hole) slates in the odd -111 thallitim isotopes. I t  is 
difticult to nridcrsland how s u d i  a largt: pairing effect 

GUI arise whet1 going ironi the . x l j z ,  d.312. di;jz. I / ? -  

(three-hde) statcs to the h1) /2 ,  i ,  3 / L  (four-hole - 

one-particle) states in the odd-i-rias~ gold isotopes. This 
problem, which is fundanierital to the whole picture of 
the transil.icjrl from the splierical shell inodel t o  the 
deformed Nilsson riiodel, is being explored further, 
particularly witti regatd to the role of the pairing force. 

"-19j A u . ~  

I 9 3  

TRIAXIAL ROTOR DESCRIPTION OF 'THE 
ODD-MASS GOLD ISOTOPES 

J .  L. Wood' 
E. F. Zganjar' J. Meyer-ter-Vehn3 

R. W. Fink' 

Recent work by Meyer-ter-Vehn' has demoristtated 
the rernarkable ability of a triaxial rotor rtiodel with 
Coriolis arid pairing forces to describe the coupling of 
sirigle tiigh-j iiiicleons to the  nuclear core in regions 
traditionally referred to  as transitional (Le.% between 
spherical and strongly cleformod prolate shape). The 
h i  l 2  1)and in 'j Au has played a distinctive role in 
this d e v e l o p ~ n e n t . ~  The extension of the model to the 
systemai.ic behavior of the / z l  , j 2  bands and the h9 j2  
barids itirough I ' '-I " i\u (Figs. 1 .S and 1 .6 )  strongly 
suggests an effective core concept, namely, that  the 
h i  ) j 2  and h 9 j 2  bands in the gold isotopes 2 1 1 ~ '  largely 
dzterrniried by ilie even-even cores corresponding to an 

h ,  hole and an h 9 j 2  particle, the presence of the 
odd nucleon having very littlc effect on t h e  collectivc 
parameters (.If the even-~ven  cori' treated and a triaxial 
rotor. Figure 1 .7 illustrates this f o r  the unique nucleus 
' * "At i ,  where the arid h' l /2  states have the 
effective cores Hg and Pt, respectively. Thc 
triaxial rotor parameters defined by  the energy level 
spectra of "Hg and ' "R are consistent with p = 
17.14, y = 37" and 13 = 0.18, -1 = BQ r-espectively. (Note 
that the level spectrum o f  an  eveneven nucleus cannot 
distinguish betwecri prolate and oblate shapes.) 

and h,/ bands are scaled in energy 
by the factors shown in Fig. I .7 ,  they show L? striking 
sitnilarity. 'This is in agreetnenl with a particle hole 
syninie try predicted to  be valid for single-i shell triaxial 
rotors and in this case is give11 by 

When the  h I I 

The bands iti the odd-mass gold isotoper have ~ l s o  been 
di\cussed in tel ins of thc clustcr-phonon coupling 
model6 and in a microscopic model based wi the 
pseudo-Su(3) couplmp s c h e l t ~ e , ~  tiowcver, ncilfier of  
these models can describe a simple particle-prolate, 
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hole-oblate symmetry. A mired-j  triaxial rotor ap-  
proach is also being considered for the positive-parity 
states in I "-I ' All. 

s I  / ?  ground states: ""TI and '' I'I a r e  obsei-vcd in 
UNISOR experiments to /3' decay froin the high-spin 
h q i 2  isoiiier, whereas I x 7 T l  and "'zTI are shown b y  
out- data  to  8' decay from b o t h  high- aiid I~ iw-spi i i  

states. Thc ' P 3 R s " i  TI isoiiiers a re  especjal ly iiiiportaiit 
because of their ease of pi-oduction and the inliirniation 
they yield concerning both high- and low-spin striicturc 
in the iilercury isotopes. 

The low-spin Hg structure (Fig. 1 . I O )  is being studied 
and  conipared with the theoretical predictions available, 
using quasi-particIc-pItis-l,honon5 and iniscd-j  triaxial 
r o t o r "  niodels. f h c  high-j  band built on the i l , 3 ; 2  

~ ~ ~ ~. 

1 .  Gcoryia Iii\titutc o f  'l'cchnolopy. Atlanta. 
2. Loutuiana Statc Lniversity, B a t o n  Koupc. 
3 .  Laivrcncc Herkclcy 1,;ihoratory. Ikrkclcy. ( . d i t .  
4. J .  Meyer-tcr-Vchn, ,VU(/. W i n  A249. 1 1  1, 1975 I :  aiid . V u c l  

P/r 1's. A249, I 4  I ( 1975 ). 
-Icr-Vehn. /%i,s. K c t .  /.pi/. 32, 1 3 x 3  ( I 9 7 4 i .  

6. V. Paar ct JI.. preprint. 1975. 
7 .  K. ' l ' .  Ileclit. /V/I.S. / . c / / .  588.  2 5 2  (1975). 

niercury isomei- is also under study. incoi-porating the 
ymst levels reported by other  au thors '  and the noi1- 
yrast  levels f o r  which a search is being conducted at  
UNISOR. Detailed coiiiparisons o f  the experimental 

STRUCTURE OF THE ODD-MASS 
"'-I "'Hg LEVELS 

G. M. Gowdy'  results with t h ose f r  oiii th e isotonic p 1 a t  i n 11 I 11 i s o  t op e s 
A.  G. Schmidt' R. W.  Fink4 and the single-j triaxial r o t o r  iiiodel" are also being 
E. F. Zganjar.' K. L. Mlckodaj' und SI- ta ken. 

J. L. Wood4 

'fhe levels in  I 7-1 ' I  7 Hg populated in the decays o f  ~ ~. - ~~~ 

1 x 7 - 1 ' 1 7 -  

isotopes ( A  >; 19s )  0' decay only froni their low-spin X. I .  Mcycr-tcr-Vchn. )Viwl. / ' / i i ~ .  ,4249, I 1 1  (1975) .  
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Hg showm with a rough energy scale. Qrhcr odd-~nass  mercury Iwtopcs \I11)w \imilar structriral 
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Fig. I .9. Systematics of the shell-model spates  in the odd-inass thallium isotopcs. 
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TRIAXIAL BANDS IN I ' '' TI 
FROM LEAD DECAY 

L. 1,. Riedinger' 
L. J.,. Collins' 

A .  C. Kahlei '  
C. R. Ringhanil 

G.  D. OKclley'  

I n  the  past year. iilucli has been learned about bands 
of  levels built on proton stater in the o d d 4  gold nuclei 
(e.g., see the UNISOR contribution to this report). 
There the particle states are quite representative of  a 
platinuni core. whereas the hole states reflect the  
iiiercury core. To further test these ideas. we  have been 
performing experirncnts on levels in thalliuru nuclei. 
where incrcury and lead are the effective cores of the 
expected states. Levels in ' " * '  "511 have been investi- 
gated through tlie radiative decay of "."I '" Pb, niass- 
separated at t he  UNISOR facility. Almost all the 
obset-ved states are populated in the decays of  16.4-niin 

Pb and 5.5-niin ' "Pb, the i l  J,2 isomer in each 
case. 

The systematics of the single-particle states through- 
ou t  the light TI nuclei arc shown in  Fig. I . I  I .  The 
h l  I / z  state is a lower-lying well-known state in gold 
nuclei bu t  had not  been seen before in the TI nuclei. I n  
contrast t o  the  rather constant energies of this and the 
low-spin states are the rapidly falling I i c ) l z  and i, . l j z  

1 O S  

7 1361 h 
1 E+ / $- 1 3 1 9 1 ' '  -~ 

2 1002+€ 2 

5+ 5 f  
7 771 7 778 

I +  I +  - 
2 2 2 2 
I+ 

2 
I +  4 +  

~ 

SI 
- - 

-_cI_. -- 
197 I93 2 

T I  T I  T i  
I 95  

Te 
193 

TL 
191 

Pig. 1 . 1  I .  Ircnds of  single-particle states in light thallium 
nuclei. 

levels. These are intruders i n t o  the Z 7 81 nuclei I'roni 
above the Z = 81 gap. lowered partially by a gain in 
pairing znergy and partially by defurn-iation o f  the core. 
1 0  test in detail the shape of  the n i i c l e u 5  in these high-j 
shell-model states. w e  feel that i t  is i i i i p o r t a n t  t o  study 
structures of levels built oil these states.  This has  been 
done  quite successfully in the case of the i i , j z  bands in 

TI. A preliminary level scheme for I '"7'1 is 
shown in Fig. I .I:. Note  first the presence of  I-ather 
high-energy transitions fecding our  proposed I! I I / ?  

state. These spacings seem to reflect the approsiniatel!. 
I-MeV first 2 energy c)C the lead core for this 
proton-hole stirk. By contrast. the apprositiiatcly 
400-kcV spacings in the / I < ) / ~  b;iiiti arc q uiie regulai- 
throughout the thalliuni isotopes 1c.g.. scc tlic 01.1 . , . Y / I )  

coiiiribution t o  this report 1 .  The sequential ordering of' 

these yrast states indicates an oblate core. as discussed 
b y  Newton et al:' !lowever. t o  answer the  question o f  
core symmeti-y o r  asyninieiry. one niust consider thc 
non-yrast ineinbers of this s t r i iz iurc .  In ' 'Ii TI. w c  have 
seven such levcls which branch to vai-ious J rast ineni- 
bers. These levels 31-e divided into two cascades. o n e  
beginning with spin lowei- than 'y2 and consisting o f  I'ivc 

,.. 

1 9 3 . 1  9 5  

-r 
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levels, tile otirer i)eginnitig with spin '(?. ' ~ I i e  asyin- 
metric r o t o r  model of Meyer-ti:r-Vehi14 predicts such a 
behavior. Assuriiirig j3 :: 0.1 5 a i d  y = 37" (takzn t'roin 
mci-cury core levels), he lias predicted a band in  ".)'"1'1 
'ncgiiiniri;; wirh a 'I2-- state ininietliarely below the yrast 

/? level and arlothcr side band beginning with a 
sccorid "I2-- slaw below the yrast ' 'I2--. ~ e c e r l t l y  
3cquired data are being analyLed: thus f a r  we are n o t  
certain ( i f  tlie inultipolarity u f  the 691 -keV tr:irisitioil. 
However, i t  is pxs ib le  that the c:ilculalii:ms f u r  ' 'I'l 
can [if. tlic observed levels in I I ) '  TI .  More calculations 
will be pei-fourned. but itivoking tori: tr iaxidity appears 
cstcntial to 2xpl;iin this h v ~ z  struclL1ie. A siridar 
picture results f r v t n  o u r  "PI) decay studies. States 
iquiti: siiiiilar t o  the sccond I '/! arid ' '!. are sceri. as 3rd 

th iec  levels analogous t o  thc lower-spin side barid. The 
cor!: fhus appears t ~ i  be raitiet constant for the  light 
t1i alliurn n uciei. 

1 .; - 

JXCAY OF '"T1 AND ' *'Ti; NEGATIVE-PARITY 
BANIIS IN MERCUKY 

C. R. Ringliain' F. E. Turner' 
L.  I>. Kiedit-ger' 

A study of  the decay of "I'l and I " '  TI has bee11 
made. using inass-separated sources. l h e  data consist of 
iiic nrdtiscaled spectra of ganima rays, inter r l a l  con- 
versioii electrc.)ns: arid 0' and of y - y - ~  ;ind 'y-,~-/ 
coincidence data. The resrills arc extensivr:. m d  f o r  the 
case of  9 0 7 ' ~  we have prepared a paper for  pubhcation. 
Some of the niaiii results relating tc, the decay schernc 
will be discussed here; the 0' endpoint energies arc 
discussed elsewhere in this report. 

The even thallium isotopes arc bclicved t o  have two 
isoiners with spins o f  7 and 2 - .  The present data are 
also inore consisterrl wi th  thesc values than with any 
other possibility. although a few slight discreparicies in 

1 0 0 '  1'1 decay are unexplairied. The half-lives. which 
were determined f ro in  gamriia-ray multiscaled spectra, 
are 3 . 7  -t 0.3 miti (7') and 2.4 i 0.3 inin (2'-) fo r  IyoT1 
and 10.8 -!. 0.3 mir i  ( 7 ' )  and 8.6 f 0.3 rnin ( 2  for 
I "z ' I ' I .  

'T'he ground-state bands of I ""Hg arid ' "'Fig were 
ubserved u p  to the 8 + statc. and a number of non-yrast 
positive-parity levels were observed. These positive- 
parjty levels fit fairly well within the framework of Lhe 

vibmtional model. particularly if inleractions between 
phorioris such as proposed by lacliello u d  Arima"~3 are 
included. '[he negative-parity states ci111 also be C X -  

plairied in such a iiitdel ~- they are based vil octupole 
phonons inreracting with cliiadrupolc p11011011s. How- 
ever, for the present nuclei, a different iiiieipretation of' 
these states, givcn below, seems preferable. 

In I ""i-ig and I '  ' tig, we oi3stirve negative-parity 
states (b.ig. 1.13.) These negLtive-paiiiji state:; are 
bclieved to rcs1tlt frorii the coupling <if two ncutrcxis. 
one in rho il . 3 , 2  orbital a11d the other in a p . j j r  ?>rJ ' s /2  
cjrbiial, to  cliffkerit rotational states 01. A slightly 
iletbrmed c01.e.~ In the odd inercuiy isotopes (e.g.. 
" ) '  Hg). the i I 3 l 2  band appears to exhibit a Coriolis 
digrinictit o f  the i, 3 / 2  rletitron along the rotation axis 
since thc ' .i/L.': ' 7/2t, "IL+, . . . meintiers havc essentially 
the %iJTle spacings as the (3 I ,  2', 4' , . . . levels of the 
e v e n 4  core.5 ?he oilier states o f  this bmd.  that is, 
IS/' ' 9 / +  . . . . , appear at higher energies arid again have 

spacings similar 10 the spacitigs oi' the ' .Y7''. 'Y2 , "L2 . 
. . . levels. 'The S -, 7 - ,  9--, . . . Iev;.ls of the even 
nicri:ury nuclei, which have also beeiz p~pu la t ed  by 
( G X I I )  r cac t iox~ .~  probably result f m i i  the coupling of 
;I p J j  neutron with the  core-decoupled .3/;: ' 7/2i, 

band. Sinlilarly, orre 

less favored ')/2t, ' .'/ + , . . . rtiernbers. These 

. + +  

I / > ' ,  . . . niernbers of  (he ' 
would expect 6 -, 8 -, I O  -, . . . states restultir1g frorn the 

qiiditativc argur-rient:; are verified by the calculations of 
Neergard, Vogel. anti f a d o n ~ s k i , ~  the results o f  whicli 
are shuwti in Fig. 1.13. 

'' I-lg 
arc well established. both by the present experiment 

'IIie lowest 5 -, 7 -, and 9 stn tes in I ' klg and 

E:- 

5 : 
0- 

TI DECAY THEORY TI DECAY THEORY 
UNISOA NEEAGARD UNlSOR NEERGARD 1 '"-- et a1 et 01 

l a  

Fig. I ~I 3 .  Compariwn o f  negative-parity levels o1)seierjt.d in 
""tlg arid ' 92Hg with calculatioris fr'rorri ref. 6 .  
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and by in-beam work.s These levels fit very well \with 
the predictions of  Neergartl et l'he level in  ""Hg 
a t  2253 keV must be 5 -, 6 - .  or T ,  based on the h'? 
character o f  the transition t o  the first 5 -  level and on 
the presence of a transition t o  the 6' level. This state 
lies above the 7 level of the 5 band and thus is a 
candidate for the 6 -  menibcr by analogy t o  the fact 
tliat the .5/?+ niciiibci- of  the i l  , 3 / 2  band lies above the 
I 7/22t state. Siniilarly. the 8 should be a t  a slightly 
higher energy than the 9 - band member: levels observed 
at 2392.1 and 2424.9 keV are candidates for this state. 

iIg. the probable 6 -  state agrees well with tlie I n  111 2 

flicoretical prediction. but possible 8 - states appcar to 
be somewhat lower than the prediction. though still 
within 100 t o  200 keV. In ' "' Hg: the odd-spin 
negative-paiity states have becn observed l i p  to the 15 
ciieiliber by the (oi,uriy) cxpcriiiient :7 these states also 
agree well with tlie theory of I\lccrgartl, Vogel, and 
Padoinski." I 'he  state ininicdiately below tlie 9 state in 
1 " 2 H g  was assigned I = 8 in the in-beam work. '  A 
similar statc below the 9 in ' '"'Hg, also assigiied / = 8 
In  ief. 7. i s  within 0.2 keV of the second 5 -  state 
observed in the present work. It i y  dit'ticult t o  under- 
stand the different assignments in our work and that of 
Lieder et al.:7 possibly, there are two close-lying states 
near 2318.7 MeV. The second 5 -  state could rcsult 
from the coupling of  ati / s / 2  neutron with the t(/?+ 
state. Neergai-rl. Vogel. and Padomski" published only- 
the lowest state of a given spin and parity; hence. 
comparison with the theory is !iot possible. 

POSITRON MEASUREMENTS AND 
MASS DIFFERENCES 

J. L. Weil' B. I>. Kern' 

l'he positron decay of several proton-&h nuclides in 
the il = 116 and A :: 190 regions has been studied with 
the use of plastic scintillators ant1 lithium-drifted 
germanium detectors. Time-sequential spectra wcre 
obtained in the positron singles and in the positron- 
gamma coincidence modes. 

The work on 2.91-sec ' '' I was completed. It  decays 
to the ground state and to  two excited states at 0.697 
and 1.219 MeV of '"Te. The giound-state decay 
produces positrons with Eriltix :I 6.69 MeV. A 0-y 
coincidence establishes the presencc of the other tW(J 

levels. 'I'he f& calculated by  several o f  the mass 
formulas is in good agreeiiieiit with the experimental 

The decay of '"TI to "Hg yields two identifiable 
positron eridpoint energies of 5.70 2 0.04 MeV arid 
4.18 2 0.30 MeV. Through selective production of each 
of the  two isomers of I "" I'l. their lifetimes have been 
rneasured: The 5.70-MeV positron group is assigned t o  
the decay of the 2.6-min 2 isomer and the 4.18-MeV 
group to the 3.7-imin 7' isomer. The precision does not 
perniit the determination of which isomer is the ground 
state, bu t  their separation appears to  be approximately 
100 keV. ( A  report on  this is to be published soon.) 

I n  the mass A = 192 radioactivity. there has been 
measured a positron endpoint energy of 4.26 I! 0.30 
MeV. belonging t o  either ' ' TI or ' Hg. 

')4 Pb souIcc was studied, 
yielding a positron endpoint energy of 3.61 ? 0.20 
MeV. Thalliunl-194 was found to decay- with a illaxi- 
niuni position energy o f4 .4  i 0 .3  MeV. 

0,- = 7.71 MeV. 

A chemically separated 

I .  Uuivercity (it' Kcntricky. Lexington. 

ON-L,IN\IE MASS-SEPARATOR STUDIES OF 
TPlALLIUM AND MERCURY ALPHA 

EMI'TTERS WfTM A < 186 

K. S. ' lo th  J .  Lin2 
M. A. Ija/ '  E. I>. Robinson3 

Alpha decay for thallium isotopes (Z = 81 ) has never 
been clearly established even though a large number o f  
alpha-eiriitting mercury (Z  = 8 0 )  and lcad (2 = 82) 
nuclides are known. The existence of thallium alpha 
emitters has been indicated in helium gas-jet experi- 
ments peIfuiniied here at ORIC4 and in Orsay, France, 
with the accelerator ALICE.' The ORIC gas-jet results, 
obtained in I ' 0 bonibardnients of ' I Ta, showed that 
if thallium alpha emitters did exist. their decay energies 
were similar to those of mercury isotopes with adjacent 
mass numbers. The use of the UNlSOR mass-separator 
facility was thus clearly necessary if definitive answers 
were to be obtained. 

The isotope TI was chosen to start the study 
becausc, from alpha-decay sysiematics, one would 
predict it to he the heaviest (and therefore the easiest to 
study from the standpoint of a production cross 
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secticjr1) t,h;illiui-ri nuclide to have a reasonahly large 
alpha-decay branch. Also. its electron capture (EC)/P' 
decay fhad already bcen investigated by the lJNlSOK 
cotisc>rtiul11.6 A target of ~';/:-enric~i.ej. ' R 2  W was 
bnriib:irded with 168-McV I 4 N  inns to produce '"'PI 
in thi: (' . 'N. l~ ir )  rcactiirri. Oil-line multiscalt: data were 
obtained f o r  A = 186 isotopes, siniultaneously usiog 
alpha-pal ticle, gamma-ray, and x-riiy detei;tors. Figure 
1.14 shows the measured alpha-particle spec1 imn. In 
addition to l X 6  Hg, a close-lying doublet is observed: 
(1) Hg = 5.653 MeV) and t.2) a tiew alpha peak 
with 6, = 5.641 3: 0.01 0 MeV. We assign this new gi-oup 

'TI because thc peak decayed with about a .30-sec to I 8 6  

half-life, that is, close to the value of 28 :b. 2 ~ e c  
reported for R 6  TI Ec'/[j '- decay.6 It should bc pointcd 
out that the alpha hranch of IJg is more thlm 300 
i , i I i~es  largcr than that of '' A small arricjunt, 
:!<0..3%, o f  cross contaniirrxtion thus accounts for  its 
presence in the A = 1 X6 spectrum. 

l 'hc 405.3-kcV 2 '. + 0 * tr;insition in 8 6  Hg is kninvn 
to zricoinpass esscntiaIly all of thc: EC/P ' decay sirerigth 
,.,f I 8 0  r .  11." From its intensity i n  our gmina - t ay  
spcctruin, the alp~i;n-dccay hrarrc:~iii-ig ratio of I K G  TI was 
then detet-mined to  be (6 + 2j X lo..". 

Preliinina~y 1-iieasurements were also n i  ade for A = 
185 and 184 nuclides. Sonie weak an3 previously 
unobserved alpha groups WCL'C seen. 'The x-ray spectral 
r n e a ~ ~ ~ r e n ~ c n t ~  indicate the (' N.uz) yields to  be small. 
More  h t i i  are therefore needed berori: assigniiicnts call 
be niadt: for these new alpha groiips. 

Significarit inft:irination, howevcs. was obtained ;IS a 
result of  thi: A ::: 185 and 18.1. ii-ieasurernents, narriely, 
thc first confirniatiou of the alpha-decay energies 
repented by the ISOI..DE gtoup for ' "'P' R 6  H z . ~  This i s  
shown iri Fig.  L .  I S .  where we have plotted experiinwtal 
Eq valucs f o r  Bi. Pb, Ail, and Pt nuclides as a 
fimction of iieutron numbi:r. Note the abrupt discon- 
tinuilks that (occur for the mercury isotopes 152--- 186, 
which are absent for  the other nuclides. 7'liesc 
anorndies ixtay be related to  thc sudden changes in the  
nuclear charge radius observed for ' '.' I-Tg arid ' Wg,* 
in cionti-ast t o  the sitlootlily varying values seen irr thc 
heavier I-riercury i s o t o p e s  with A ;= 187 to 204. ln our  
search for  tfialliim a lpha  errlitters with A < 186, we 
also intend to investigate the alpha-decay properties o f  
the inerciiry isotopes with the same inass riunrbers. One 
case in point i s  x 5  ''I Illg, which is reporied to  have a 
1owerEa t h r i  '85XI-fg(rcf.  7 )  (Fig. 1 .Is). 

O R N L - D W G  7 6  -4550R 

l-&- -- 7rV---- I I ' !  I 
.. . .~ -.... ~ .... . .~  ................... .~ .................... 
A-118tj  

I 

Fig. 1.14. Alpha 
thr ciccay u: 28-scc 

is 
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DECAY OF I "" I'b 

E. 1,. Robinson' B .  H. Ketelle? 
R. 0. Hannah' 

Both multiscalcd g;irnrna singles and ganirrra-gamma 
coincidence spectra were obtained in studying the 
decay of ' ')4 Pi). Sixty-nine gaiiinia transitions are 
identified by half-life as belonging to  the decay of 

Pb. ,411 the strong lines and a nuiiiber of the less 
intense l ines  are fitted into a proposed decay schei-iic. 

Internal convelsioii coefficients were mcasiired f o r  
the 304-. 32S- .  .?OX-. ;ind SX?-!ieV Iineh. The f i r s t  three 
are largcly ill1 tranzitions, whereas the SX?--keV line has 
a large E2 admixture.  Both  the low intensity of the 
annihilation peak and the failure t o  observe a positron 
spectrum with the proper half-life support the con- 

I Y 4  

clusion that ' "'" Pb decays predotiiinantly by  electron 
capture. 

There i s  evidence from both systeiiiatics and fi-oni 

considerations of available shell-model levels that there 
exists a 1 + level in ' ""TI. which  should perniit ;1 strong 
Ganiow-Teller transition in the decay of I "'"Pb. A 
probable candidate f o r  this is the I 5  19.48-kcV level, 
which is highly populated and which decays t o  the 2 ~ 

ground state with an intensity of  102% relative to t he  
204-keV first excited s i a t e  t o  gli)ltild stat: trailsition. 

FEASIBILITY STUDIES OF UNISOR EXPERIMENTS 
IN THE A = 60-88 REGION 

A. C .  Rester' J .  Galambos' 
H. Kawakami? A. DeLinia' 
R. hl.  Ronningen J. I - .  Wood" 
11. K. Cartel3 E. 1:. Lganjar' 
M .  D. Barker' J .  [ I .  tiamiiton' 

Presently. there j, considerable research activity 
centered in the nuclear region A 60 -80. There is an 
interesting controversy",' over the nature of the 
anomalously low-lying 0' excitcd states in the even- 
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cven nuclei. with iV or Z approximately equal to 40. 
Ais(.), in-beam gamma-ray spectroscopy experiments a t  
OKS I. and in Copenhagen8 have revealed unusual band 
structure jn some of the nuclei in this region. In-beam 
studies arid (p,  t )  reaction experi1nent.s are being con- 
ducted in this region at ORNL. Studies a t  IINlSOR will 
provide ;i valuable complernen t to these measurements. 
Together with the extensive nuclear-niodel calculations 
being done ;it Vanderbilt and Emory Universities, the 
experrimeti ts form a unified program of intensive re- 
search. 

To explore the feasibility of n~edium-mass UNISOK 
experiments, we used a helium gas-jet transport systctn 
to  coIIect thc activity frorn the reactions o f  "C and 

Ni and '" Zn targets. Garnnia-ray 
spectrum iriultiscaling measuri:nients were taken at GO- 
to 95--McV bornb:irdincri t ericrgies. 'The energies, in- 
tensitics, and half-lives of the garniria rays were 
used to construct relative cross-section curves. 'The 
" ~ n ( '  ' CJX) results are shown in Fig. I . I  6.  

F r o t i i  this work, we concludc that neutron-deficient 
isotopes fi-om copper to rubidium can be produced in 
sufficient quantity for experjrnents with the heavy-ion 
beaim currcntly available at IJNISOIZ. Those isotopes 
produced in large quantities which iriay- be parricularly 
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W 
? 
2 5  
W 
E 

2 

5 

60 70 80 90 100 
El 2c ( M e V  I 

Fig. I .16. Relative abundance of the most proniincirtly 
observed isotopes in the radioactive decay spectra following the 
64%n(1 'C,xx) reaction as a function of bombardment energy. 

worthwhile for UNISOK experiments are h4C,i1, "As, 
71Se, 7 2 K t ,  7 3 B r ,  7 7 R b ,  and 78Kb ,  with half-lives 
ranging from 2.5 to 6 mm. 
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2. Vauderbilt Lniversity, Nashville, 'Ienn. 
3. UNISOK, Oak Ridgt! Associated Universitics, Oak Ridge, 

'Tenn. 
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6. A. C. Rester and J. Hadamann, h o ~ .  h z r .  Cmf: N w l .  

7. J. If.  T-larnjlton et al., P?~JV. RCV. Lett. 32, 239 ( 1  974). 
8. M. I.. Halbert et al., H i i l l .  Am. tYy.s. Soc. 20, 11 72  (1975) .  

Phys., hfuriich 2, 140 (1973). 

GYROMAGNET'IC RATIO OF THE FIKST 
EXCITED 2 * STATE IN ' Xe 

K.S.R. Sastry' A. V. Ramayya' 
R. s. IJ?C* J. TI. Hamilton2 
K. L. Mlekoclaj N. K. Johnson4 

The gyromagnetic ratios of the first excited 2' states 
of a large number of even-even nuclei have been 
ineasured in recznt years, using a variety of experi- 
mental techniques. The g factors for  the lighter neo- 
dymium and samariurri isotopes show a sharp drop as 
the closed N = 82 shell is approached fi-om the regioo of 
higher neutron number: this behavior is contrary to 
the ore tical e xpec tation. The even-even isotopes 

Ba span the neutron region 70 
< iV < 81,. It would be of interest to see i f  the g factors 
for these nuclei with neutrons on the lower side of the 
closed iV = 82 shell show similar behivior. Thus we have 
initiated measurements in this mass region, using the 
time-integrated perturbed angular correlation method. 
The present work is concerned with the 389-keV first 
excited 2 + level in 

Radioactive I was produced by the 
'z6Te(p,nj'261 reaction a t  the Oak Ridge 86-in. 
cyclotron. The high enrichment (*98%] of the target 
and the optimized bombarding energy greatly reduced 
contamination from other isotopes. 'The I was 
converted t o  Agl, along with minimal amounts of stable 
iodine, 3 form well suited for iniplantatioii using the 
UNISOR facility in the off-line mode. The ' 2 6  I ions 
were accelerated to 65 keV and implanted into 2-pm- 
thick iron foils held at  room temperature. A separation 
efficiency of about 5% was achieved, and three such 
implantations were performed. The foils were rolled 
into a thin cylinder and placed between the pole faces 
crf'a small electromagnet with a field of 1.5 kG. The 
precession of  the angular correlation pattern was then 
measured. using a Ge(Li)-NaI coincidence system. 

' I 2 4 . - 1  36Xe 

Xc. 
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Yhe angle of precession was found to  be --54 '7 10 
milliiadians. ihe sign being inferred from tht: sense of 
the rotation. Using the value of 864  k 0 e  for the 
internal field experienccd by xenon atoms in the iron 
lattice. we obtained a valiie of t0.22 -i 0.05 for the g 
factor of the 389-keV 2' level in '"Xe. This i s  in 
reasonable agreement with the experimental value 
repofted by Gordon et al . ,5  using the Coulomb excita- 
tion recoil implantation method. Our result is also in 
good agrccment with the thenretical value of 0.76 
calculated by  Kisslingcr and Sorensen.6 using the 
pairing-I)Iiis-quadrupole model and quasi-particle 
random-phase approximation. including unly particles 
in the outer shells. However. the hydrodynaniical value 
of the g factor for 2 6  Xe is 0.43, whereas calculatioils 
by Greincr7 give 0.36. 

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

1. Llniversity of Mass~chusr t ts ,  Amherst. 
2. Vandcrbilt University. Nashville. Tenn. 
3. UNISOK, Oak Kidgc Associatcd Universities. Oak Ridge. 

1 enn. 
4. ('liein ist ry D ivicion. 
5. D. M. Gordon et al., N I I , ~ .  Rcv. C 12. 628 (1975) .  
6. 1.. S. Kiqslinger and R. A. Sorensen, Rci: Mod. PIz1.s. 35, 

7. W. Greiner, Nud. / J / z ~ , s ,  80. I 17 (1  966). 

. 1  

85 3 ( 1  963). 

IJNlSOR. DEVELOPMENT 

K. L, hflekodaj' 
H. K. Carter' 
E. I_. Robinson' .' 
F. T. Avignone I l l '  7 3  

E. H. Spejewski' 
A .  C. Schmidt'  
B. 0. Hannah' ,' 
L. I,. Collins4 

G. M. Cowdy' ,s  

Ioii&wce Development 

The Nielsen-type6 oscillatimgelectron ion source has 
been tested for the 011-line separation of rare-earth 
product nuclei. Figure 1.1 7 shows the arrangernent 
used. which consists of an 80-pg/cm2 carbon window t o  
isolate the target from the corrosive CCI4 ion-source 
vapors. The window, however. allows most reaction 
recoils to  pass into the ion source, where they are 
stopped on the graphite-felt catcher. The previous low 
cfficicncy obtained for this system (-0.01%) was 
thought to  peihaps be due to the slow diffusion out of 
the graphite catcher (7' !300°C). A new graphite-felt 
catcher ohmically heated to  1700°C has not ,  howcver. 
given a significant improvernent in efficiency. Keplace- 
iiieni of thc graphite catcher with one of  tungsten was 
tested to  eliminate the possibility of formation of  
refractory compounds between the carbon and the 

rare-earth pioducis. 'fhe tungsten catcher was opcrated 
at about 2000°C. yet this arrangement also gave a 
similarly low efficiency. These experiments indicate 
that the limiting factor is not connectcd with the 
catcher but.  rather, may be connected with a low 
chlorination probability or with thc fact that the overall 
source temperatiire i s  t oo  low. Future investigations of 
on-line separation of rare earths with plasma ion sources 
will be done with much higher-temperature ion sources, 
applying existing target, window, and catcher tech- 
niques. 

The carbon window and external target techniques 
developed for CC14 iisc with rare-earth prodncts can 
have other applications. It has been found. for example. 

ORNL-DWG 72-(0024RP 
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Fig. 1.17. UNISOK on-line ion source with caibon window. 
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that tht: use of  CCLJ as the iolr-source siipport ;;;IS 

iniproved the efficiency f o r  the on-line scprattion o f  
lead and bisinuth iSo tOpi3S .  The carbon window car1 also 
bc applitxf in  cases when a lower melting-pin1 targel 
m i s t  be isolated from the high Ieniperatur!: of the ion 

A r:ew ion-source variation has been tested where the 
target 01- carbon window is placed direct,ly on the 
gmphiite felt. Thus tlic lower temperature region be- 
tv~ceii  the targct o r  window and the graphite catcher 
( s z e  Fig. 1.17) is elirrlinated. This lower tt:niperature 
region could rerid to retajri li,w..vapor-p:essurz products. 
The liriiitctl experieoce t o  date indicates ibat  this 
arrangernetit iiirictions at  least as well as the earlier ion 
S O I J I ’ C ~ S  for  products of Hg, Tl, PI,, and Bi. 

St:vei-al new f<;riiis of t ; irge~s h a w  been successfillly 
applied. Om new typi: was is0 topically enriched tung- 
sten cvaporafed (it1 a substrate of tantalutn. These 
targcts werc quite satisfxrory even though [ h e  two 
m c t d s  would norinally sepra t i :  diiririg operation and 
the targ::i would be destroyed upon ren.icjval. The 
evaporation and sputtering o f  the ion-source filanieat 
materid ib;] t carised problcnns in early iun-source 
designs has bceri used to fabiiciite targets directly i n  [he 
ion soi i~ce.  Rheri i im targets were made by using a 
rhcniirm wire for the ion-snurce filanient and phcitlg a 

substrate of  thin tantalurn ir~ t h e  anode wall. Kheniuin 
deposits of 1 t o  2 riig cm -? b r  -‘ are collected during 
ioii-soi.rrce opi:raticin. The graphite-felt catcher  IS dscj 
been useJ as a substimte onto whjcli target matccial ha:; 
been d i~ec t ly  evilpcjrated. 

A new surface-ionization ion-souice syslerri, desigilcd 
rriainly with on-line rare-earl h s e p r a  tion it1 inind. has 
been ccmtriicted mJ will soon undergo rcstli1g. This 
typ:: of source holds great j ) ~ < J I T i i S e  because orf-liiic 
efficiencies for this type of sourcc f u r  rare cnrths c311 

exceed 80%. ‘The main probiem area anticipated is the 
ion-source window, which rnust be thiri enough to 
transmit a large fraction of the reaction moi l s  ye1 be 
strong enough t o  withstarid tcrnperatures of 2000°C o r  
more, in  addition to bombardment by an intense 
heavy be:irn. Tantalum and carbon windows will [IC 
used initjally. 

so lllce. 

‘rape-Transport Development 

The capabilities of the t:ipe-i ransport systei-n have 
been substantially increased during the last year. Two 
new arr;i.rigerrients itivolving a three-detector array for 
siniultaneous counting of oiif: sarnple have been de-  
veloped foi- on-line usc. In one case, an x-ray detector 
and ;I t~iin-tr~insrriissiori-tnount alpha detector are posi- 

tioned in close geometry: one OII either side of the 
collection tape. A Ge(L,i) detector is illen positioned 
behind the alpha detector for  tletection of the trans- 
mitted g;lrnriia rays. The second system is based on the 
collection tape traveling out io a sriiall roller wtierc the 
tape turns 180” and then retutris. The tape is positioned 
so thxt the collected saniple stops at  tile center of the 
roller. This system is typically used with a cc~oled SiiLi) 
electron dctector looking directly at the source and twci 

Ce(Li) gainrna-ray detectors at -.+.9O“ reh  tive to the 
electron detector. Two types o f  three-pararneter coinci- 
dence d;ita jg;irrinia-garnxna-lirne and gamma-electron- 
tiincj are then recorded simultaneously, as well as 
garnriia and electron rnultispecinrin scaling. 

A new Ii~gher-res!,li~tiort on-line electron detector has 
bzm insI;died o t i  the tap?-transport system and is now 
providing much improved ori-line electron data. The 
on-line electron cietectc~i S i t I K i t k J t l  has also been ini- 
proved by the adtlitiori o f  a turhoniolecular pump to 
the tape-trailsport vaciii.in~ system. This pump will 
nrovide cleaner, more effective pumping at 1 he elcct.ron 
detector position. The ttirloijtnoleci~lar purrippirig system 
will also serve as the piinping system -lor an on-line 
Gerholni electron spectrometer system. ‘T’tie asselnbly 
of ! t i e  Cerlioliti system has been completed and will be 
added t < J  the tape-transport systcm. 

~~~~~-~~~ Facilities 

The IJNISQR fast tape-pullirig systern7 has been 
e?cp;mtletl t o  two units so that  sources from twc, 
different side riiasses can be rapidly cxtractcd f r o m  thc 
collecl ioci charmbcr. I n  addition, an alpha detector has 
becri added to one of thesc units, allowing alpha- 
parlicle e.xperiineiits to be carried out directly i n  the 

The off-line elcztruri ticiector system was modified tu  
aUow use of  a Ck(Li) gainnia-ray detectcir f o r  dose -  
geornet r y electron-gartinla ex  peril mi its. ‘rh e v x i i  1~171 of  
the off-line e l cc t rm detector has ;ilso been upgraded. 

d l e c t i o r l  ch:illihel. 

Data Acquisition 

Tlie TP-5000 data acqiiisitiori s y s t e m  has been irn- 
proved with ‘I’enneconip’s new faster sofrwari: syskiri - -  

tcrii has also been interheed 
for  direct data trarisfcr 1.0 (tie on-line SEL con-ipu ter. 
‘The data analysis cdimbilities of the ‘IT-5000 have been 
greatly expanded durjng the  past year by user- 
developctl f J K ) ~ f ; l i n S  that  include autciinateci peak-fitting 
prograi-rts and skewl.d-(;dussian peak-fitting p g r m s .  

A riew analyzer system, the Tracor N.orl.hero 
’TN-1700, has been acquired a n d  placed i n  service. ‘The 
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multispectrum scaling capability of this programmable 
analyler has made it a most valuable addition to  the 
lJNI SO R facility. 

1 .  IINISOK, Oak Kidp: Aswci;rted Universities. Oak Ridge, 
Tenn. 

2. University of A l a b a ~ i i a  in tjirrnin;h;lni, 
3. University of South Carolina. Columbia. 
4. University of  Tennessee. Knoxville. 
5. Georgia Insti tute of ‘l’echnolugy, Atlanta. 
6. 0. Almdn and I<. 0. Niulsen. ,Viic/. I I I S ~ Y U ~ .  Mc/hods 1, 

7. 1-1. K. Carter and K. 1.. Mlekodal. ,Ylrt/. I t i s m i i n .  Mr//7ods 
.302 ( I  957) .  

128,611 (1975). 

HEAVY -ION MACROPHYSICS 

SI’KONGLY DAMPED COLLISIONS INVOLVING 
MEDIUM-MASS TARGETS 

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

”Ne + Ni 

M. L. Halbert 1;. Plasil 
D. C. Hensley 
K .  G.  Stokstad 
A .  H. Snell’ F. Pleasonton 

R. L. Fergiison’ 
F.  E. Obenshain 

These experiments included bombardment of nickel 
by 164- and 173-MeV “Ne.  The reaction products 
were detected with an ionir.ation-chamber-silicon 
position-sensitive detector (PSD) telescope (described 
elsewhere in this report3 ). The telescope covered a 
range of 9” at one setting and offered excellent 
separation of Z values from 2 to  at least 30. Figure 1.30 
(sce ref. 3 )  is an example of the computer printout for a 
typical set of data. 

Principal features of the spectra are illustrated in Fig. 
1.18, which shows spectra of even-% products from 
173-MeV 2 0 N e  on nickel at 15” and 22” (lab). These 

were obtained by masking arrays such as in Fig. 1.30 
and projecting onto  the energy axis. For products with 
Z wcll removed from that of the beam, a single broad 
peak is observed. When assuming a two-body final state 
and a mass corresponding t o  the most stable isotope of 
element Z ,  the Q value for the peak is about -75 MeV, 
becoming somewhat more negative with increasing 
angle of observation and slightly less negative with 
increasirrg Z. The width is between 20  and 40 MeV. 

For products with Z near that of the beam, a sharper 
peak is secn at an energy corresponding to the same 
velocity as the  beam. I’hese particles may be due t o  
decay of an  excited projectile-like fiagment; in support 
of this is the  fact that the particles are much more 
intense for Z below I O .  

The Z distributions for the  deep-inelastic pcak show 
an odd-even effect, the e v e n 2  products being more 
intense. This is illustrated in Fig. 1.19. There is 
generally a decrease of cross section with increasing Z. 
The 164MeV “Ne data, taken with a lower gas 
pressure in the AE counter t o  observe products with 
higher Z, suggest that the yield increases again above Z 
= 21, the maximum being at about Z = 25. (This latter 
result pertains t o  -30” only and has not yet been 
verified for angle-integrated yields.) 

Figure 1.19 also shows a strong decrease in yield for a 
given Z as a function of angle: this is seen inore clearly 
in Fig. 1.30. The angular distributions for Z 2 14 nre 
approximately l/sin Oc.m. .  For Z < 14, the forward 
peaking is stronger. 

Estimates of the total cross section for each L were 
made by extrapolating in several ways over the un- 
measured angles. ‘These in turn were summed over Z t o  
give an estimate of the total cross section for the 
strongly damped processes. The uncertainty in these 
estimates comes partly from the extrapolation (-10%) 
but riiainly from the lack of adequate ,howledge of the 
low-Z yields. For ”Ne f Ni at 173 MeV, the 
deep-inelastic cross section summed for 6 < L < 18 is 
500 t 40 nib. 

“ O + N i  

R. G. Stokstad D. C. llcnsley 

The ‘ 0 + Ni reaction was studied at  a bombarding 
energy of 113 MeV by  (using two solid-state counter 
telescopes having silicon iV.,’ counters with thicknesses 
of 13 and 25 p respectively. (These studies were begun 
before the position-sensitive counter telescope became 
available.) Figure 1.21 shows a spectrum of oxygen ions 
scattered at 32”. which illustrates rather well the elastic 
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Fig. I . IY .  I'he Z distribution of reaction products from 
173-McV *ONe o n  nickel f o r  various laboratory angles. Ihe two 
lov.cr CLII \ 'C\  ‘ire s u m \  o i  iiiiic ~ n g l e \  iii I ' steps.  

scattering. inelastic scattering to low,-lying excited 
states, and the broad bump representing the strongly 
damped collisions. Also shown are spectra for carbon 
and nitrogen reaction products. Note that. although the 
deep-inelastic yields for nitiogen and oxygen are coni- 
parable, the carbon yield is about a factor of 2 higher. 
r h e  major fraction of the carbon yield is I ' C. As the 
angle of observation is decreased t o  angles smaller than 
the graiing 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. Her-e it is seen that. 
at forward angles. the position of maximum intensity 
moves up in energy until it attains an energy per 
nucleon equal to  that of the scattered beam. In the case 
of nitrogen ions, one also observes transfer reactions to 
individual low-lying states with appreciable intensity at 
foiward angles. In general. for Z < 8, it has not been 
possible to reliably- separate the yields at foiward 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 
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Fig. 1.20. Angular distributions for products of selected Z 
values from 173-MeV 20Ne on nickel. ilie p o i n t \  bcyond ; i b o u ~  
50" ;ire from suiii\ of qxctra covering a17 intorbal of 9" ( h b ) .  
Thc l/\iii il C u i v e  1': n o r n i a l i x d  to thc Z = 15 d~c t i ibu t ion .  

inelastic products with Z = 5 to  9 all rise more rapidly 
than l /sin O c . r n . .  

'Zct  h 3 C "  

R. 4 .  Dayras 
C. B. Fulnier 

M. L. Halbert 
D. C. ficnslcy 

R. G .  Stokstad 

The reaction ' C + ' Cu was studied at an energy of 
130 MeV by using a 0.1 5-mg/cm2 -thick target and (.he 
position-sensitive counter telescope. The cnergy distri- 
butions of reaction products with 3 < Z < 16 were 
determined at angles between Olab = IO"  and SO". For 
1 > 6. the energy distributions are peaked around 0 = 
-80 MeV. with a width that varies between 20 and 110 
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MeV. 'Hiis is a rein;irkably negaiivt: Q value when 
considering The fact tl-rat the energy available in [lie 
center o f  mass is unly 109 MeV. For piodiic1.s with Z < 
6, the spectra a t  forward aiigles contain sizable coutri- 
butions froin quasi-elastic events that canncit be sepa- 
rated froin the slruiigly damped coli-1porii:nt. The 
angle-in tegrated y ielcls show ail oci tl-even effect. w i t  h 
even values o fZ showing tl-12 higher yields. 
!I icrnarkable feealcire of. this: ieactioii is the appear- 

ance nf ttvo conipvrients in the energy spectra for yields 
with Z 2 8 .  Ncithei. ui- these coniponcnts is qiuasi- 
clastic. This is iliustrated fur Z = 10 in Fig. 1.23, which 

at three angles ~~ 15", 31", a n d  55". A t  
thc largesl angle, only oiic pe:ik, 1r;iving a Q value of 
n' 70 MeV, is present. ~ I I C  relative kirie!ic eiicrgy 
iinplied by this i s  :ihout I5 reater t l i a r i  tliat expecietj 

for a Cwlornb  separation eniergy a t  a distance of 
1 2 ( A  i'" + A ; ' 3 )  fm. This peak, Iiicrefoi-c, can be 
taken to i-epresent the stroilgly daiimpcd process a s  seen 
also i n  

At illore forward angles an additiorial peak appcars at 
an even lower energy. The angular distribution for ttrk 
component is ~ ~ i u c l i  more f~)i~vdrd-r,eake~.l. The Q value 
corresponding to II-iis second component is so negative 
(.- --05 MeV) that, if' one ass11111cs a two-body final 
state, tlie fragnients must have been very elongated at 
tlie point of scission. 

Figure 1.24 shows angular distributions (dci/dQ in 
tnillibarns per radian in the cenler-of-mass sysfeni) for 

0 t Ni and 2 o  Ne t Ni. 
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Fig. 1.23. Energy spectra a t  threc anglcs for neon ions produced in thc "C 4- 63Cu reaction. Note the clear presence 0 1  t b o  
components a t  -31" and the asy-mmetric nature of the peak a t  - 15". which dso st i f fcs ts  two component$. The decotnposition o f  the 
yield into two components as shown in b and c i r  done only ;IS a guide to the eye. l h e  rapid r i x  in the yield at energies below - 1-5 
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Fig. 1.24. Center-of-rnass angular distributions. in millibarns 
per radian. for the total yield of neon and magnesium products 
from bombardment of 63Cu with 130-MeV '*C ions. I h e  
presence of  two components in the yield is also apparent in the 
shape o f  the angular distribution for neon Ions. The component 
having the lower energy I S  more forward-pcakcd 

the entire yields of neon and magnesium. In the case of 
neon, and somewhat less so for magnesium, the 
presence of two components is clearly indicated. At 
large angles the higher energy component is seen t o  
have an angular distribution given by ilo/dn - I/sin 0 .  
This indicates a lifetime of the coiilplex system that is 
sufficiently long to produce a full rotation. If the 
forward-peaked component therefore corresponds to a 
shorter "sticking time," it is not clear why- the scission 
process should produce in this case a smaller separation 
energy. It  is also possible that the presence of two 
components may be connected with the phenomenon 
of scattering to negative angles or t o  some unspecified 
mechanism that produces a three-body final state. I t  
will be interesting to  explore this further. 

Comparison of Results 

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

The Q values of the decp-inelastic peak may be 
rehted to the Coulomb energy of  two charged spherical 
fragments by  

In generlrl, it was fourid that the value of  rI, deduced 
froiri Eq. (1) varies with the scattering angle and the  L 
of the fmgment. Table 1.2 lists measured Q values and 
detl tii:ed values of r0 for fragments having the same Z as 
the beam and ar large angles where quasi-elastic 
contributions should be small. This comparison of the 
three reactions emphasizes the difference between the  
carboii-jnduced 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 thari I/sin 0 except f o r  the high2 
products of the 2 0 N e  reactions. which are well de -  
scribed by l/sin 0 .  The angle-integrated CIOSS sections 
suninieil over thi: measured products rnay be compared 
with the total reaction ci-os': section, as estimated flmn 
the quarter-point recipe. For 173-MeV "Ne OII iiickel, 
u [ ) . ~ ~ / u r e ~ l c  2.5%; this ratio is IO%, for I ' c  +- "CU. 
For 0 + Ni a t  113 MeV, the  ratio is about 22% but  it 
is only 3 to  45% at 96 MeV.4 This remarkably rapid 
change with enzrgy will be irivestigated in fiiture 
experiments. 

A signil'icant fcature of thc carbon-induced react ions 
is the presence of  two coriiporreiits in thc e n e r a  spectra 
for Z ,> Zbcnm. This phcnonieiiotl appears to be absciit 
in tlic oxygen- and neon-induced reactions, a t  least iii 

the pieliriiinary ~nialyscs we have perforriled t o  dale. 

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

_ _  .........._.. .. 

"(;" 130 51 81 1.45 
l 6 0  t Ni 960 40 31 1.16 
'"0 + Ni 113 25 ,  32.5.45 4s 1.16 

Ne f Ni 164 26,42  7 1  1.19 
Nc+Ni 1 7 3  3 3  75 1.13 

2 0  

2 0  

"Radius parameter'i derivcd f r o m  Eq. (1)  ai-id the meitsurcd Q 

" ~ r o i n  ref. 4. 
value. 

Further investigation will be required t o  understatid this 
phenoirieri on. 

1. Cilnsultant. 
2. Chcrriistry Division. 
3 .  Sec this rcport. K. G. Stokatad, I). C. Hensley, and A. 

4. K. Albrecht c t  al., Phhys. K r v .  L r t f .  34, 1400 (1975). 
Snell, "Position-Sensitive Counter Telescc~pe." 

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

The aim of this program i s  t o  provide an under- 
standing of llie macroscopic cliaracterislics O F  inter- 
actions between coinplex nuclei that may be related t o  
sui:h fundarneatal properties of  nuclei as viscosity, 
moments of inertia, and cotnpressibiljty . For a given 
system, we measure the individual cross sections for the 
reaction products (evaporation residues. fission frag- 
ments, quasi-fission products, etc .) in ari effort t o  
account for  the total reaction cross section. In addition: 
we measure mass, energy, and charge ilistrjbutions of 
fission m d  quasi-fission fragments a i d  evaporation 
residues. We obtain charge distribu tioris and evapo- 
ration-residue cross sections with &,--E telescopes, in 
which AE is tneasured by a gas-filled ionization 
chamber or proportiorial counter a id  E is rneasured by 
ii solid-statc detector. Mass distributions are obtained 
by time-of-fligli t measuremerits a t  Berkeley and Orsay. 

Competition Between Fission and Particle Emission 
iii the 

F. Plasil R. E. Halin' 
R. L. Ferguson' 

' Tb Compound Nucleus 

F. E. OIm~stiairi 
€7. Pleasontori 

In This study at ORIC we investigated the reactions 
' Tb*. 

Fission excitation functions for these two sy 
presented earlier,' and it was pointed out that excita- 
tion fiirictions f o r  evaporation-residiie products werc 
required for an unanhiguc)us analysis of the d a m 2  s 3  

The analysis consists of calculations of fission and 
pari icle emission competitiun with angular-n~omentum- 
dependent fission b a r ~ i e r s . ~  7 '  Results obtained for 
' ' 3Tb should provide a test for this angular- 
rnorneti tum-depentknt fission theory.s 

We attempted to measure the evaporat~~.)n-residue 
excitation functions for the two reactions but were able 
to obtain satisfactory results only for the highest energy 
points in each case (165 MeV for "Ne and 120 MeV 
for ' 2 C : ) .  At lower bonibarditlg eriergics ii ~ i i a p  o f E  vs 

L O N ( :  + I . r 3 ~ ~  + 1 5 3 ~ r b *  and c + ' pr -+ ' 
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AE shows that the lowenergy tai l  of the slit-scattcred 
projectiles rncrges rvitli the Iow-AE portion of the 
evaporation-residue region; it is impossible to resolve 
the two types of events. This appears to be a fiinda- 
iiicntal litiiitaiion of our &,-E method. and we may be 
forced to use theoretical predictions for the cncrgy 
dependence of fusion to generate the evaporaiion- 
residue excitation function. 

- 

1. Chemistry Division. 
2. i:. Plasil, p. 107 in f'ro(wd;tiys of tlic Itttcrtintioiiul 

C~tiJc.rctic.r o11 Rrac,tiotic Bctwccii Cotnplcx Aiirc.lci. !Vush villc. 
Jutic 1 Y 74. vol .  2. R. I.. Kobinwn c t  d.. I.ds.. Nor!ll-Ilolland. 
.4inYteidanl. 1374. 

3. 1,'. P h i l  et ai. Wt 1,s. Ilril. A t i i z r i .  Pro,?. Rrp. Drc. 31. 1574. 
OKNL-5025 (1975). p. 32. 

4. i ' .  Plaril and M. Hlann, PIii's. Rri,. C '  11 ,  SO8 ( 1  975). 
5 .  S. Cohcn, I:.  P l ~ i ~ i t ,  and W. J. Swialccki. Atiii. P / I I  s. (A'. Y.!  

82, 557 ( 1974). 

Neon-Induced Fission of Nickel 

F. Pleasonton K. L. €Iahnl 
R. L. Fergiison' F .  IIubert? 
F. E. Obenslrain A .  H. Snell" 

1:. i'lasil 

Fission is predicted to competc favorably with other 
modes of deexcitation for compound nuclei in all mass 
regions when the angular monientiirn of the system is 
sufficiently high.4 Thus. characteristics of the fissioki 
process can now be determined ovci- a greatly increased 
range of mass. exciiatioii energy, and angular inonien- 
tui i i .  Comparisons of fission properties with theoretical 
predictions over such broad ranges piovide stringent 
tests of theory. 

We have attempted to deterniine fission-fragment 
~iiass and kinetic-energy distributions and angular cor- 
relations for fission uf the relatively very light co i~ i -  
pound nucleus formed in the reaction Ni + ' "Ne. 
Surface-barrier detectors were used to measure the 
kinetic energies of two coincident fraprnents resrrlti~ig 

from botiibardrnents of a natural nickel target with 
160.McV ")Ne6+ ions from ORIC. 

A preliiiiinary analysis of these data. based on a 
simple two-body breakup of the target-plus-pi(~jectile 
systcni, appears to support the theoretical predic- 
tioiiss .' t h a t  illis very light system fissions asyniinetri- 
cally. Ilowever. this conclusion inlist be considered 
tentative, because the tilass distributions obtained are 
very sensitive to the precise values of the measured 
energies and because. during the data analysis. we 
became aware of possibly serious uncertainties in the 
energy calibrations. It is likely that definitive iiieasurc 

ments and answers i o  thcot-ctical questions will have to 
\lait until we can repent the experiment with the 
time-of-fligh t mcth od . 

Argon and Krypton Reactiorss with 
Copper and Silver at X<nergics of 

4 ?o 8 MeV/amu 

R. L. Fergusun' B. H. k;rkilla' 
F. Flasil K. H. Stokes' 
1-1. C. Britt' 1-1. 1-1. Giitbrodj 

M.  RIann4 

Counter telescope iiieasiirements have beeii made of 
reactions 4 " A r  + ""Ag at energies ranging from 100 to 
337 MeV at the LRL. Super-Heavy-Ion Linear Accclcr- 
ator (Super-HILAC). Cross sections for evaporation- 
residue products have been extracted and compared 
with predictions of a particle-evaporatiori model that 
includes angular-nicirircntuiii-dependent fissioti compe- 
titioii.s As was reporied earlier.' above about 200 
MeV. the e x i t  at ion function for evaporat ion-residue 
prvducts appears to be dcteiriiined by fission cornpeti- 
tion. I n  the above experiment we have also measured 
elastic scattering and fission-like products and found 
that it was possible to  decompose each fission-fragment 
charge distriliiliion' into a quasi-fission component and 
a fission component I These deconipositions of h i e -  

grated charge distributions are shown i n  Fig. 1.25. Also 
shown are distributions for tlie Kr -1 Cu system. In this 
case decomposition is impossible because the masses of 
the target and projectile are similar to  those obtained in 
a symmetric mass division of the compound system. 

We have also measured the evaporation-residue cross 
sections for Kr + C u  at 494. 604, and 708 MeV. 'The 
results involve large expecimeiital errors due t o  the 
difficulty of measiiring tlie veiy forward-peaked angular 
distribution of  these products. In recent measurements 
we have taken data at 1 with respect to  the beam in 
an effort to improve die accuracy of our results. The 
cross sections that we have obtained so far are 
consistent with the evaporation-fission competition 
iliodel.x 

Most recently we have measured the mass and charge 
dis t rib u t io i i  s of evap ora t ion -res idue products simul- 
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ta~ieously from "Kr bonihardments of 'Cu. At 3" 
(Id) )  the average mass mrnber  \vas found to be -128, 
corresporrditig to 23 evaporated nucleons. The width o f  
i h c  distribution was 7.5 arnu. The  average charge was 
-60, and the width of the charge distribution was -5 
units. These nun th tx ,  however. are only teniative due 
io calibration uxicertainiies. In the future. by further 
analysis of the data. w e  plan to  look f o r  structure in 
these distributions and cornpars. it with evaporation 
cd (:id a 6 ions. 
.--- .... - ................................. 
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Quasi Fission in Argon and Copper 
Bornhardmeimts of Gold 

C .  Ng6' R. 'Tamain' 
J .  Peter' F .  I-ianappe2 
F. Pl;wiI M .  BerIariger2 

Thr: purpose of studying the C u  + A u  system at 443 
MeV was to cornpare the results with those obtained at  

365 MeV and thus to obtain information 1111 the eneygy 
dependence o f  t i c m i  f i ~ s i o n . ~  I t  was found !hat qciasi 
fissiori cmtiniied to account foI a h g e  fraction of { t ie  
tvkd reacticjri cross sect io t i  arid that 1111. cvenis were 
virll separated from o t h e r  events (sui:li its quasi-elastic 
events> exzcpt iieiir die grazing angle. The angulai. 
distribution do/cl'U was found io have a broad peak 
fwward of the grazing angle a n d  io have a fiiiite value 
at 0 " ~  This may imply the existence of nuclear orbiting 
at this higher. eitetgy. The miiss dislributions. as a 
fi.inciicm of angle. sllowed a s in i ihr  bi:havior to those at 
the lower energy, b u t  they were somewhat broader. The 
contribution of fission W;IS litrger a i  44.1 MeV than at  
365 MeV. 

Previous experiments with argon on iaigets such iis 

gold were a11 carried out at energies relatively high 
above the interaction barrier. 'k purpose nf ou r  study 
(.If A r  + , 4 1 1  at  220 Mi:V was io see wherlier, at an 
energy close to  the iriteractjon harrier, quasi  fission caii 
lit: observed as a well-separ;itecl process. *i'his was indeed 
found io b e  the ciise. Quasi - f iss ion events forrncd a 
characteristic peak at all angles (except a t  ilie grazing 
angle, where they  mcrged with pari idly damped 
cvents). 'The peak wits well separated from rhc fission 
peak. 'The angmlar distribution of quasi fission was 
found to peak forward of the grazing mgle: as was h e  
case i t )  studies with heavier ioris such as copper and 
kiypton. Thus, (fie quasi-fission process also occurs in 
sy!;terns ofher than those involving very tieavy ions such 
as cripper and krypton. It is likely t h a t  the exter i t  of the 
quasi-fission coritxibution does riot deperrd mi the 
specific systern involved, but rather on the relative 
magnitudt: of the Couloinb ( a i d  ceritrifugal) poteritials 
and o f  lhe forces driving toward fusion. si.icIi as the 
nuclear. potential arid the incident ~ i ~ ~ m e i i t i i i n .  

'rhc cross section Tor the fiisiiiri of kieavj inns at high 
energies is of interest iecaLisc it depends ori the 
properties of the entrance channel and ciin give infor- 
ma tion on rlie highly excited cumpound nucleus. 
Experiirnental data for very light systeins 11ave not been 
avail;ible, however, possibly becausc the evaporation 
resjdues produced a t  higher bombarding eiiergies have 
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masses comparable to or even less than the projectile. I n  
this case, separation of the products of inelastic direct 
reactions and of fusion is no  longer routine. Fusion 
measurements at high energies and for light systems. 
however, are of particular interest because systems 
having fewer nucleons might exhibit phenomena quali- 
tatively different from those observed for heavy sys- 
tems. Possible differences are ( I )  a dependence of 01 on 
microscopic propeities of the entrance channel o r  ( 2 )  a 
limitation of af imposed by angular momentum restric- 
tions in the compound nucleus rather than by the 
entrance channel. 

Beams of I N at seven energies over the range of 43.8 
to 178.1 MeV were used t o  bombard a carbon foil 
having an areal density of 273 /rg/cin'. Reaction 
products with Z = 3 to 12 were identified with a Ak.-E 
counter telescope in which the AE detector was an  
ionization chamber 9.5 ciii long and filled with methane 
at a typical pressure of 20 torr.3 Angular distributioiis 
were measured over the range of 4" t o  40" (lab). I n  
sonic measurements. an ionization chamber incoipo- 
rating a solid-state PSD was used.4 

The yields of neon. sodium, and magnesium nuclei are 
clearly the residues of compound-nucleus formation 
followed by evaporation of light particles. These resi- 
dues have a velocity distribution centered about the 
velocity of the compound nucleus and broadened by 
the recoil imparted by light-particle emission. The 
yields of lighter eleriients. however. may contain contri- 
butions from two-body reactions i n  which one or more 
nucleons are ti-ansferred. 'These cwntributions appear 
with a velocity characteiistic of that of the projectile 
and thus have an eiiergy typically higher than that for 
an evaporation residue of the same mass. 

We believe that i t  is possible to separate these two 
coiiiponcrits with sufficient confidence to enable the 
extraction of fiision cross sections. The separation relies 
on the expectation that the energy distributions for tbe 
cvaporatioii residues change consisteritly from eleiiicnt 
to clement. As the Z of the residue decreases the 
centroid of the Ciicrgy distribution decreases a d  the 
width increases. These  considerations have been q u a n t i -  
fied by developing a Monte Carlo coinputel- code.' 
which uses the Hausci--Fcslibacli prescriplion. iilcludiiig 
aiigular iii(iiiicntiiiii, for the statistical decay of the 
conipouiid systciii. I n  this way,  the relative intensities. 
energy distl-ibutiviis. and angular distr~jbutiona of t h e  
evaporation residues may be prcdicted in the la'otii-atoiy 
systein. We einpliasize. however. that our analysis of the 
reaction products is n o t  directly dependen t o i i  this 
niodcl: the calculations sei-ve only to give confidence 
that tlie peak shapes assurried iri the analyses of tlie 

energy spectra coi-respond t o  those expected for evapo- 
ration residues. 

The foregoing reinarks are illustrated in Fig. 1 . 2 6 ~ .  
which shows measured and calciilated energy spectra 
for sodium and nitrogen nuclei produced at bonibai-d ins 
energies of 86.3 and 167.1 MeV respectively. Similar 
agrcemcnt has also been obtained a t  other bonib;irdinp 
energies from 4-3 t o  178 MeV for the energy spectra iind 
for angular disti-ibutions of othei- elements. The change 
in the elemental distribution of the evaporation residues 
with bombarding energy is as would be expected from 
the decay of a coiiipound nucleus fui-incd with in- 
creasing excitation energy and angular nioiiien tuin. A 
comparison of ineasured and predicted relative yicltls 
for evaporation residues at  two eiiei-gics is shown in Fig. 
1.26b. 

' l h e  experirncntal 1-csults a i e  prcst .n~ed iri b'ig. I .37.  
1:igure I .77 ;iIso includes nicasiirenieiits by Kirehnci- 
and Aluiqvist" 01' the fusion c r o s h  sc'ctioii a1 lower 
energies. Above 40 MeV. the avt ' i~~ge Ilision cic)ss 
section. o I .  is 8 I 7  ? 77 nib. Considci.iiig a sysreiiiatic 
el-ror o f  i?'; o t  o f .  this corresponds I O  ;I critical radius 
pal;llileter f.L.r - 1 .ox t 0.04 tm. A good !'it t o  the I O M -  

and high-eneigy data is given by the niodel 01~GI:is and 
biVlos~i7 witli tile p;ii-;iiiieters r c r  = I . O O ~  :z (1.0, r ) )  

= 1.17. and L' (Rl j )  = 0.3 (Fig.  1 2 7 ) .  

The values of ui a t  high enel-gies tliei-efore may be 
explained by an entrance-channel requirement t h a t  the  
colliding ions penetrate to a ci-itizal radius .  In  the 
present case this radius corresponds t o  a combined 
nuclear density p ( .  i n  the uverlap region of O.(ip,, t u  
0.9po.  where p o  is the central density. This value is 
comparable t o  the value pi - pI, obtained for lieavici- 
systemsh ( rc r  - I .O I 0.07 ) .  

Ai1 alternative explanation of the limitation on o f  
involves the maximum angulai- iiioiiientiiiii of the 
coinpound nucleus ' " A I  for a given excitation cnei-gy 
(the yi-ast line). 'l'his is shown i n  Fig. I .17h. Here. the 
values o f  J ,  defiiied by 01 = nX2(J, .  + 1 )? are plotted vs 

excitation enei-gy in ' " A I .  ~ I i e  data determine a straight 
line o i i  a . / ( . ( J ( .  t 1 ) scale. which, in a rotational model. 
iiidicatch a nioment o f  inertia ?..)/ t i '  = 7.7 t_ 0.7 MeV ~' 
and a hand-lic:iil excitation energy of -1  5 MeV. I h e  
abovc moment  of' inei-tia corresponds, foi- exalilple, to a 
btiungly defoiined '('AI nucleus (0 - 0.5 f o r  a prolate 
rigid r o t o r )  OI- to ;I I 'C  nucleus and I N nucleus 
orbiting a t  a separation o f  ( 1 .Oh -t O.05)(.4 / 3  + A  1'" 
fin. The band head is located. perhaps not coiiiciden- 

Thus. the observed values o f  a t  energies greater than 
30 MeV may be cxplaiiied by pc~stulating a compound 
nucleus tha t ,  f o r  excitation enei-gy l<.y, h a s  a inasimurii 

tally, a t  the separation enetgy for ' " A I  -f I 'C + I 4 N .  
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E,< = (7.7 MeV-') -.'J,(J, + 1)  + 15 MeV . (1) 

The present experimental results alone cannot dis- 
tinguish between these alternative origins f o r  the 
limitation on uj. (entrance cliaririel oI compound nu- 
cleus). However, wtieri ;tssuming unly fliat a n  equili- 
brated compound nucleus is formed in this reaction 
(regardless of tile origin of the litnitation on uf), the 
experiniental data suggest that the "A1 riiucleus (1) is 
very deformed for excitatiori energies Ex and angular 
momenta J,. similar to  those given by Eq. (1) ;ind (2) 
has been formed witli an angular mcmen turn tiearly 
equal t o  the limit for a rotating liquid drop,' - 25.5k 
1. (.)ti sabbatical leave iiom Instituto d e  Fisica> University of 

2. Consultant with the Physics Division. 
Mexico, Mexico City. 
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I'RANSFER REACTIONS THAT I.EAD I'O 
THENUCLEI 2 4 5 C f A N D  2 4 4 C f :  

INTERACI'ZCPN OF 0 AND '('Ne WlTK 2 3  9Pu 

R.  L. Hahn' 
T;. Hubert? 

P. F .  Dittner' 
K .  S. I oth  

111 a continuation of studies o f  transfer reactions. 

we have measured excitation functions for 
reactions on 2 3  'Pu induced by "0 and '('Ne bealils. 
lcading to  the radioactive nuclides 2 4  'Cf and 2 4 4 C f .  
The experiments involved the use of helium gus-jet zind 
radiochemical separation techniques. 

Freliininary analysis of the data indicates that ( 1 )  the 
magnitudes of the cross sections for the reactions X 1 

Cf. when projectile X i s  either ' 'C, 
0. or "'Ne, are about the same, <with maxinnuni 

values of 7 to  I O  pb. and ( 3 )  the shapcs ( i x . .  eiiergy 
dependence) of the excitation functions obtained with 
the I 'C, 0, and '"Ne beams are all very similar when 
plotted as a function of excitation eneigy. 

These results strongly imply that a coiniiion transfer 
inechanisrri is operating in all of these reactions. Result 
( I )  indicates that the californiiitn products are not 
produced by coiiipound-nucleus reactions 01- by radio- 
active decay of nuclides with Z greater than that of 
californium, because the cross sections for such reac- 
tions on plutonium decrease, due to  increasing compe- 
tition from fission. as the L of the projectile increases. 
Resitlt ( 2 )  indicates that some common excited inter- 
mediate caIiforniurn nucleus (vich as ' 4  7Cf) ,  formed 
by the transfer of a coninion aggregate (such as 8Be) 
from the projectile to  the 2 3  'Pu target nucleus. i s  
probably involved in all these reactions. 

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

pieviously reported for the reactions of 'C f 
2 3 9 h . 3  ,4 

23!Ipu ~ 2 4 5 , 2 4 4  
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MONTE C.4RLO IlhUSER-FESHBACH 
COMPUTEK CODE 

J .  Gomcz del Campo' R .  G. Stokstad 

A computer code has been developed for predicting 
the relativc intensities. energy spectra. and angular 
distributions of evaporation residues produced in heavy- 
ion reactions such as I 'i' + The Hauser-Fcslibach 
prescription for the decay of the compound niicleus is 
used in conjunction with the Monte Carlo method to  
calculate cross sections in the  laboratory system. 
Ai~gular moriicntuin is included explicitly and found t o  
be extremely important. pal ticiilarly at high boiii- 
barding energies. Approximations that have beeri 
made 31-e ( 1 ) a "constatit-teinperature" expression 
fo r  the densities of Icvels i n  the residual nuclei, ( 2 )  a 
1 /sin 6'c.ln. emission probability. and ( 3 )  a sharp-cutoff 
aQpro;&iation for the transmission coefficients. 

The code requires less than I6K of memory and 
presently executes on the CDC 3700 comlputer at the 
Van de Graaff. The rate a t  which the code can 
"evaporate" particles depehds on the maxim uii-i angular 
moirientum of the coinpound nucleus. Jlllg,x. For J,;,x 
= 12, the rate is -37 particles per second. but for JnlaS - 26. the late drops t o  about 23 particles per second. 
1 hesc two aiigiilar momenta correspond t o  4 N  bom- 
barding energies of 43 and 167 MeV respectively. 
Bccairse the average number of particles evaporated by 
the compound nucleus is 2 and 5 in these two cases. the 
corresponding running times for I Os fusion events are 
1.5 and 6 hr respectively. (The IBM 360-91 would be 
about 40 tinies as fast.) 

Coiiiparisori of the predictions of the code with 
experimental data for the 2 C  -t l 4  N reaction has been 
made over a wide range of bombarding energies, from 
43 to 167 MeV. The agreement has been quite 
satisfactory. Figure 1.28 shows some typical cornpari- 
sons. 'The code has been of value in understanding the 
spectra observed in the 'C 1- I N rcaction and will be 
of general use in extrapolating angular distributions to 
vcry foiward angles where measirrerncnts arc not 
possible. 

-. . 

1 .  On wblnt ical  leave from Insti tuto de  kisica, University of 
Mexico. Mexico City. 1. Chemistry Division 
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I h e  performance of the detector  is illustrated i n  Fig. 
1.30, which shows 'I A I  X 1: array f o r  the products of  
the reaction '"Ne + N i  at  173 MeV.  A projection o n t o  
the M< axis of all events in a nai-I-ow regioii 01' N:' + I:' 
centered about  I 5  MeV is shown in Fig. 1 3 1 .  Here one 
can see the resolution o f  adjacent elcineilts tip t o  Z - 
2 8 .  Most of  the c~hseived spread in Ah' originates wi th  
energy loss straggling. I t  appeiii-s that highei- values o f Z  
would also be resolved if they were produced in this 
reaction with sufficient energy and intensity.  Because 
the thickness of the A/; detector ~ '311 be varied easily, it 
has been possible t o  use the detector  f o r  a variety o f  
reactions and for observation of alpha particles as well 
as heavy ions. 

GAMMA-kUY MIJLTIPLICITIES IN 
'('Ne f '"Nd HOMBARD%IENTS 

D. G.  Saianti tes '  J .  H. Barker. '  
S. A.  G~-onemeyel- '  M .  I , .  I lalbcl-t 
E .  Eichlcr' D.  C .  Hciislcq 
N. R. Johnson'  K .  A .  Uayras 

The iiieasui-eiiieiit of  tlie number of' gainina lays  
acconipmying riucleai reaciions has been shown io he a 
proiiiising tool t'or studying nuclear reaction ineclia- 
n isms, espcc ial ly fo  I in\/ es t iga t i tis the dis t r i b II 1 ion o 1' 
angular Ilionlenttllli in thc parent nticlei. I t  is pu t icu-  
lady interesting to study heavy-ion reactioils ncai- 7 
MeV/iiucleon, a point at  which o ther  types ot'exl)ei-i- 
ments  suggest that the coni~~(jund-nt ic leus  nicc1i:inisiii 

gives way to different pi-ucesses. 
A iiiultidctector apparatus consiatiilg o f  eight Icad- 

shielded 5.08- by  7.63-crn N a l  detectors. a I-eaction 
chariiber wi th  a OO" poi-t fo r  a Gc(Li) couiitei-. and a 
support  st ;I II d w;i 5 c o n  3 t 1-1 i c  tcd ;it Washington U n 1 - 
veisity. T h e  N a l  c o u n t c i s  view tlic tal-get a t  vai-ioiis 
atiylcs bctwt.cn $5'' and 130" t o  the b e a m  TI115 

apparatus arid the assticiated electi-onic equipiiient wcrc 
brought t o  OKlC i n  Dcccmbcr and used in  ;I t 'bu--shif t  
trial r u n .  We successfully acquired da ta  on gaininii-1-ay 
multiplicities. relative intensities. excitation functions.  
and related quantit ies t'roni the boiiibai-diiicnt of a 

Nd target with "Ne at 138. 155. 165. and I73  
MeV. 

The Nal dctectoi-s f u r n i h c d  only yes n o  signals as t o  
wlicthcr or [ io[ pulse in coincidence with the Ge(Li)  
detector had occui-red above threshold (- 100 kcV). 
7 h e  events were tagged accoi-ding to the I l U l I l k J ~ l ~  of N a l  
counters that  had been ti-iggered and were sorted into 
sixteen XK spectra in the OKlC computer by a specially 
developed data-accluisit i~)n p r o y a m .  One of these 
spectra was uscd to stoi-e Gc(Li)  singles ( n o  Nal  
coincidences). Light spectra wcic foi- t l i e  1 -fold Na l  
coincidence events f o r  eacli o f  tlie eight Nal  counters.  
The  seveii o the r  spectra contained ?-fold, 3-fold.  . . . . 
8-fold events without  regard t o  which o f  the N a l  
couiiteis had been t r igered .  For the analyses done thus 
far. [he eight I-fold spectra were suniiiicd t o  one 
spectrum. Figiirc I .j? s h o w s  an example o f  these 
spectra f o r  the 138-MeV ' "Ne beam. 

I s o  

I'reliniinaiy analysis gives the following results. 

1 .  Most o f  the discrete gaiiiina rays correspond to 
known t r a n s i t i o n s  in the ground-slate band of  X I I  

and O;.YII products. with .Y fi-om 5 t o  I O .  As the 
bombarding energy is increased I progressively more 
neutrons 31-e emitted.  as expected. At  the higher 
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O R N L - D W G  76-4592 bombarding energies. the (yxn products carry more 
than half of the xn  f m n  observed cross section. 

3 .  For a given exit channel, the average garnma-ray 
multiplicity 0 for the observed ( J +  2) -+  J transi- 
tions is independent o f J .  

3. 'The average multiplicities vary froin about 10 to 30 
(see Fig. 1.33). They vary sinoothly as a function of 
beam energy (increasing with energy for a given exit 
channel) and as a function of x (decreasing with x a t  

a giveii beam energy). For a given x and beam 
energy. C.10 is smaller for the ax11 channels than for 
xi? channels. The weighted average of OW} for all 
observcd channels is about 20  and is substantially 
independent of beam energy. 

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

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 ener- 
gies. 

40 

g 
20 

x =  5 - IO 

1 

- ..... I . I - - . . L  ..... 1 
I20 I40 160 I80 

0 

Fig. 1.33. Avcragc inultiplicities for  vaiio?is cr i t  channclls as a 
function o f  bombarding energy. 

rnents of Nal pulse heights, and aiigular correlation 
studies. 

Future plans include extension of  these experiments 1. WaSh;hinirton Saint L,,ujs, Mo, 
to other reactions forming the same compound system. 
measurement of neutrons and alpha energies, measure- 

2. Cheniistry Division. 
3 .  Saint Louis University. Saint Louiq. Mo. 
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Fig. 1.32. Ge(Li) spectra in N-fold coincidence with the Nal detectors in the bombardment of l soNd by 128-McV "Ne. Known 
gamma r a y s  f o r  the dominant channels arc marked. 
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HEAVY -ION MICROPHYSICS OR N L - D WG 75 - 1 5 7 78 fi 

REACTION 4C(6Li,GHe)1 4 N A N D  DISTRIBUTION 
OF GAMOW-TELLER STRENGTH 

(1. D .  Goodman 11. C. I-Iensley 
W .  R.  Whar1,oii' 

Many allowed beta decays proceed with rates that are 
orders of' rriagnilude slower than the rates implied by 
tlic weak inktaci ion ;urd lepton dynamics. This p u A e  
has long been recognized in nuclear physics, but, 
althoiigli the effect seemed to be due to a general 
feature of nuclear structure, the lxginniizgs of a real 
understanding of the effect did not come uritil analog 
statps wcre discovered with the (p,rz) reaction.' Analog 
states are connected ky the same matrix elenient that 
a p p u i s  in an ajlowcd Fermi bc ta  dcc'iy, and, insofar as 
the states are perfect analogs. no Fermi strength is left 
over for any other statt:s. 

'Thz situation ciinnot 1)c quite s o  simple f o r  Garnow- 
Tellc~ ( (2 .T.)  decays, bu t  because they ~tlso arc in- 
hibited, the suggestion has been made that G.T. 
strerigth is also concentrated in an energy region tliat i s  
not accessible to the beta d ~ c a y . ~  N o  systematic 
mapping  of the C.T. strength has ever been done: but 
Wharton and Tkbevec ]lave shown i l la t  the (' Li,"I-Ie) 
reaction can be usccl as a pfobe o f  the G.7'. ~ t r e n g t t i . ~  

'The decay- of I 4 C  is an  extreme exaillple of  an 
inhibited G.T. decay: thc rate is allour I O 6  times slower 
t i l a i  i t  would be if tl1c.x were n o  nuclear sirticture 
inhibition. We h:ivc exploited the smallness o f  the G.T. 
matrix e lemmi,  4 N g , s  / I ( J T ~ \ '  4C), t o  show first that 
the L = 0 psrt of  the CI'(ISS section docs not  contain 
large contributions ironi processes not proporiiorial to 
the C.T. matrix elernent: Ihat is,  ttiiit it is in fact 
proportional to tlic <;.'I. i-ri;~ trix elcinent. Second, we 
have mapped the G.T. strength between I 'Cg.<. and 
'N up to about 12 MeV o f  excitatioti in 4 N  arid have 

fouiid that the 3.95-MeV state coniains at least 90:h of 
the G.T. strength. and possibly all of it.  'l'hus we can 
rephrase the traditional description o f  the retarded beta 
decay of 4C to say  hat i t  docs not result fi-orii an 
accidental cancellation of ihe G.T. matrix to thc ground 
state of 'N but rather that i t  i s  a consc(pmce of  the 
concentration of the G.T. strength in  the 3.05-MeV 
state. The mwsurcd differential cross sections ;1r!3 

shown in Figs. 1.34 and 1-35. 
Because WE can m;ip the G.T. strength over a large 

region of excitation, we are able !o find slim strerigth 
that carinot be found througli hzta decay. The sun1 
strength j s  sensitive to  the W L I V ~ '  function of the initial 
state alone, whereas the matrix elernent measures the  
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overlap of the initial and final states. We tind that the 
theoretical wave fiiriction for I 4 C  of  Visscher a n d  
Ferrel' and that  o f  Cohen and Kiirath6 bo th  over- 
estiinate thc sum strength.  

Our future plans are to  extend the mapping o f  the 
G.T. strength t o  other  mass regions and t o  map the 
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Fig. 1.35. Angiilar distributions for  tlic L4C(6Li ,6Hc)  re- 

r c ; ~ ~ t i o i i  <ire \ I i ~ i ~ v i i .  uwig  tlic potential\ described in thc cdption 

o f  I.ig. I .34. 

strength between "CI and 1 7 ~ 4  t o  provide dat;i that  
might be useful in calculatin:; the neutrino-detection 
efficiency of more precisely. 
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' C + I C REACTIONS 

K .  M. Wielamd' '4. I t .  Snell' 
C .  B.  Fulincr P. H .  Stelson 
D.  C .  Hensley R .  G.  S toks tad  
S. Raman G.  R .  Satchler 

L. D.  Rickcrtsen 

Progi-ess in understanding the rnechaiiisms involved in 
12c + I 'C induced reactions has continued on both 

period. clastic and inelastic scattering ltad been ineas- 
ui-ed a t  seven energies spanning the range from 74 .3  t o  
117.1 MeV (lab)." I t  \viis decided that additional 
measttrctiieilts at intervening energies were neccssiii~y t u  
establish the continuous and regular evolution o f  the 
structure in the angu1;ii distributions near '10" and to 
provide a more coniplete test o f  ;In): reaction model.  
The  new exput-iineiital data wei-e t;ikcn a t  boi~lbai-di i~g 
energies of 78.8. (13.8. 105. 117.0, 117.1. 121.6. and 
126.7 MeV and with a diffet-ent foi-in of' PSD having 25 
individual sections spaced 0.6" apart .  'I his detector 
offered a much  improved efficiency over the previous 
detector.  The experirriental results for the clastic and 
inelastic scattei-ing coir1IJai-C favorably with the previous 
results and d o  indeed show LI regular change in the 
structure of  the angiilar distributions with bombarding 
e iic rgy . 

The inelastic scattering t o  the 2' (3.43-MeV) state 
;tiid the niutual excitation o f  these states is known t o  be 
very i r~ tensc  as a result o f  the large E? transition matrix 
element connecting the ground and the tint excited 
state of  "C. This raises the question as t o  wlictlier 
single o r  niultiple nucleon transfers might also be strong 
processes. Mcasuremcnts o f  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 

expel-iincntal and theoretical fronts.  In the p r t \ i  ' I ous 
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available, we chose to measure fairly complete angcilar 
distributions at 9.3.8 MeV, using two solid-state M - E  
counter telescopes fur this purpose. Figure 1.36 shows a 
representative energy spectrum for onc of the reaction 
products, €3. 'There are only a few strong peaks in the 
spcctruni even though a large number of excited states 
arc available. Figure 1.37 compdres elastic and inelastic 
angular distributions (at 93.8 MeV) with those for 
representative one-nucleon and two-nucleon (pn) trans- 
fer reactions. Data for wz. pp,  and p 2 n  transfers are not 
shown in Fig. 1.37; these were observed in some of the 
N7-E spectra with cross sections much smaller lhan 
those of the one-niideon arid pn ti-ansfer reactions. 'The 
angular distributions for proton and neutron transfer 
reactions are similar (as would be expected froni isospin 
symmetry) and arc more forward-peaked than for ,on 
transfer reactions. 

Both the selectivity of the transfer reactions arid the 
structure in the angular distributions arc typical of  
direct reacliori processes. We see in Fig, 1.37 that  cross 
sections fur the strongest transfer reactions are a factor 
21 0 smaller than far elastic or inelastic scattering io  
low-lyirig states. The single transfer is of interest in 
addition to its usefdness in calibration for calculations 
of double-transfer processes; i t  will be viiluable t o  know 
how well the optical potentials derived from elastic 
scattering will d o  in DWKA analysis of these transfer 
reactions. 

Significant progress has been achieved in the analysis 
of  the elastic arid irielastic scattering. We found that the 

shallow real potentials introduced by the Yale group 
produced quite adequate fits to the experimental data 
at  angles less than o ~ . ~ ~ ,  - 45". However, at angles 
greater than 60", the quality of the fits deteriorated, 
with the predicted cross sections tending to be too 
small. Various attempts were made using Woods-Saxon 
potentials tu improvc this siluation, but none was 
par ticulaidy successful. The introduction of potentials 
dcrived froin the folding model," however, has resulted 
in a marked improvement in the overall quality of the 
fits in the back-angle region while maintaining a11 
equally good quality in ?fie forward-angle region. 
Although both types of potential are similar in the 
external region, 6 5 Y 5 7 fm, the folded potentials are 
significantly more attractive in the region P < 5 fm. I t  
also appears that good fits t o  the data require that the 
scattering be sensitive to the potential in the region 3 t o  
5 fin. This is because shallow imaginary Woods-Saxon 
potentials provide superior f i t s  to the data and, it n ~ y  
be shown, are sufficiently transpateot that a change io 
the real potential at Y - 3 fin has a noticeable 2ffect on 
the predicted cross sections. It thus appears that the 
real potential in this interior region of 3 to 5 fni is inore 
attractive than has been indicated by opticalmodel 
analyses of data :it lower energies. 

Folded potentials derived by using several f o r m  for 
the rluclecin-nucleon interaction were investigated. The 
Gaussian interaction required a normalization factor of 
N - 0.6, whereas a Yukawa interaction gave N - 1 .O. I n  
all cases, the fits to thc data were cornparable, and tlie 
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value of N was independent of the bombarding energy 
and similar to  the values of iV found for a variety of 

different heavy-ion systenls including, for example, 0 
+ ’* Pb. Recently. a more “realistic” nucleon-nucleon 
interaction has been derived by Ecrtsch et al.’ from the 
Reid potential. Although we have not investigated this 
potential as extensively for the elastic scattering, it 
appears to give cornparable results for N = 1 .OS. ‘Ihe 
important feature scems to be the greater strength of 
the folded potential in the interior region, and not so 
much the particular form of the interaction used in the 
folding procedure. 

Figure 1.38 shows measured and predicted angular 
distributions for the elastic and inelastic scattering ai 
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big. 1.38. Elastic and inelastic scattering at  102 MeV. The 
incldstic sut ter ing IS the sum of th.- t%o crtctlonq 

1 2  c[  I2C,l 2c(2+)] I2c dnd 2C(1 2C,12C)’2C(2+). 1 hc theo 
rcticnl Lurvc\ are obtdtned usine redl potentidls from thc toldlnz 
modcl and transition densities as described in the text and with 
:in uimginary potential given by I+? = 13.9 MeV, I’’ = 1.22, 
and a 0.54. 

102 MeV. The potentials were obtained from the 
“realistic” interaction desclibed above, The excitation 
of the 2’ state was calculated with the DWBA using a 
folding-model form factor. In this case, the transition 
density was taken from electron-scattering data with I 

’O-‘ 0 L---L---L---L--.-’~d 90 20 30 40 50 60 70 the assumption that the neutron and proton densities 

e,.,,(deg) are the same. Complex coupling was included by 
deforming the Woods-Saxon imaginary potential. Bc- Fig. 1.37. A comparison of the angular distributions for 
cause the normalization for the real potential and the claqtic and inelastic acattcring and for transfer reactions a t  93.8 

M ~ V .  ~ ; , t a  pound states: the parameters for the imaginary potential were determined 
d;-cta for the excited s ta tes  arc similar. by the elastic scattering, the calcdation of the 2’ 

\ I , C > L V ~  for the transf,-r to  
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excitatioii does not Iiivolve any adjustable paramctcrs.  
The agreement is seen 1-1; be quite good in lhis case. 

........ __ ...... 
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NUCLEAR REORIENTA7'IC)N EFFECT FOR 
INELASTIC HEAVY-ION SCATTERING 

1;. Todd Baker' Alan Scott '  
D. C .  Herisley D .  L. Hillis 

E. E. Gross 

We have begun a survey of ihe (I 2C:,' '(2') reaction a t  
I1 MeV ~ I - C U L T I  s-d-shell nuclei. The projt:ctile energy is 
sufficiently high f o r  the mgular distributions ibi- 
excitation of  the first 2' states to  have distinct 
diffrac! i o n  structurc. C oupled-channels (CC) calcula- 
tiims reveal that  the predicted pliiise of  [ h i s  diffractiml 
structure is quitc sensitive to  the a:;sumed qtiadrupole 
rnonient of the txcjted state;  this sensitivity is due 
mainly to intcrfercnce between the direct (0' -+ 2'j 
and jircct-plus-reorientation (0 '  -+ 2' + 2 ') nuclear 
(not  Coulornb) amplitudes. 

Preliminary calculations show ' 6Mg t o  be p iohte  and 
2 8 S i  i . ~  be oblat!:. Data for exLitatiori of the first 2' 
state of "Si are quite different from the "Si data, 
which suggests that ""Si is probably prolate. Wc plan to  
continue Itiis suivcy by acquiring data froin "Mg and 
S. 3 2  

fNELASTIC SCATTERING AND TRANSFER 
REAC'TXCINS FROM C IONS ON ' Zr 

S. 7. Thornton' 3' 

J I ) ,  E. Gustaf:;o~t' .* 
J.L.C. Ford, Ji 
K .  S .  Tot11 

D. C .  Ilenslcy 

Studies of kicavy-ion reactions tu filial states indicate 
thxt kinen1:itically well-rnatclied one-riusleori tr:insfst 

[nay bc well describcd by DWUA calcula- 
tions. However, in cases of poor kiricrriaric imtching ilic 

angular dislribuiicins predicted by the DWHA do not 
a g r w  with the  dar ii, alLh(iijgl1 reasoriablc spectr~scopic  
factors may be obtained."~' 

Becausc of the simple shcll-niudel picture in  the '" %r 
miss region, wc havz studied the '"J%r(' 'C, '  ZCj9"%r*.  

'"%r(' 2 C , 1  IC)" I Zr ,  2nd u o Z r ( 1 2 C . 1  'D)" Nb reac- 
tions s t  98-MeV incident ericrgy. Angular distiitmtions 
li:kvC been obtained for tiansitions to  several states of  
llie residual nuclei. Nuclear-Cuiilurnl, intcrferciize ef- 
fects: werc obsci-ved in the iriclastic scattering. By using 
IIWUA c.ilculat ioiis with collectivc. f9rm factors, dc- 
formation paranietcrs pili arid Qc were obtairieti for the 
lowest 2' and 3 .- statc.; in 9 0  %r. The  transfer reactions 
were analytsd using a finite-range, recoil DWBA code, 
and spectroscopic factors W C ~ C  obtained for coinparisun 
with res id  I s f r o m  prcvious 1 igh t - j  011 b onibardmeri ts . 

C ions  obtained with ORlC were used 
to  bonib;ird a targct of  SO pg/crn2 o f  eririchcd "'Lr 
evaporated onto a thin carbon foil. The rex t ion  
products were dctectcd in a 60-cm-long position- 
sensitive propotlional coiinter located ;IC thc focd plane 
of  the b road-rai igr 11 i agric tic spcc t rogra pli  . 

?'fie Q vnliues for the 9 0 % ~ ( '  2C,1 'C )  and 
'"Zr("C~"B) reaci~ions arc - -  11.519 arid --10.708 

Tlie %-MeV 

ClilNL-DWG 75-1053' 

.... 2.17 MeV 
(TRIPLET) 
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Fig. 1.40. Center-of-mas5 angular distributions for the 
90Zr(12C.1 't3)"Nb reaction measured a t  an incident energy of  
98 McV in tlic present experiment. Thc ground state ;rnd the 
0.104-hlcV state were unrc\olvcd. The s o l d  line\ arc I ) W l 3 , \  
predictions. I ,or  t h e  3.37- and 4.72-MeV Icvcl.;. prediction\ wcrc 
nude with t w o  c l i o i c c ~  <)I rrj that rc\ultcd in  silnilar angular 
distribution s lu  pc h.  

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

The fits to the arigular distributions for states 
observed in ' Zr and Nb are showii in Figs. I 39 and 
1.40. The results of the finite-range. recoil DW5A 
c;dculations are not i i i  good agreement with the transfer 
reaction data. The magnitudes of the calculated cross 
sections are reasonable and yield qpectroscopic factors 
consistent with light-ion-induced results. Ilowevcr, the 
theoretical curves disagree with the shape of the 

measured angular distributioiis. The predicted peak 
angle of the angular distributions is about So larger than 
the observed peak angles. Reasonable changes in the 
optical-model paianieters will not account for the 
d isore p an cy.  

We believe that these transfer reaction data, therefore, 
indicate a clear failing of  the DWBA. The present 
reactions should populate good single-particle states, 
and the incident energy is well above the Coulomb 
barrier. The disagreement seems to be associated with 
the large angular momentum mismatch between thc 
entrance and exit channels. 

1 . Department of Physics, University of Virginia, Charlottea- 
ville (research supported in part by thc National Science 
Foundation). 
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ConJei-ence oil Reactions Between Conzplev Nuclei, Nashville, 
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ELASTIC AND INELASTIC SCATL'ERBNG 
OF 70-MeV I 'C IONS FROM THE 

EVEN NEODYMIUM NUCLEI 

L). L.  HiIIis' 
E .  E. Gross 
D. C .  Hcnsley A .  Scott3 

L.  D. Rickertsen 
C .  R .  Bingham' 

F. r. Baker3 

Measurements of differential cross sections for the 
scattering of 70-MeV I 'C  ions from the O' ,  2' ,  4'. and 

pleted. I n  addition. we have obtained cross sections for 
exciting the 2' state of the bcani projectile and the 6' 
state of ""Nd. When analy/ed with the coupled 
channels ( C C )  metliod, thcse data sliow an  unexpected 
sensitivity to clcctric multipole moments. 

Elastic xattering systematics are summari/ed in Fig. 
I .4 I .  where the ratio-to-Rutherford cross sections for 
all isotopes are displayed. The main feature here is the 
dampening of oscillations with increasing target mass 
and  increasing target p2 dcformation. This eft'ect i s  
undoubtedly duc to the removal of elastic flux by 
excitation of the low-lying 7' state and the rotational 
band built on this state. The strong-coupling effects 
apparent in  the elastic scattering data o f  Fig. 1.41 

3 -  st;ites of ' 4 2 , i 4 4 , i 4 6 . 1 4 H . 1 s 0 N d  have been corn. 
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Fig. 1.41. Elastic scattering data for 70.4-MeV "C scattered 
frorii the even nwdymium isotopes. Thc calcitldion,; (solid 
curvcs) arc o p t i ~ d l - i ~ r d c l  f i t s  with the paiamctcrs (if  T'nblc I .3. 

prompted us to search for an optic;il potential that had 
a real part conimnn to all the neodymium nuclei and an 
imaginary part that accounted for the differences 
between them. I t  was then hoped that a C'C analysis4 ,' 
starting with such a potential would evcntually lead i o  a 
m(irc iunivcrsal potcntial because the rnariy absurptive 
effects would be explicitly handled. These hopes were 
essentially realized, 

'The fits of Fig. 1.41 arc optical-inotlcl fits with the 
parameters of  Table 1.3. 'I'he rcd part of tt ic potential 
is ~ o t i i i i i ~ n  t o  all targets, but a drastic changc i n  
imaginary geometry is then required to fit the more 
deformed ' 4 R N d  and "Nd. These potentials were 
used i l l  DWBA calculations for inclaytic excitation, and 
they were used as the starting potentjals in a CC 
analysis of  the data. 

Tlie m i i n  features of these calculations are illustrated 
in Fig. 1 .42 for the 4 4 N d  data and in Fig. 1.43 fo r  the 

Nti data. In lhese calculations, we have taken the 
view that nucleiir deform;ztion leng1.h~ should be rqual 

I S O  

to Coulomb deformation lengths and that, wlie1-e 
available, wc take Couloinb matrix elemcnrs f rom 
previous Cuulornti excitation tiie;isLi1.eli1e11is.6 , 7  Before 
perforriiing the CC calculations wilh the conplings 
shown in Fig. 1.42, we i t lade a search on W and a' wi th  
couplings only between tile O f  and 2' statcs. When this 
new potential was used in ;I full CC calculation 

o " 2 1  i I I i I . t 
0.1- ......... !...........I ........ i .... I . 1 I 

10 3 0  5 0  .70 99 
@,.nl.(deg) 

Fig. 1.42. 70-4-MeV "C clastic and inelastic scattering from 
144Nd. l 'hc da.;licd ciirvcs arc DWll.4 c:clcul,Ltions, ;lnd rhc solid 
curves arc U,' calculJtions inLlriding tlrc couplirips shown 
inscts. Known m.itrix slcllleiits (refs. 6 and 7) arc uscd 
rl ir~oughout with [?4C = 0.053 dcilut.cd f rom the tC nnalyvis. 
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including the 4' state or the 3 state, wc still had an 
excellent fil to  elastic scattering. 

l'hc dotted curves of Fig. 1.43 are the DWBA 
calculations. which fail to account for various features 

I'ahlc 1.3. Optical model patametcr -4 with a common 
red geometry obtained from fltttng the 

elastic \LatteP-ing 
- _ _  ~ 

I J b V d  l J X N d  1 5 0 N d  

~~ -~ ~ ~ 
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i n  the data. If the nuclear deformation lengths are 
reduced by about 3OT. then the 3 state can be fitted. 
' lo fit the 2' data, an additional upward nornialiLation 
of the Coulomb deformation length by -10% is 
required. The DWBA single-step calculation fails en- 
tirely for the 4' state. These findings are due t o  
multistep effects. such as recoupling to the ground state 
in the case o f  the 7' state, quadrupole reorientation in 
the case of all states. and double E11 excitation in the 
case of the 4' state. ,411 these effects can be properly 
handled in  a CC calculation with the exccllcnt results 
shown as the solid curves in Figs. 1.411 and 1.43. The 
quadrupole moments for the 3 -  states were derived 
from those measured6 for the 3_+ states when assuming 
a rotational-model relationship. The hexadecapole de- 
forination, &,, was the only parameter not der-ivable 
from previous Coulomb excitation measurements. 

These results demonstrate that Coulomb excitation 
effects can be extended straightforwardly into the 

DWG 75-139524 

fl:  = 0.25 

f l :=0 .03  

-2.0 e b  

P:=0.25 

= 0.05 

. -2.0 eb 

km. ( deg ) 

Fig. 1.43. 70.4-McV "C clastic and inelastic scattering from * ""Nd. Tl ic  curves ilrc CC calcul.itiotis using known i i i i i l r ts  

~lci i lc i i is  (ref\. 6 .ind 7) .ind \how the \cnsitwity to i l i c  unknown 04. 
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Fig. 1.44. Excitation of the 2+ (4.43-h.ie~) state in tlre l2t: 

projectile and the 3 - ( I . 5 l M e V )  state in 144Nd at 70.4-h.leV 
(lab) energy. The curvcs a r c  CC calculations That illustrate thc 
sensitivity of tlic calciilaikn and the d a i a  to the amuiicd sign 
and magnitude of quadrupole moinents. Cuuplings incliidcd in 
the calculatiorrs for ' 2C: :ire shown as an insct in thip fi:;ure, 
whercas thc couplings u x d  for Liic 3 -  staie calculation arc 
stiown in Fig. i .42. 

nuclear force domain. Heavy-ion ioelastic scattering 
above the Coulomb barrier can then be used as a probe 
of nuclear multipole moments as illustrated in Figs. 
1.43 and I .44. Figure 1.43 shows the sensitivity to  the 
value of !&. The value of p2 and the c~uadrupole 
moment of the 2' st:ite were taken froni prcviou:; 
Coulomb excitation nie;i~uIerncnts.~ In  Fig. 1.411 we 
show the 3 . .  44Nd data compared to CC cdcii1;i this 
with vaiiou!; assumed valiies for the static qii;idrupole 
moment to show the sensitivity t o  this quantity. The 
large-angle data, dornin:itcd by nuclear excitation, are 
quite sensitive to the sign and magnitude of the 
assumed cpadrupole moment. Also shown are similar 
calculations for the 2' state of the "C projectile with 
the same conclusion. Tlie best fit is consistent with an 
oblate shape for I 'C with a 2' static quadrupole 
moment 4.51&,, t l .  
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MICROSCOPIC DESCRIPTION OF INELASTIC 
C SCATTERING FROM ? a Pb 

G. R .  Satchler 
J.L.C. Ford, Jr. 
K. S. Toth  

D. C. Hcnsley 
E.  E .  Gross 
I). t:,. Custafson' .' 

S .  1'. Thornton' 

It has been customary to analyze data on the inelastic 
scattering o r  heavy ions by using the collective (or 
deformed optical potential) model.?' However, a more 
micioscopic approach h i s  enjoyed considerable success 
with light-ion da ta4  JII  this, the tiamition density fci t  

the target rnicleus, ptr(r), is ob taiiied fiom striictiirr 
calculalioris and folded with an effective niicleon- 
nucleon interaction v. In the heavy-ion c x e  this is 
further folded into the density distribution pp(r )  
(assumt:d spherical) of the projectile. The resulting 
trmsition potential, 

niay then be used to calculate the inelastic scattering, 
for example. in DWHA. I'his approach is an extension 
of  the double-folding model of the optical potcntial for 
elastic sc;3ttering,' and we should demand cunsistency 
between the elastic and inelastic results. 

A previous calculation of this type6 used the macro- 
scopic collective model to generate the transition 
density p t r .  Instead, we use the results of  microscopic 
random-phase approxirn;ition ( W A )  hole-particle calcu- 
lat.ic~nc.~ which have previously been shown4 to give a 
good account o f  thc 2' and 3 excitations in the 
"'Pb(p,p') reaction using ;I similar model. 

* C  ion:; were scattered from a 
target consisting of 100 ,ug/cm2 of eniic~ied z o a r %  
evaporated onto a 40+g/cm2 carbon foil, arid the 
reaction products wcre detected in a 60-cm-long 
position-sensitive proportional detector placed in the 
focd plarie of a broad-range spectrograph. Tlie experi- 
mental procedure has been described elsewtiere.s 
Angular distributions were nieasured between 24" and 
58" in the center-of-mass system for the 3 -, Y-, and 2' 
states at 2.61, 3.20, and 4.10 MeV in 2"8P\)  respec- 
tively. An addirronal state was obseived at about 5.5 

'T'he 98-MeV incident 
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MeV in '"Pb for which a definite spin assignment has 
not been made. Figures 1.45 and 1.46 display the 
measured inelastic angular distributions; only statistical 
errors are shown, and it is estimated that the total 
uncertainties are at least +107?,. At a center-of-mass 
angle of about 42" ~ where nuclear absorption begins to 
reduce the elastic cross section below the Rutherford 
value, interference effects arc seen i n  the inelastic data, 
particularly for the 3 -  level. 

Microscopic calculations were made for the three 
lowest states using the KPA transition densities' [the 
5 density was increased by 15% to  match the obsewed 
R(E5) value" .' ' I ]  . A spin-independent Gaussian form 
was chosen for v. The present work also assumed a 
Gaussian furin, 0.313 exp ( -0 .37h3r2)  (with r in 
I'erntometers), for the 2 C  density; this gave the same 
results for elastic scattering as the shell-model form 
previoirsly used.'.' ' * I  Each choice for v was nor- 
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Fig. 1.45. Measured diffeien tinl cross sections for inelastic: 
scattering of 2C ions from 208Pb at an incidcnt energy of  98 
McV. Only \uti.;ticid e r r o r \  arc \ l ~ o S v n .  The curves arc iliicro- 

scopic calculatit)ns u m g  R P A  t r ; inut im d z n \ i t ~ c \  and a 
Gaussian intzraction 01 I - tm range. W S I V  refer5 t o  a defortncd 
Woods-S'ixon imaginary coupling teriii; ( 'ohlPLI,x Iinpjtes il 

complex s t rength  for the Gaussian interdction. 

3 20 MeV --- 
i + pN=0038, p c = O 0 5 5  
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Fig. 1.46. Measured differential cross sections comparcd to 
collective-model predictions. p" and &' refcr to  ~ I I C  potential 
,ind chargc dcforinat ion paraiilc t er.; uwd.  A Ll'ood\-Sason 
potential  was  u\ed w i t h  C ' =  40 MeV. W =  25 MeV, K = 10.32 
1'111, and a = 0.56 t n i .  

malked by fitting the elastic data' I a t  06 MeV. and the 
corresponding folded optical potentials were used in the 
D\rlBL4 calculations of the inelastic scattering. Coulon~b 
excitation was included, assurningB(f<:'?) '= 29615~~ fm4, 
B(E3)  = (0.58 X 10')~' fni', and R(l:'5) = (4.5 X 
lo8 )e' fni lo  (ref. c ) )  respectively. The imaginary 
interaction, which is essential in order to fit the data. 
was chosen in the two ways described above; the 
Woods-Saxon furni that fits the elastic datal ' has 1Y 
= 1 5  MeV,!? 7 10.76 fin. and a = 0.52 Em, in a standard 
notation. 'This was used in the inelastic calculations 
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with deform;3tion parameters & N  ::: 0.836, ~ 7 ~ ' '  = 
0.073, and Bj" :z 0.038. These were obtained in the 
usual way froin the [J( f i 'L)  values using a charge radius 
of 7.1 1 frn and scaling so that PI? = constant. 

As shown in Fig. 1.45, good fits were obtained with ii 

Gaussian v with d range of 1 fn-i, except that  r he 2' 
cross section had to be increased by a factor of 2 (the 
saiiie 2' enhancement is needed when the colleci ive 
tnodel is used - - see below -~~ and is not understood). 
The  Ftrengths, ob la ind  from firting 1he elastic data, are 
(1 15.5 -1- 79.2i) MeV, o r  126.2 MeV if the Woods-Saxon 
imaginaiy part is used. The latter version gives a slightly 
better fit to the elastic scattering and is significantly 
better for the 5 iiielastic excitation (see Fig. 1.45). 

Corisecluently~ we conclude that the present data 
require an interaci.ion with a range shorter than that  of 
ihe bare interaction 1)etween nucleons. 

For comparison, results for the conventional collcc- 
tive model3 are shown in Fig. 1.46. Good fits are 
obtained, although again the daia require that the 2' 
coupling strength be increased by about 4W%. A group 
with an excitation energy near 5.5 MeV tias been 
reported with either L = 5 (ref. 13) or I ,  = 3 (refs. 14 
atid 15). As seen in Fig. 1.46, the present data agree 
best with I ,  = 5 unless the scattering is due to an L = 3 
trarisition without Coulomb excitation, which seems 
very unlikely for such a strong transition. 

We used the codes ATI-IENA, DWUCK, and GENOA. 
In  he 13WR/1, calculalions, 250 (1, = 2)  01- 203 ( I ,  = 
3 ,  5) parrial waves were used; arid the integratioiis werc 
carried o u t  to 45 fin (1, = 2 j  or 35 fni (1. = 3 ,  5). 
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ANALYSISDF T H E ( ' 2 C , ' ~ ~ " ) A N D ( " ? , ' ' B )  
REACTLONS INDUCED B Y  'C ON ""Pb 

R. S T O l h  E E Cross 
J L C Ford, J r .  I) r Hcnsley 
G. R Sdtchler S 1 .  rhointun '  

T. c S'llwever' 

Earlier, we determined angular distributions for the 
(' 2C,I  'Cj and ( I  'C,' B> reactions induced on '"Pb 
by 77-, arid 98-., and 116-MeV 'C iowi.' Surprisingly, 
these data showed that for the proton-stripping rcitction 
the peak angles remained constctnt with increasing 
excitatioii energy in '"')Bi. Last ycar, VJC presented 
new data that had been obtained foi- thc sanic two 
reaciions at it boiiibarding energy of 98 MeV.3 'T'hcsc 
new dktribiitions were measured in sriialler atigular 
incrcrnents, nnd oiice again the same effect was noted 
for  tI1e 2C,1 U) rcactirm. 

'The ful l  finite-range (recoil incliidcci) 1)WBA code 
LOLA is available at ORNI, arid has bccn used to 
analyze all four single-nucleon t i - ans f t x  reactions in- 
duced by ' ' B incidcnt on Except for the 
( I  R,' O B )  c;isc. which d f e r s  f r o m  an unfavorab\e 
matching bztwcen incoming iind ontgoinp orb i t s ,  the 
predictions weie in good agri:crnent with the data. I t  
was of interest t o  see iT D W f i h  calculations coiilti 
accolrnt f o r  the IZ, + zosPb lesults. 

Elastic scattering riic;rsurcini.nts o f  YC;-M!:V 2 C  ions 
f r o m  2 0 x  Pb had already been niade.' 'For coinpleteriess 
wc measurcd elabtic: scattering in tht: exit channels, t h d  
is; 86.l-McV ' ' C  on 207pb  :ind 74.6-MeV " B  on 
z o v K i .  Thc three sets of data, together with tlie 
optical-model fits to ilrc .rngular distributions, arc 
shown in Fig. 1.47. The parameters tlcrivetl from these 
fits were then i i sed  to analyzi: the traiisfer-reaciiori 
rtsu I ts. 

'l'he LOLA piwdictiuns and cxpcrimental data (at  98 
MeV) f o r  the ( I  'C,' 3C) and ( I  'C,' ' B) rcactioris are 
shown i n  Figs. 1 .48 and I .49 respectively. I t  is seen tliaf 
the DWWA accuimts teasonably well for the (' *C>'  'C) 
angular distributions exczpt perhap:; a t  forward angles 
whcre count-rate problems were encocir~~.erccl frvni the 
large clastic scattering ci-oss section. In Fig. I .49, 
however, one notes that whereas the experime11t;il peak 
angles stay c ~ t ~ s t i ~ r t t  witti excitation enel-gy in '09gi, 
the predicieti v;iltres shift to larger values. This is also 
evident in Fig. 1 .SO, where we show the 77- :ind 
1 14-MeV data for  the ( I  'C,' I3) ieacl.ion; disagreement 
is most marked at  the 77-MeV bombarding energy, '[he 

..... 



52 

daybed curve that fits the differential cross section for 
the 3.17-MeV ' O') Bi state was calculatcd hy arbitrarily 
incieasinp the ' 'R yo paraineter from the clastic 
scattering value of 1.308 to I .4 fix. We should add that 
the 98-MeV data coiuld also be fitted if the yo value was 
increased to 1 3 5  fm.  

As in the  ( '  l B , ' o B )  case mentioned above, the 
( I  C,' ' B)  reactions suffer from mismatching between 
the entrance and cxit channels. This may account for 
the failure of the DWBA analysis. However, the 

1 O0 

a 
b 

b 
: too 
b 

5 

5 

96 MeV I 

2 

2 

! 0-2 

10 20 30 4 0  50  60 70 90 

e,,,,(deq! 

Fig. 1.47. Elastic scattering angular distributions for 96-McY 
I 2 C  on 'OsFb, 74.6-MeV " B  on 209Bi,  and 86.1-MeV I 3 C  o n  
'07Pb. Curves through thc data points are optical-inodel fit?. 
Parametcrs derived from these fits were used in DWBA analyses 

tranyfer-reaction data 

of the 2OtCpb(l 2~ , 13c ) 2 0 7  Pb and 208Pb( '2C. '  ' R)209Ui 

indications xi-e that at all three bombarding energies th2 
disagreement with the data becomes progressively more 
pronounced as the excitation energy in Bi increases 

ORNL DWC ' 5  18'27 

20 30 40 50 60 

ec 

Fig. 1.48. Angular distributions obtained at an incident 
energy of 97.9 MeV for 208Pb(12C,13C) reactions leading to 
residual states MI 207Pb. Curves are DWBA calculations; solid 
and dashed curvcs represent calculations made with a Woods- 
Saxon and a folded potcntial respectively. 
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Fig. 1.49. Angular distxibutioris obtained at an incident 
energy of 97.9 MeV for 2osPb(12C,11B) reactions laidin(: to 
residual states in z o g ~ i .  (:urvc-: art: rjwiili catcuiatioiis; scitiii 
:wid dashed CIITVC~.  rcprescn? c ;~ lc ih  tioris m a d  with a Woods- 
Saxon and a folded potential respectively. Note that the d d t a ,  iri 

contrast to  the pxdictions, do not show 3 shift in hie [xak 
angic with increasing oxcitation cncig:' in 2"4Hi. 

Unforturi;itely, the qunlil-y of  the '"Pb(' 'B,"H) data 
was such ihxt it was not possible to say whether this 
same specific effect was also present in that instaiice. 

The spectroscopic factors extracted for both the 
( l 2 C , I 3 C )  and ( 1 2 @ , 1 ' B )  reactions on 2 6 * P b  were 
close to values obtained in other light- and heavy-ion 

experiments. The sanie was t r i ~  for the 
2 o x P b ( 1  ' B , '  O B )  rcaction4 despite tlic fact  that  t f ie  
calculations did not  reprotluce the arigirlar dist iibutions. 
This has also been fourid (see elsewhere in this report)  
for traosfcr reactions induced t)y 2 C  011 Zr. 

We conclude by saying tha t  i t  is now appi ient  that 
the DWHA does not accouut for all of t.hc fcatiires 
found cxpcrimentally for heavy..ion single-nucleon 
transfer reactions. Perhaps thk  i s  at, indication tliaf CIC 
efficts must be considered <!veri in the case of closed- 
shell fargel nuclei. 

......... ___ l__ 

In dn expei-iment done at the Niels Bohr Institute, 
iransfer reactions induced by ' 0  and ' $0 beams on 

" a  Nd weic tneasurcd wilh a lime-of-ilight setup at 
42-MeV incident energy. The angular distribution:; are 
hell sh:ijxs havirig their nlaxjrna at  angles sonicwhat 
below the grazing an& The excitation in the filial 
nuclei takes place, i f  possible, near the opl-imum Q 
value and is spread over 5 MeV for the one-particlc 
transfer reactions and u p  to 10 MeV for the multi-  
particle trausferrs. The cross sections for the individrial 
channels are r:xplained mostly By Q-window corisiders- 
tions. In spite o f  the differewes in the individual 
channels the t o h l  transfer cross section integrated over 
excitation energy, arigle, and all channels turns  ou t  to 
be the siinie for both ' ;ind " 0  beams. 'l'tiis cross 
section .imounts to  20% of the total reaction cross 
section and nicely fills the gap between the measured 
fusion c m s  section and the total reaction cross set: tion 
obtained from optical-model calciilatioiis based on 
elastic scattering data. 

___ l__l 

1.  Or; leave from Max-Plack-Institilt fu r  Kemphysik, Hcidcl- 

2 .  Exchange visitor at Nick Bohr Institutc, University (if 

3 .  Nicls Bohr Institute. University of Copenhagen, Denmark. 

berg, Germany. 

Copenhagen, Denmark, 1974 - -  1975. 
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Fig. 1.50. Angular distributions measured at incident energies of 77.4 and 116.4 MeV for the 208Pb('zC," B)20gBi  reaction. 
Curve\ rcprcwnt  DWBA an,ilyse\. Notc  tlic marked shift  in  peak angle with incrca\ing cxcitatlon energy t o r  the predicted curve\ at 

77.4 MeV. in cont ra \ t  t o  the data. Thc  d,i\hed ciirvc. which f i t 5  the data p o i n t \  1'or thc3 .1  2-MeV '"'Bi excited \Lite, was  obtsincd by 
arbitrarily increasing thc I3 r o  piar.iinetcr troin the clastic scattcrlnp value of 1.308 10 I .4 I'm. 

DECAY U T E S  FOR EVEN-EVEN 
il' = 84 ALPHA EMITT'ERS ANQ THE 

SURSHELL CLOSURE A'I' Z = 64 

k V . ~ b .  Schmidt-Ottl K.  S. Toth 

A proton subshell at 64 was first suggested when a 
discontinuiiy in the progression of alpha-decay energies 
for N = 84 nuclides was noted at Z = 64.' To obtain 
sorile theoretical understanding of this subshell closure. 
Macfarlane, Kasniussen. and Rho3 made calculations 
using a Gaussian residual force in a Bardeen-Cooper- 
Schrieffer (RCS) treatment for the proton systenl of 
87-neutron nuclei. By assuming a sufficient spacing 
between the d 5 / 2  and h ,  proton orbitals, their 
calculations produced a discontinuity in theoretical 

binding energies at Z = 64. I n  addition, they calculated 
relative reduced alpha-decay transition probabilities for 
the N -  84 even nuclei. Once again these theoretical 
reduced widths indicated a significant dip at Z = 64. 
Maxiina wcre predicted at about Z = 60 and Z = 74 
with the reduced widths decreasing in magnitude as the 
50- and 82-proton closed shells were approached. 
Contrastingly, reduced widths determined from the 
then available cxperirnental data for 1 4 4 N d ,  4 6 S ~ 1 ,  

I 4 * G d ,  ' s O D y ,  '' 'Ei-? and I s 4 Y b  indicated a general 
constancy in value except for a dramatic reduction ( b y  
about  a factor of 2) for I 5 0 D y .  that is, at Z = 66.3 

"Uy reduced width was based on an alpha- 
decay branching ratio of 0.18 i 0.0?!.4 A recent 
measurement, using a high-resolution Ge(Li) x-ray 

The 
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detector, gave a value of 0.32 k O.OS.s 'This higher value 
produced a I 'L)y reduced width very much in line 
with those for the other N = 84 even d p h a  emitters. 
The newer branching ratio has now been confirmed 
with values of 0.31 j: 0.03, obtained once again from 
K a ,  x-ray intensities, and 0 .36  ? 0.03, obtained from 
the ' 5 0  ~ ) y  electron-capture decay scheme.' 

This large decrease in the 5 "  Dy partial alpha-decay 
h l f - h f e  prompted us to examine the data currenlly 
available for these N =  84 nuclei. i t  was Found that, with 
the exception of l S  "Dy, 1 1 0  significantly different 
half-life measurernenfs had been reported since the 
survey made in ref. 3. However, the alpha-decay 
energies of 1 4 4 N d ,  14*Cd, 's(JDy, and l s 2 E r  were 
now much more accurately determined. Further, we 
were in  a position to obtain a new determination of  the 
' 5 4  Yb alpha-decay eriergy. Bownmri, Ilyde? and 
E l ~ p l e y ~  have made available a list of accurate energies 
for about 40 alpha-emitting nuclides, niany of them in 
the rare-earth region. Most c,f these, including ' *Dy 
and I 52Er,  now have quoted errors of +3 keV. We 
reexamined our earlier spectral d;it;iS where ""Yb hail 
been observed in the midst of a large number of  
nuclides appearing on this list.7 With the aid of  these 
internal calibration stdndards we delerrnined the k'cl of 

S 4 Y b  t o  be 5.318 i 0.005 MeV. 'The energy used in  
ref. 3 was 5.33 f 0.02 MeV. 

As had been done in ref. 3 ,  the reduced widths ((5') 
were c;ilculated using the alpha-decay formalism de- 
veloped by  R i i s tn t i~~en .~  The 6' values were tleterrnined 
with the most up-to-date decay energies and half-lives 
available in the literature. In Fig. 1 .S lu we have plotied 
these reduced widths: in Fig. 1.510 we show the 6' 
values listed in Table I of  ref. 3. The new detemiina- 
tiotis shown in Fig. l .SIa,  in coniiast t o  those in Fig. 
I .5 l h ,  indicaie l l ia t  the dip occurs at Z = 64 as the HCS 
calculations predicted.' Also, in agreenietit with the 
calculaticxis, t tie new reduced widths show an increase 
in value 3s Z = ti0 and Z = 72 ;ire approached. Both 
indicati[.)ns would be more apparent if' the e r r o r  limits 
in the '"'Sin 6' value were reduced. The errors are due 
niaitily t o  the 20-keV u:iceriainty in the nuclide's 
alpha-decay energy. Thus a new nieastircment that 
could decrease t h e  ' "'Sin unccrtainty t o  ,-.5 keV 
would bc of great value. We should add thaL the error 
limits shown in Fig. 1 .5  l u  for thc reduced widrhs are 
extreme; that is, thc  upper ( lower) limit in cach 
instance was calculated by using the shortcst (longest) 
half-life and the sinallcst (largest) decay etici-gy. It is not 
clear how the error limits were deterniined in rcf.  -3. 
However: if the saiiie procedure had been followed, thc 
e r r o n  should have bcen much grcater thsn those showii 
in Fig. 1.5 l h  because of the 1:irge uncertainties in the 
experimental decay energies av;iiliible ai  that tirnc. 
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possible alpha emitters was made by bombarding 
I s h D y  with I 60s+ ions accelerated in the OKIC. I n  
addition. to confiiin the data o f  Eastharn and Grant: 
1 6 2 . 1  6 3 . 1  6 4  W were produced by u s i : ? ~  the liiore 
energetic but  i T i l l i : h  less intense ' 606+ beam. The ORIC 
gas1 e t -ca p il I a r y  sy s te 111 ' a: u sc d t o t r an spo i I il io dn c t 
iiuclei t i )  a colleciion chamber  whcre they! wc/"i-c cisrayed 
f o r  alplrci radioactivity with ( I )  aii annular Si(Au) 
detector to study ihe  activity a t  thc  collection ptjilit 
and ( ? I  a planar detector ,  offset by 145" with respect 
to the collection spot ,  t o  deteimirie half-lives. 

Figure 1.52 shows aii alpha spectrum nicasured with 
the planar detector  ;it ai1  I 0 boiilblirtling energy of 
1-37. I MeV. In addition to  well-established rare-earth 
alpha emitters and 6 4 W ,  two i iew alpha groups can be 
sccn with energies of 4.909 +_ 0.005 and 4,739 1 0.005 

bomb;irdnlci;tj. and alpha-decay energy systematics 
(Fig.  15.3) .  these groups were assigned to  the new 
isotopes 6s\r i  and I " W I-e -ct ive!y . 

To confirm the results o f  tas thani  and Grat1t4 we 
bombarded I '"Dy with 606+ ions ranging in incidcnt 
enei-gies f rom 188.h to 145. I 342':. I)uc to low 
production yields. spectra were ai:culiiul;lted using only 
the ani lular  detector :  iiaif-life infor ia t ic in  was no t  
obtained. The li:ilf-lil'e of i 6 4 W  ( E a  = 5.146 MeV), 
howevci-. was  deterinined in the 137. !-MeV rriuit 

MeV. On the basis of yield curves. I 4 N  f ' l)y cross 
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ORNL-DWG 73-7098R2 overestimate hafnium and tungsten energies and under- 
estimate iridium and platinum energies. 

- ~. ~. ~... 
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NEW INFORMA'rION CONCERNING 
THE DECAY OF I rn' Ib  

K. S. T o t l i  
E. Newniaii A.  E. Rainis' 

C. K. Biiigliarn' 

I n  a stiudy3 of  terbium n~iclides. we reported on the 
decay of the I .y-niiii ' 7 ~ b ( h l  1 h ighspin  isomer to 
levels i n  ' "'Gd. A tcntativ: level at 1778.9 kcV was 
pi-oposed because ( I )  a 1778.9-keV gamina ray had a 
half-life of -7 niin and ( 7 )  an extremely wcak 
381 .7-keV gamma ray appeared to have a similar 
half-life and its energy was such that it fit as a transition 
betwecn the tentative 1778.9-keV level and one a t  
1397.7 keV. Recently, we have been investigating 
dysprosium isotopes with A < 149, produced in ' 'C 
and I N bon~ibardmeiits of 4 2  Nd and I PI- respec- 
tively. As before, a capillary transport system is used to  
extract recoil products from a heliuiii &et reaction 
chamber to  a shielded area where gainina-ray counting 
can be made. Data accurnulated in these experiiiients 
show that the 177X.9-keV transition docs not belong to 
the decay of 1.9-min 4 7 T b  and, rl~erefoic. t he  
tentative level of the s;niie enei-gy does not exist in 
1 4 7 G d .  

The conclusion is inescapable because the intensi [y of 
the 1778.9- keV ganma iay with rcspcct to those of the 
most intense 4 7 T b  gamma I-ays, that is, 1397.7 and 
1707.8 kcV. was found to va ry  froni expel-imcnt t o  
cxperinien t, depending on the bombarding energy, thc 
projectile used. the amoun t  of target inaterial, c tc .  
Coincidence data also show that the 1778.9-kcV tr-ansi- 
tion is not in coincidencc with arinihil;itioii radiation 
and rare-earth K x rays. The ganiiiia ray I S  t h u s  
associated with neither a highly neutron-deficient iso- 
tope n o r  a rare-carth nuclide. 

72- 

72- 

' 3/i+ 

J" 

1797.8 

1397.7 

997.6 

0 
'47Gd E ( k e V )  

14.2 1.4 

84.9 4.1 

0.9 5.9 

0 

70 FEED log f t  

Fig. 1.55. Revised L47mTb decay scheme. New information 
has shown that a tentative level at 1778.9 keV does not exist in 
1 4 7 C d .  In addition, il recent in-beam rtudy ( re f .  5)  has shown 
that the "/2- assignincnt (from rcf.  4) for the 997.6-keV level is 
incorrcct. Instcad. the assignment for the level is 13/*+; t h r  
aprces with the log .ff value of 5.9 obtained in our decay 
iiicasurc nicn t  s. 

From a recent suivey of known nuclides, it appears 
that a candidate which fits both the transition's energy 
and half-life is ?*AI. The solircc of the * 8 A I  could he 
i t s  production from the a lu r i i i n~ i~n  gas-jet reaction 
chamber by neutron capture on 7241 and/or heavy-ion- 
in du ce d si t i  g l e n  e 11 r o i i  t I- ;in sfe r o n  ' AI. 

In tlic original investigation, three f i rni  levels in 
I 4'Gd wei-e observed to be populated i n  the decay of 
the ' 4 7 ' l b ( h ,  isoniei-. Two 01' these Icvcls. l i 9 7 . 7  
arid 1797.8 kcV, were follnd t o  be fed strongly ( log f t  
values 24.4) .  prompting 9/2 ~ :tssigninciils for both 
states. ' h e  third level. at 997.6 keV, was populated 
weakly (,log ft value -5.9) even though a n  iii-bean1 
gamnia-ray ii~vestigation~ had assigned ;I '1' s p i n  to 
that state as wcll. This pai-hxilar dilcmina has now been 
I-esolvcd. A recent ill-beam study' has shown that the 
spin of the 997.6-kcV level is I '/? +. The revised 
I 47"2'l'b decay scheme is shown in Fig. 1.55. 

I. Univcraity o f  Tcnncwc.  linoxvillc. 
2. U.S. Army Ballistics Research I..aboratory, Aberdeen Prov- 

3 .  1:. Newman et al., PIlvs. KCI. .  C' 9, 674 ( 1974). 
4. J .  Kownilcki et al..Nircf. Plrj ,s .  A196, 498 (1972). 
5. P. Kleinheinz et a l . ,  Phj~s .  Lcrr .  538, 442 ( 1975). 
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ROTATIONAL SANDS IN THALLIUM NUCLEl 
BY (R.I. ,xu) 

L. I, KIecllIiger' N K J O ~ I I ~ O I I ~  A ( Kdlilei4 
P. Hubert? t. Lictiier3 G J Srriitli5 

R L I<obinson P I3 Stelson 

The even-even inercury nuclei aKe known to  be quile 
regular in ihe spacings of the ground-state quasi-ruta- 
tional band for  A = 190 aud higher. However, for *4 = 
188 and lighter, tlie niercury nuclei exhibit low-lying 
prolace minima, evidenced p i  tially by siiddcii chaiiges 
iii the spacings in tlie ground-stale quasi baiids. To 
iiivestigate {he behavior of the inercury cores in the 
pi-cseiice of' high-j protons, we have beguii investigations 
of bands built oi i  the h g i L  arid i, 3 , 2  states 111 

TI. The reactioiis used to  s tudy  the proinpt 
in-heam gainrna lays  were 7 5  L U ( ~ '  Nc,4tr)' ' '  7'1, 

Ti nuclei were previously studied b y  Newton. 
Stephens, and Diamond.' 

Gainina-ray excitation function and coincidence 
nieasureinen t s  havz been performed oil  each isotope, 
but angular distributioii measuieinents to  aid in spin 
assigiiriieiits Iiaw not been comple~cd .  Consequently, 
tlie levels ;issigned are still tentative. 'The sysietnatic 
behavior of the h V / *  b:md is shown i i i  Fig. 1.56. 'The 
levels for A = 193 -- 190 were deduced by N e w o i l ,  
Stcphens, and I)iaiiiond,6 whereas the statcs I'CN 180 
arid the upper  i'ivc levels iri 10 1 coiiie froin o u r  

1 8 9 , i  Y 1 , I  9 3  

(2(JNe,0ii)189T1, and HIT:~( lhO,$  ' 12 )19,3T1. . Shf2 
1 9 1 , 1 9 3  

measurcnien ts. The spacings in  tlie band .:ire ainaziiigly 
constant for  [lie light TI nuclei, iiidicariiip that t he  
tiiercuuy coi-c is rather uiichaiiging. 'I'he sequeiiti;il spin5 
of levels lead one t o  coiic1ude ihai the band is a liigl-I-I2 
strongly coupled structure built on aii oblate sliapc, as 
disciissed previously.6 The e~en-eveii  inerzury iiuclci ( A  
2 190) a le  known lo  liavc quasi-iotatioiial baiids thxt 
arc quite ri:gcilsrly spaced up to 1 = IO .  I-lowevcr, in 

t lg  the yrast band switches over  to a pi-dare 
stIircturc 3t  I ::: 6.'' This strange beliavior o f  the core 
should he reflected in irregulai spaciiigs Furtficr up in 
the h g i 2  band of "'TI, cuntrary t o  the qui te  rey~1:tr 

' I  TI cast. We intend t o  exteriii o u r  iiieasureiiieiits on 

In each of lhe TI nuclci studied here,  a b m d  built on 
the i ,  3 i z  proton state is oliserved. 'I'his level is coiiiiiig 

down in energy f o r  tlie lighter TI riuclci; d i e  trailsition 
f'roin the rit' t i l e  h g j r  ~ i a n d  is 
480. h13 ,  and 736 kzV in rhe '4 = 189. 1 9 1 .  and 193 
cases respectively. W o r k  is coniinuiiig ini  he striictiii'l: 

of these bands. 

18.5 

['I to test this possibility. i X Y -  

Y2 + state i o  the 



tion of conversic,ii-electl'on data was not possible with 
the hel ium gas-jet sysieili at  the t i m e  o f  thcsc iiieastire- 
iiients; s o  we h;we no coi ive i -s io i i  coeff'icients io  aid in 
spin assigiiiiieiits. Howevci-. t l i e  heavier ytterbium iiriclei 
ai-c well studied :ind the trends ai-e quite smooth. Based 
0 1 1  t h e  systciiiatics and  on the t x i n c h i n g  ratios froiii the 
states. we coi i f idcutly assign tile f i rs t  two inembers of  
i lw gaiiitii;i h a n d  There :ire candidates f o r  the 4' and 
5' tiiembers also, bu t  Ihe argtliiients are n o t  as slrviig. 
A 7' level a t  1074 k c v  appeai-s to be k' -: 0 and III~I~ 

t h i s  be p a r t  o f  ;I bct;i vibrational band. I ' he re  are also 
candidates for tlic 0' and 4' 111i.ilIbcrs of this b a n i .  

Figure 1.58 shows thc systeinatics 01' the gamma 
bands in ' 6 4 . 1  6 h * i  "Yb. The A = 166 results a ie  from 
de Hocr et  ~ 1 1 . : ~  h o s e  f o r  A = 168 are from Charvet  e t  
al.' The dccreasc in the band-head energy f o r  thc light 
i iuc le i .  along with ;in increase i i i  the spacings between 
tlic levels, indi(;:ife a nucleus w1 t l i  decreasing deforma- 
ti013 and g x a t e r  softness to shape vibrations. 111 

xldit ioi i .  tlic deviation of' t h e  iiicnibcin f r o m  regular 
spucings ( I  = 2 a n d  'I ;ire pushed d o w i  re1;rtive to  3 and 
5) increases tor "Yb, indicating greater iiiiemctions 
b e t w e e n  the gaii~iiia band slid higher bands, especial ly 
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function of the half-life o l  the level. ' l he  metliod, 
apparatus, and data analysis ai-e described in detail 
elsewhere."-" Figule I .50 sliuws the rcsults for the il', 
6'. and 8' states of '' Us,; Table 1.6 gives a siimniary 
of the half-lives and the computed experimen tal B ( E I )  

0 

0 5  

10  

1.5 

-.L ....... I..] 
20 40 60 80 * 00  t 20 

DISTANCE (mils) 

-1 .... ~ .. ~ ~ '...l~...~- -..!. ~ ...... _L 
3 50 100 150 200 250 300 

EOUIVALENT T I M E  OF FLrGHT I p s )  

Fig. 1.59. Plot of ratios of unrhifted gamma-ray peak 
intensities to sum of  unsliifted and shifted ganima-ray 
intensities as a function of  target-stopper separation for 

values and compares these results with the pure 
rotational values. 

During the same experiment, we were able to deter- 
mine the relative Coulomb excitation probabilities for 
states up tu the 12' member of the ground-state 
rotational band. The probability ratios R [(I + ? ) / I ] ,  
wlizt-e I is the nuclear spin. compared to the theoretical 
values calculated with the Winther-de Boer code using 
rotational E2 and E3 matrix elements are given in Table 
1.7, together with the results of Sayer et a1.,2 obtained 
with *'Ne and ''Cl beams. As is shown, the agreement 
between these two experiments is good, except for  the 
ratio R( 17'1 IO') where the present result. obtained 
with much better accuracy, is closer to the theoretical 
value. 

We coiicludc from these ineasuremeiits that withiir 
espciiinental uncertainties, both the results on the 
lifetimes and those on Coulomb excitation probabilities 
are consibtent with the rigid-rotor predictions arid show 
t h a t  the nuclci~s I "Dy is a good rotor up to 19'. 

1 .  NATO I.ellow: on lcave of abscncc from C e n t r e  d'i-tudey 
Nuclc'atrc\ de  UordcauxGradignan, Univcrsitc! de I3ordeaux. 
1:rancc. 

2 .  K. 0. Sayer c t  al . .P / i> .s .  Kc21,. c'9, I103 (1974) .  
3.  R.1. W. (;uidry, thehis, University of Tennessee. Knoxville. 
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4. N. R.  Johnson et  al.,f/i).s. Rev. C 12, 1927 (1975). 
5. 1;. l k h l c r  c t  al., C'/irm. Diii. Anmu. Prog. Rep. hluy 20, 

6.  M .  W. Cuiduy and R. J .  Sturin, Qzetn. Div. Antiu. Prog 
1974, ORNL-4976 (1975), 11. 18. 

R ~ o .  iV10.v 20, 1974, ORNL-4976 (1975), p. 20. 

Gamma-ray transit i o i i s  from the bonibardiiient of 
6 4 N i  by 60, u p  to 81 MeV. were studied i i i  a variety 
of cxperimcn ts. Four transitions in coincidence with 
four previously known transitions in 7 4  Se were dis- 
covered. Information on energies, aiigular distributions. 
intensities, multiplicities, and lifetimes were obtained 
f w  iliesc transitions. Excitation functioris for this aiid 
several other channels were measured. Statistical calcu- 
lations are in  satisfactory agree~nerit with e x p c r i i n e ~ i t . ~  

1 .  Ex-changc visitor :it Nizls I k J l r r  Institute, Univcrsity of  
Copenl,:igcn, Dentnark, 1974 - 1975.  

2.  IJiiivcrsity of Oslo, Norway. 
3. Nicls Bolir Iristiturc, University of Cvpcnhagcn, 1 ) c i i i m ~ k .  
4. On Icuvc from thc Mas-Pl;rnck-l[i\titut f u r  Kcrrlpliysik, 

S. Fri l l  report to appear in iVudc7ar Plzysic~, 1976. 
Heidclbcrg. Gci-many . 

LIGHT-ION REACTIONS 

INELASTIC PROTON EXCITATION OF 
GIANT RESONANCES 
IN d-SHELL NUCLEI 

D. C Koiliei I, Nc:\vlllJllI 

r2 . i :  ~ c ~ t l ' i ~ l ~  F F  os, 

'Si, using 60.8-MeV protous from OKIC. The scat- 
tered pxticlcs were detected oti nuclc~ii- cmulsioii plates 
placed it1 t he  focal plane of the broad-range niagiietic 
spectrograph. The eiierby resolution was = 100 kcV 

Figure 1 .60 shows the inelastic spectr,i in thc cxcita- 
tioii energy rsngc of 10 to 32 MeV f o r  the f o u r  targets 
studied. Alihoiigli riarrow 1-csoiiancc S ~ ~ L I C I U I  e ic p i - c m i -  
rieritly sccii near 1 0  t o  70 MeV i n  d l  rhe spcctrii. oi i ly  

fur the 27A1 and, t o  ;I Icssci extent, "Si is ii h g c ,  
broad IesoIiaiics peak observed. Tlic pi-cseni AI d;ii;r7 
are iii g i ~ o t l  sgrcciiicnt with those prcviuiisly pub- 
lished.2 
,4 colnpiirison is matlc in Figs. 1.61 and 1 .02  betwcen 

spectra f r o m  the ( p , p ' )  and  (a,a') mic t ion>  on 71\l a i d  
'St. For both riiiclci, IHJ  stiuzturc is ihsci-ved in the 

I 0- to Z ~ - M ~ V  rcgijoii iri the (a,a') reaction. aItIicj~gh 
structure is present iii the pi-oton spcctra. The a l p h a  
paIticle having rero isospin does iiot excite t l i c  iwvcc- 
tor (T :: I )  giant dipole l-cstj1i:ilict (GDK) IO any 
obseivable extent. Howevei-, tlic (I>,[?') rcaction has 
tiecii shown to excite t he  GI>RX T'Iius tile a t x i i c e  of' 

1-csoiiaiicc structure in the alpha data suggests t h a t  the 
(p,p') sti-uctiirc: may arise predJoniinantIy fium cxcita- 
t i o i l  of tlie GDK. 

1 he c i -os i  sections t'or [lie 1-csoiiaiice s t i  IK turc ob- 
iervctl in ttic (p,p')  rcactiuri on 2 4  hlg, ' A I .  a a d  "Si 
near 20 MeV are sliown iii Fig. I . 0 3 .  ?Jhe ci-oss scctioiis 
wcic obtained lip sut)tractiiig :in 3ssuincil s i i ~ o o t h  
coli tiriuuni f roni  the i -esonaucc icgioii. The calcLi1atzd 
E1 cross sectioiis aIc Iiased on twu dil'tci-cnt (;Ill< 
r-nvdcls described by Satchlcr,' the (;oldli;ibcr-Tcllcr 
((X) and Jcnsen-Steinwedel (Jsj n~odcls. Noiiiiali/.:itioii 

of tlic: /:'I calculation is based on tlie 1x1-cent of the E l  
sum-rule strciiglli iiieasui-ed by total pliotuiiuclcar 
rcactioiis".' " within the excitation ciiergy hin i t s  shuwii 
in Fig. 1.63. Foi- c;icli of  tlic niiclei htirtiicd, the F1 

t i o n  predicted by tlic .IS inodcl is :idequate to 
accoiint f o r  llic r n c ~ s u r c d  ci-oss section. Use c i i '  the CT 
inodel requires no more t h a n  .3oi% dcplctioii o f  the 6 2  
IJWSR strength i i i  the ircsoiiaiicc I cgioii to provide good 
agrccn ien t  with tlic iiiC;rsLireiiiei1ts. This i-es!il t is in good 
apeen len t  with ~2 EWSK limits se i  by the (01.01') a n t i  
a1 plla-c~l pt II !-e 1 lie ;IsiIrclTlc 11 ts. 

Kcccnt ly.  sevcr;il stI-shell nuzlci have I :mn studictl 
usiiig I jO-hlcV :iIpIia inelastic scat tcring.' Iii sd-si icl l  
nuclei, the Ci-oss scclioii for 1:'2 excitation by 150-bleV 
alplixi is 3 t o  5 t in ics prcatei- than at 06 MeV. Thus, 
s n i a l k i -  (;Ql< s t rength  could bc iiiore 1-catiily obselvcd at 
tlic higher energy. The 1 SO-MeV alpha Jaia show ~ 3 0 %  
E l ,  7' = 0, CWSR depletion in  LI resonance peak for 
"Si. ' I I I i z  va lue  is in excellent agreement with t h e  

(FWHM). 

/ .  
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nuclei may be fragniented and spread over  a very large 
energy region, as is the case for the GDR.'  Such 
t'i-agmentation o f  the GQR strength would make obser- 
vatioil of the resonance above the underlying coti- 
t i  t i  11 I I ti1 di ffic ul I .  

EXCITATION OF GlANT RESONANCES IN 
'"Pb AND ' " 7 A ~ V I A  

PROTON INELASTIC SCATTERING 

I- L Iktti,ind D C Kocliei 

The giant rcsoii;iiicc I-cgioiis in ' 'IH Ph and  'I 7Au have 
been investigated by i n e l a s t i c  scat ter ing 01' h I-MeV 
pi-utons with an eiici-gy I-csoliition of about 100 kcV. 

exhltust about 90% 01' t h e  EWSK strength for ;in 
isoscalai- fY2 excitation in both nuclei. The angular 
distt-ihutioti for the GQR plus the GDR i n  '"'Pb i s  
c o ill pa red bo t h iii ;I c 1-osc o pi c ;I ii d iii i c I-osc 11 pic 
DWBA calcu lat ions.  A pl-onounced tine-struc tlirc reso- 
nance is obsei-ved in z"xl'b a t  f, = 5OA -I l 3  MeV (0.4 
MeV). The angular distribution l'oi- this resonance is 
well described by DWBA c:ilcul;itioiis for an E2 01. f:'3 
cxcitatiuii, but not  f o r  ;in EO excitation. The spectra fo i -  

'"'1'b and " 7 A u  show little cvidcni:e f o r  a 1-esoiiuicc 
: i t  /<,y = 53'4 - I  '.' MCV. intet-pretcd ax  :in EO excitation 
in tecent clcctron inelastic scattering studies. The 
spectra in  the bound-state i-cgion f o r  I "  'Au show a 
pronounced structure cet i tcrcd a t  f:, 4 MeV. 1'or 
which the angular distribution is best desci-ibcd by 
DWBA4 calculatiotis for E3 o r  1:'4 exc i ta t ions .  

CI-OS sectiolis for t i l e  CQK at  L : ~  = o;n - I  l 3  M C V  

wit Ii 

STUDY OF THE STRUCTURE OF THE 
EVEN-EVEN ISOTOPES OF GERMANIUM 

WITH TriE (p .  t )  REACTION 

A.  C. Rester '  R. Auble J. K. Ball 

I n  a s tudy2 o f  the systematics of two-phonon energy 
levels, it was found that the even-even nuclei with 
anomalously low-lying first 0' excited states could be 
fitted into a regular pattern showing a strong cot-rela- 
tion between the lowering of the energies of  these 0" 
energy levels and  the closure of p1 , 2  neutron and  
proton subshclls. An explanation' of this phenomeaon 
based on  the coupling of phonon and pairing vibrational 
modes was proposed. Other  groups (e.g., ref. 3) have 
s u g g ~ ~ t e d  that the behavior o f  these unusual energy 
levels may be explained with a nuclear coexistence 
model in which such an anomalous 0" state would be 
the deformed head o f  a rotational band "coexisting" in 
the w i l e  nucleus with vibrational structure based o n  
the supposedly spherical 0' ground state. As is dis- 
cussed in ref. 2, (p , t )  reactions on the even-even N x 40 
nuclei can provide a good test of the two theories. 

Measurements of the reactions 76Ge@,t)74(;e  and 
7 4 G e ( p , t ) 7 2 G e  a t  35-MeV proton energy with the 
broad-r;itigc spectrograph at  ORlC have n o w  been 
completed.  and  the exposed photographic plates are 
being scanned. Preliminary resid t s  from the IO"  p la tes  
indicate that the 0" state in  "Gc is excited tiluch 
i i io i -e  intensely than the 0'' state i n  73Ge .  relative to 
their ground states. as is expected f r o m  the pairing- 
pliotioii vibrational cxplmation. Detailed calculations 
ot' the sti-uctui-c o f  the even isotopes ol'gcrinaniuni with 
;in iiiiprovcd pair-ing-plus-cluadt-itpole iiiodel of K u m a r  
arc alniost coiiipleted. Wave functions foi- the i reaction 
an;ilysis have been gcnerated as wcll. 

INELASTIC SCATTERING OF 30-MeV 
POLARIZED PROTONS FROM 

[I 0 . < I  2 Zr AND " ' Mo 

K. de Swiiiiaiskil M. Bccljitliaiii2 J .  Y .  (;i-ossiord2 

M. M;issa;idl J .  K .  I ' i u i '  
G .  Bagicu I ( ~ .  B. ~ ~ ' l l l l l l e l ~  M .  C;llsakow? 

PI-cvious studies" (II' iiiclastic scattering o t  poIai-i/.cd 
pi-otoiis t'roiii the low-lying 7' s ta tes  in oo.02Zr-  and  

M o  ;It 30 MeV have sllowll pool- agrcelllcllt hetwce11 
the coiil'lcd-cliaiincl:, (C'C) 0 1 -  DWBA collective-inodcl 

L) 2 
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Figurc I .64 shows the cxcellent agreement obtaincd 
by the CC collective model f o r  the analyzing powers o f  
the 1ox.v-lying :+, 3 -, and 5 -  states in the three nuclei. 
The calculations used the full Thomas term f o r  the 
tlefoi-iiied spin-orbit opiical potential and a ra t io  X :< 

DLS/pcentral  of  1.5 that has  been foiind to  kive the bcst 
agreement f o r  the 2' data. Good agreement for the 3 -  
a ~ i d  5 -  states could also be obtaiiicd by keeping the 
dcforin;ition paranieters constant (pLs j j c e n t r a l ) .  It is 
suggestcd t h a t  the ratio X of the s p i r i - o h  t dcformatiori 
over the ceiiti-al defoi-mi tion is cut' 
because values of this factor a9  large as 3.0 are needed 
to icproducc the 20-MeV data. 1t is iiiteicsting to  note 
the good agreement obtained by the calculations for the 
a n a l y ~ i n g  power of hid?-spin states like the 5- in " L r  
and 9 2  M o ,  fur  5vhich there arc iio previous data. 

Macroscopic iliodel caIcuIations for the low-lying ? +  
states i n  t h ~ .  three nuclei were also performcd and are 
desccibed elsewhere. ' ' (;nod agreement \VIS obtained 
with the cross-section data tor all three targets. The 
aiia!yzing powers predicted by iii: macroscopic model, 
Iiowever, are in poor agrCeiiit"I1t with tlic data (espe- 
cially for '"Zr and '*hilo) in  contrast t o  the good 
agreement obtained with 11ic collective-model calcula- 
tions. 

I .  lnstitut des Scicncc? Nuc l ln~res ,  Grcnoble. 1,'r'rnce. 
2. lrisiiiiit d~ Physique NticlP;iiie, Lyon, Frdnce. 
3 .  On assiprnent at  Institul d-s Sciences Nucldaires. Cre- 

4. C .  G i a h i u \ s c r  C !  : i l . ,P / t~) .~ .  h'ri.. 184, 1217 (1969). 
5 .  J .  Kdynal. in lectures prescnted at the "Nuclear iheor); 

6 .  U .  J .  Verhaar,  Pliys. Rw. Lctf. 32, 307 (1974) .  
7. K.  de Swiniarski et al., to be publishcd inNirclrilr Plij'sics. 
8.  R .  de Swiniarski et al.,Cn,i. .I. P/i,vs. 51. 1293 (1973). 
9 .  P. J .  Van t M l  et ai . ,  i l i t i ' a te  co ln i i l l~ i i i c~ i ion ;  t o  be 

10. J .  Raynad. "Magali." DFIi/T/69-42. Saclay, b r m i c ,  un- 

1 1 .  R .  Schaeffer, unpublished thesis. Pdrris. France. 
12. R .  de Swiniarski et id. ,  subinitted to Physics Letters. 

noble, t.rancc. 1974 1975. 

Course," Triehte, I97 1, DPh/;n" /7 I /  I .  Saclay, i.rancc. 

publidicd. 

published. 

I'hc puiposc o t  our exptrii11crrt 011 the excitation of 
lieu tron-hole states in the ' O 6  Pb@,p') r e x  tioii at  6 1 
MeV was to compare the cross sections for cxcitLition of  

two-neutron-hole states in * "'Pb which are simply 
connected5 to iiie s in~e-neutron-hole  states  excited in 

Coinpai~isoii of the ' 7Pb results with those f o r  
lowc r. el le r gkr pro tons sho w e  d the cor e-coil piing paiaine- 
ter A ,  to be larger for 2O-MeV protons thai? f o r  those tlt 

61 MeV by 589,,, 153%, and 200% for  transfers oi'L 
2.  L = 4, and L .= 7 respectively.' 

Excitations of natural parity st:i tes involving transfers 
of L = 7 .  1, = 3.  atid L 7 are cle;irly iiicasurable, in 
addition tu many other states. 

O [ I ~  YL'CCII~  expciiirleilt 011 '07Pb with 61-Mc'J protoIIs. 

_ >  1 rack  countirig 01' the n~iclear plaies is in 

1 . UiiivcIiiiiy o f  Georgia. Athen.;. 
2. Gr;rdn;ite s tudent ,  Univcrbiiy of Geoigia: Athens.  

1. c\rli?strong State  College. Savannah, (;a. 
5. 14'. A. I..;inford and G. W .  Crawli:),, f'luys. Rcl,. C' 9. 616 

6. Alan Scott. M. Owiii!;, and Vi. G .  Love. bubiiiiited to 

3. P;linc c:ollegc, Augusta.  G'I. 

( I  974). 

iViic~lccrr Plzvsics. 

I-le AND AC,PHA-PART!@LE SCATI'ERZNG 
FROhf 27A4.&NQ 2 8 , 2 9 * 3 0 C '  L :  

C, Hagieii' l i .  de Swi,iiarski' D. I-{. Koang'  
4. J .  C'ole' C. 3. Fuiiner' C; . Ma rioI opoii I os 

!'~c~;iously measured angular disti-ibutions of elastic 
scattering of €:e and alpha particle; t'roiii neighboring 
even and  odd iiuclei show sigiiificant tliffci-ciizes.3 .4 

For cxaliiple, at angles beyond -50". the distributions 
for  9C0 (/ 7 / ? )  have minima that are appreciably less 
deep. I'hese differences have been accounted for by a 
quadrupole comtribu tion' , 6  to the clastic scattering 
from the 1 i: 0 nucleus. For an I = nucleus. the 
qiiadi-upole contribiution is 7ero; hciicc data  f r o i n  
neighboring targets that include an I = y2 nucleus are 
Favorable cases for further study of target spin effects 
to d e t e r ~ ~ l i i ~ c  whether there are  e f f e c t s  that cannot bc 

H e  and alpha-particle scattering for 
evidence of  target spin effects in a different mass region 
with a g-oup of  targets that  includes an I -= '/' nucleus. 
With 45-MeV 'He and 41-MeV alpha-particle b e a m  froin 
the GI-enoble cyclotroii, angular scattering distributions 
were r-iicawred for 7Al (/ = '//,), *'Si ( I  = 0 ) ,  "Si (1 = 

and " S i  ( I  - 0). The silicon targets were i n  oxide 
I'om (>05% eni-iclimeiit in the principal isotope) 

poi-ated onto plastic The oxygen :.md 
hun iinpurities limited inelastic scattering iiieasi~rc- 

ments to angles bcy.ond -45". 
'l'he iiieasured ' He elastic scat tel-ing data are pre- 

sented iii Fig. 1.65. At angles forward o f - 5 5 "  the four 

ninted for by a quadrupole contribution. 
e explored 
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Fig. 1.67. Energy spectrum of tritons from ' 6 0 ( 3 H e . f ) L 6 F  at 
17.5" (lab) angle. 
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Fig. 1.68. Differential cross section for the large peak sliown 
in Fig. 1.67. 

strength. Because we d o  not  expect a particle-hole state.  
as such. t o  be an eigenfunction o f  the nuclear Hamil- 
tonian and because thcre are  five 2 -  states that  belong 
t o  the (sd)' configuration. i t  seems surprising that 
the strength is concentrated.  We plan to  investigate this  
reaction with better resolution. at  more t loi-wa~d angles. 
and a t  another  energy t o  help IJS t o  m a k e  a more 
de finite in t e up ret at ion  . 

MEASUREMEN r OF r m  ELECIKON-CAPWRE 
BRANCH OF THE DECAY OF " No'  

K J .  Silva' 
P. F Dtttnei' 

C .  b. Bemis, Ji  ' 
D. C .  Hensley 

The granddaughter nuclide. 72.3-sec " ' N o ,  produced 
by the decay of the daughter nuclide "') 104. has been 
used in the identification of " 1 Oh by its discoverers." 
However. quantitative analysis required the postulation 
in " ' N o  of a substantial decay branch (-505h) via 
electron capture (EC). a inode of decay not observed in 
the identification experiments.  We have produced 
2 5 5 N o  in the 2 4 ' , C f ( 1 2 C :  01.31) Ireaction using the 

ORIC'. After traversing a 1 m i l  berylliuin vacuum 
isolation window and a 0.5-rnil be ry lh im target back- 
ing. the ' C4+ energy (-73 MeV) matchcd the maxi- 
i i iu i i i  in the cscitation function f o r  t h y  reaction. The 
recoiling reaction products were collected on aluminuni 
catcher disks in a helium gas-jet apparatus.  The catcher 
disks were periodically ( - 1  0 rnin) ti-ansferred to the 
laborlitory via a pneumatic tube.  

. i o  determine the EC bi-;inch of " 5 N o .  the ;dph;I 
decay of' thc parent. its tlC daughter (17 -min  ' Md). 
and the I-X d;rughtcr of' '' i\*ld (70. I -111- " ' Fin) were 
obscrved. Because these activities arid others  having 
similar alpha-particle energies can also be produced 
directly i n  the honibai-dmeiit of l 4  "C'f by I ' C ions. i t  
was necessary to  d o  radiochelnical separ:rtions. Initially. 
the nobelium was chetiiic:illy separated from the triva- 
l e n t  actinides produced i n  the irradiation by  solvent- 
e x  t r x  t ion chroniatograpli!, . .The ex trac t ion colL1ilin 

separations wet-e carried ou t  with his( ?-et  hylliexyl)- 
phosphot-ic acid (IIDE,HP) adsorbed on Bio-Glass 500 
(particle si/e. 200 t o  325 mesh).  The beads were loaded 
with 400 ing of HDFHP per gram o f  support. The 
coIunin was heated to 70°C and 1-uti under pi-essui-c to 
ilttaiii an elution ra te  of -5 sec per drop. 'The activity 
was l ~ a d e d  in -5 dl-ops of 0.1 N tI(Y and eluted with 
0.1 N f l ( l .  Under these conditioiis, trionovaleiit and 
divalent i o n s  aim o n l y  weakly adsorbed atid pxis 
through the coliitiiii in ;I few c o l u i i i i i  voluii ies. whereas 
trivalent ~r i i d  tetravalent ioits ale adsorbed strongly.  

In the case 0 1 '  riobcliutn. the activity was tmiioved 
11-oni t h e  catcher disk with 0.1 N HCI and loaded on the 
coliiinn. 'l'hc first ten elution drops were collected on a 
platinum diak, quickly dried. a n d  p l a c e d  i i i  one 01' t o u r  
counters.  l'lie to ta l  elapsed time f o r  the sepaiatiun was 
about  3 in in .  Four Si(Au) alpha detectors allowed u s  10 

I 2  C 4+ beam a t  an enctgy o f  86 MeV, accelerated at  
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2. C'hcniistry Division. 
3 .  A .  Ghiorso e t  al.,  P h ~ s  Xev.  I,eIt. 33, 1490 (1974). 
4. 1'. K. 1:ields et al.,Nzrc/. Phvs. A154, 407 (1')'Io). 
5. 7'. Sikkclmd et 31.. f'hys. KLJU. 140, 11277 (1965). 
6 .  I< .  W. lloi 'f et al . .  UC'KI, r c p o r t  72898. 1971. 

DECAY PROPERTIES AND I ,  X-RAY 
IDENTlFICATION OF ELEMENT 2 5 "  105 

P. F. r)ittner' 
C .  li, Beriiis, J r . '  
u. c. Hensley 

R. J .  Silva' 
tt. 1,. I - I X ~ I I '  

J .  R .  Tarrarlt' 
L. I). Hunt '  

As part of o u r  coritinuing study2 o f  the identificatiorl 
and properties of tratlrfei-rnium ekinenis, we carried 
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Fig. 1.70. Alpha spectrum of activities produced in the z49Cf + I 5 N  reaction at 86.0 MeV. 

out  an experiment to identity.  by  observation o f  
characteristic x rays. the atoniic Iiuinber of the previ- 
ousIy reported3 isotope ' 6 0  105. !+'e produced 2 6 0  105 
in the 2 J y C f ( ' 5 N , 4 / r )  reaction using W M e V  "N4' 
ions accelerated at  the ORIC facility. After ai1 energy 
loss of about  I4 MeV in t h e  beryllium target chamber 
window and target backirig. the ' ' N ions had an energy 
optiiiiired f o r  this reaction. The reaction products 
recoilirig o u t  o f  the 3 4  " C f  target were transferred to 
our counting station via a tape transfer system. The 
tape was advanced abou t  every 3 sec so that the spot of 
collected activity faced a n  Si(Au) surface-barrier alpha 
and fission detector and was viewed through the tape 
by an intrinsic germanium photon detcctor .  

Eb'e measured the energies o f  the emit ted alpha 
particles. fission fragine~its.  and photons and detcr-  
mined the time from the end o f  irradiation associated 
with any  individual event and/or the t h e  between two 
events (such as alpha and x ray). During about  100.000 
irradiation and counting cycles, we observed XS0 alpha 
cvents grouped into threc pcaks at  9.041. 9 .074 ,  and 
9.1 20 MeV, with relative intensities o f  0.53, 0.28. and 
0.19, respectively (see Fig. 1.70), and a half-life of 1 . 5 1  
f 0.13 sec, which we asci-ihe to the decay of  '"' 105. In 
coincidence with these alpha events, we saw -150 I ,  
x-ray events whose energies arid relative intensities are 
in  excellent agreement with the calculated v a l ~ i e s ~ - ~  
(see Fig. 1.71 1 for the L x rays of lawrenciuiri (2 = 
103). To establish a genetic link betwcen t h e  '" 105 

ORNL DWG 7 5  4183 
X - R A Y  ENFRYY I k e V )  

10 15 ZG 25 30 35 , r -  - - 1 7- 1 

200 

C H A N N E L  N U M B E R  

fiig. 1.71. L x-ray spcctrinrn in coincidence with alpha events 
having 9.0 Q E < 9.2 MeV. 

arid its daughter '' ' Lr, whenever an  alpha event having 
an energy between 0.0 and 9 . 2  MeV occur-led, thc tape 
was s topped and the same spot was viewed by  the 
Si(Au) detector for 35 sec t o  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 " Lr. 'Thus, we have identified the 
atomic tiiiniber of "" 105 011 the basis o f  the coinci- 
dent I, x-lay spectrum, and its mass number Tram h e  
genetic link t o  tbe ' I,r daughter. 

1. Chemisti y Division. 
2. An accoiirrt of this work has appeared in Ckm.  Div. Aniiu. 

3. A .  Ghiorso et ;il.,Phys. Rw.  Lef t .  24, 1498 (19'70). 
4. C. C. Lu, 1:. S. Malik, and T. A. Carlson, Nucl. f%iyrys. AI 75, 

5 .  J. 1-1. Scofield, Lawrence 1,ivermore Laboratory, IJnivzrsity 

6. 'r. A. Carlson, private communication of calculated I ,  x-ray 

7. K. Fskola et al., f'hys. Rev. C4, 632 (1971 j .  
8. P. i:. Dittnsr c t  al., tCJ be publislred. 

~P.o.K. R c ~ .  NOV. 1, 197-5, ORNL-SI 1 1  (1916j, p. 57. 

289 (1971). 

of California, Livermore, report ~.K?RL-51231, lY'72. 

intensities, 1974. 

ATTEMP'TED PKOI)UC:I'ION OF " 104' 

P. F. Dittner' 
K. J .  Silva' 
C. 8. Beniis, J J . ~  

R. L. Flahn ' 
J. R. Tarrant' 
L. I). Flunt' 

D. C.  I-lensley 

The nuclide ' I04 tias been 1 e p o r t e d ~ 7 ~  to be ;I 

-S-.irisec spontaneous fission (SF) activity as produced 
in the 2 " x  Pb(""fi.2n) Ieaction. However, no definitive 
elernerital o r  isotopic identificatiotis were possible in  
this prior work as only fission Fragments were detected. 
The St; half-life f o r  2 5  ti 104, -5 nisec, was taken as 
evidence supporting a substantially different empirical 
trend for the evei1.A isoiopes of Z = 104 than for the 
isotopes of fermium (Z :: 100) and nobeliiirii (Z = 102). 
Yakirig the result for 2 5 6  I04 together with the SF 
half-lives o f  '" 104 (11 rnsrc)5 and '601W (0.1 sec)," 
one would he tempted to predict substantially longer SF 
Iialf-lives for other neutron-rich even-even nuclides in 
this region than had previousiy been predicted. 

Recause of the somewhat speculative r ia t  lire of this 
prior work on 2 5 6  104 and the importance of- this 
nuclide in de terniining SF half-lire trends. we have 
attempted t o  provide independent experiinental evi- 
dence based oii an x-ray identification using the 
coincident alpha-x-ray technique. Previous empirical 
trends suggested lhat the nuclide 104 should have 
an SI-: half-life of -21 0 sec and should undergo predotri- 
inantly alpha decay (8.5 5 Ea" 5 9.2 MeV) with a total 
half-life in the range -0.2 lo 1 .0 see. Observing L-series 
x rays that follow the -20% alpha-branching decay of 
' 5 f i  104 to the 2' ground-band rotational state in 
'' 2No would identify the nuclide. Additional identi- 
fication iriforaiation would be provided by observation 

of the time-correlated direct genetic link with the 
known daughter nuclide, ' No. 

Initial experiments using the '"Cni(' 0,4n)  reac- 
tion were unsiuccessful because of poor uccoil yields 
from the target, and our major efforts were made by 
using the 2 4  'CY(' C ~ / I ]  reactioii, a less favorable 
reaction because the predicted cross section is about 
five times smaller than for ''0 + 244C~11. Approxi- 
mately 200,000 bombardments using a tape transport 
assembly a t  bornbardment--~counting-tilne cycles of I .S 
sec were performed. 'The predicted yield for '" 104 
under our experinien tal conditions was expected to be 
-1 alpha count/hr. 

Nu obviously new alpha gi.oups were readily apparctit 
in our  spectrum iri tlie energy range of 8.5 i o  9.2 MeV. 
The ainiiiltaiieous protluction of 4.83-sec ' 104 from 
the (~"C,+z) rcaction intcrfercd with the L x-ray 
itleritifjcation, and no defi'inil ive informitiixi could be 
derived from tlie timc-correla(ed genetic link aspect of 
our cxpeririients. Obviously, better experirnents can he 
performed by using the  2 4  Crn(,' ' 0,4n j rcactiori as we 
had planned origirially. N o  intcrfereiicc fi-oiii " 104 is 
expectcd wheri using this latter reaction. 

X-RAY XDENTIFlCATlON AND DECAY 
PROPERTIES OF ISOTOPES 

OF ~ ~ W ~ ~ ~ ~ ~ ~ M  ' 
C. E. Bernis, Jr.' 
B. F. Dittnei? 
K. J .  Silva' 

0. C. Hciisley 
R. L. Hahn' 
J. R. ' I ' a r ra r~ t~  

I,. I). I-tunt2 

During the course of our experiment to identify 
clement 1 0 5 , ~  and in a separate experiment whcrc we 
born'r)arded 3 2 4  'Cf target with ' I3 and then with "13, 
we prid.uced several isotopes of I:iwreiiciuni. The 
isotopes ' ' Lr and ' L r  were produced by the 
24"Cf(1  'N;  cuxn) ri:actjori> where s = 7 and 3 
icspectively. The siiiie equipment described in the 
* " 105 article3 allowed LIS to determine the half-life. 
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Table 1.9. k.\permental results of ' "-* '' Lr isotopes 

Half-I ife Alplia-pal licle energy Intensity 
(sec) (MeV) (:h) 

This work  Rcf. 3" This w o r k  Kef. 30 This  work  Kef. 3" 

21.5 4 5.0 22 ? 5 8.429 i 0.018 8.37 i 0.02 40 i I O  -50 
8.370 i 0.01 8 8.35 ? 0.02 60 : 10 -50 

25.9 + 1.7 31 + 3 8.624 I0.025 8.64 I 0.02 4.2 f 1 . 1  3 ? 2  
8.517 + 0.015 8.52 f 0.02 19.1 i 1.5 19 +_ 3 
8.472 i 0.015 8.48 ? 0.02 13.3 i 1.5 13 ? 3 
8.430 i 0.015 8.43 i 0.02 38.3 i 2.9 34 i 4 
8.390 t 0.015 8.39 i 0.02 18.8 i 2.2 23  i 5 

~ . ... - .  
Isotope 

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

2 i j L r  

? 5 6 L r  

8.319 3 O.OI5 8.32 i 0.02 6.3 :~ 1.5 8 + 2 

I-r 0.646 + 0.025 0.6 i I 8.861 ? 0.012 8.87 i 0.02 85 i 4  81 i 2  
8.796 + 0.013 8.81 t 0.02 I5 :4 19 i 2 

L r  3.35 i 0.59 4.2 1 0.6 8.648 f 0.010 8.68 i 0.02 10 + 2 7 1 2  
8.614 ! 0.010 8.65 i 0.02 35 r 5 1 6 + 3  
8.589 ? il.010 8.62 i 0.02 45 1 7  47 t 3 

8.54 ? 0.020 8.59 ? 0.02 I O  + 5 30 I 4  

' s e e  tliis repoi l .  I> .  I , .  Dittncr c t  a ~ . .  " ~ e c a y  Properties :ind I. x - ~ a y  ~dent i f icat ion o t  I;lclwnt 

2 5 7  

2 ' 8  

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

2 6 0  l ( ) j  ' 3  

3 R N l - D W G  75 4182 
X- RAY E N E R S Y  I k e V 1  

10 15 20 25 3: 35 
~ -1 

~~ 103 I ~ - 

m 5 I -  
? 
2 r  

I -  

3 5  t 
100 

Fig. 1.72. Prompt photon spectrum coincident with alpha 
groups assigned to ttic decay of 2 5 8 ~ . r .  rhc 11111que energy 
s imat i i rc  coi i l ' i r i i i \  t l i c  a t o i n i c  numbc: ; I \  /I = 1 0 1 ;  t l i i i \  tlic 
~ i l p l i a - d e ~ ~ y  parent IF cont'irnicd to be  /I = 103. 

energies, and  I-elativc intensities r ) f  the  alpl ia  gi-oups of  
"' 1.1. and 2 s  LI- (see Table 1 . O ) .  In addition. -600 
1,-series x r a y s  o f  i i ie t idclcviu~i i  ( Z  101 ) were seen iii 
coincidcncc w i t h  the alpha events of LI- (F ig .  I . 7 3 ) ,  

In  a n o t I w r  expei-iiiient, ' 5 h  1-1 and " 1 - 1  were 611-0- 

duced v i a  llie '49cf(1 'B.4rz) and 240(f( i"8,4/z) t-eac- 
tioiis respectively. Tlic experiinental appara tus  used was 
1dc.11 ticill with our eai-lici- work on tlic x-ray identifi- 
cation 01' nohcliiitii.J The Iicllt-lives and alpha-decay 
propei- t ics ot "' Lr a n d  ? '' Lr 31-e xliowti iri Table 1 .9. 

Oiii i - e s u l t ~  are in excellent Llg<cctl>ctit with previous 
ilic;Is11Telllelits5 anti, in sot i i~ '  cases, of highei- precision. 
i~ t i r the r .  the s ray identification 01' l S n  L I- IS  . .  the first 
uiieqiiivocal coiif'i~-niatioii 01' the atomic nunibci- ol' 

lawrcticium: cat-licr genetic linkage expeiiniciits arc 
frau gh t \vi t 11 i i i icc I-t ai11 ty be c ai1 sc t he iiicn dclcv i ti 111 
daughters cithct ai-e not  well cha rac t c r ixd  or do  not 
lllldci-go alplia dcc;ly. 

DETERMINATION OF THE HALF-WAVE 
AMALGAMATlON POTENTl AL OF 

NOBELIUM (ELEMENI' 102) 

R .  E.  Mcyci-I 
W.  J .  McDowell' 

P. F. Dit tner '  
R .  J .  Silva' 

J .  I<. T a r i - a n t '  

thus identifying the atomic number  of lawrencium The hall-wave amalgamatiuii potcntial 01' nobeliitm, 
as 103. clement 103. has been determined f o r  the  rcaction No2t 
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POTENTIAL, V vs SCE 

1st Run A 0.lM TETRAMETHYL AMMONIUM CHLORIDE 
2 n d  Run 0.1MTETRAMETHYL AMMONIUM CHLORIOE 
2nd Run 0 O.fMNH4CI  

Fig. 1.73. Ratios of nobelium aclivities in solution plotted vs 
potcntial. 

f le - -+ N o  (ar~ialgarn) .~ 'The nobelium isotope "No, 
with a half-life of 223 sec, was prodiicecl a few hundi-ecl 
atoms at  a time by the reacrion 2 4  'Cf(' C,a2n)' ' N o  
at  OKlC. Tht: nobelium activity was caught on an 
anodized aluminurn disk and tr'ansfei red pneuinatically 
to the laboratory wliere i t  wiis washed into a small 
elecrrolysis cell wi th  solvent (0, I M tctranicthyl amnii)- 
iiiutir chloride or 0.1 M NH4CI)  and electrolyzed into a 
mercury cathode. Comparisons of tlie nobelium activity 
in the solution phase were nrade before and after 
electrolysis. By repeating the experitiient at various 
electrode polentials (rnaintaineJ constant by use of ;I 

plutentiostat), the ha1 f-wave arnalgarnatiori pote t i  1 ial 
was  tleteri-nined 1 0  be ~ 1.8.5 rt 0.1 V vs the saturated 
calomel elect rode. as shown in J; ig  1.73. The half-wave 
potcntial is estinia ted by taking the midpoint of the 
final drop in the ratio. 'Tlie lower ratig.,s a t  intermetli;ite 
pcilentials for the runs wiih t methyl arnmoniutii 
chloride can be explained by an adsoi-ptivn plienorti- 
m o i i .  By uornbi~iing this measurernent with the systeni- 
atics of Nugent," we may estimate the staiidarJ 
potential for the No-~No2* coiiple to be ---2.h V vs the 
standard hytlrugen potent id .  Thus, by making ust: of  

arid jniportant thcr   no dynamic property of nobeliurn 
was est i inat  ed. 

otlly 3 few Cyclotron-prodUccd alOfllS.  ;L fU~lthllleJltal 

....-......I~.~.~........_......____..,~ 

1 .  Chemistry Division. 
2. C 'hzmi~al  Techriology Division 
3. An accourit of this worl, 113s appeared in Chew. L ) k .  Amm. 

4. IL. J .  NugcntJ. ~ m r g .  MKI. C.%wz. 37, 1767 (1975). 
Prog Rep. Nou. I ,  197.5, ORNL-SI11 (1976),p. 30.  
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HIGH-SPIN STATES OF 'THE K" = '1: 
AND '/; RANDS OF "Na 

T). t.. Giistafson' 
S T. I'hornton' 
T. C. Schweuer' 

J.L.C. Ford, Ji.  
P D. Miller 
l i  I>. liobinson 

P. H. Stelion 

, .  1 he present experitnent was utidertaken to investigate 
higl-I-spin slates in ' Na by examiriirig the * C(' ' Np) 
2-'Na reaction in the framework of the statistical niodel 
e I I I  plu y i ng I-lause r -Feshbach ([I-F) l o r  riialis m . Previous 
heavy-ion-induced reactions in this mass region have 
indicated that the primary reaction mechanism should 
be of a compound-nuclear riature."" In the present 
experiment. suggestjons for spin-parities of the levels 
populated have been extracted from a comparison of 
energy-averaged angular distributions with 13-F: c;tlcula- 
tiom. From the kiigh-spin suggestions we havz consid- 
ered the possible rotational-barrti structi ire of the K" = 

predictions for high-spin states ftom shell-model calcu- 
lalious have been compared with the energy levels o f  
high-spin states suggested f i -o i r i  the  1.1-1; analysis f o r  
several of [he higher spins (P > ' 3/2+) .  

I n  tlie present work a I N beam was extracted fr(in1 a 
tluoplasnia trori charge-exchange source and accelerated 
with the ORN L EN tandem accelerator. The reaction 
alpha particles were detected at the focal surface of an 
Enge split-pole spectrograph with a Borkowski-Kopp - -  

type4 3 '  counter. At 01~1, = 7" we rneasured excitation 
fiitictions foi  slales froin 0 to I8 MeV of excit;ttion 
energy in tlte bombarding energy range F l a b  = 36.0 to  
39.2 MeV in 400-keV steps. Crnss sections were also 
ineasured at Ol;ri) :: IS" ,  22" ,  and 28" for foiir o f  these 
bombarding energies. and at 38.5" and 66.0" for 38.0 
MeV. 'l'lie excitation energies observed were limited at  
the niorc backward angles. 

The l 2  C(' Np) Na reaction populates m m y  lev-  
els, as may be seen in Fig. 1.74. Mariy of the more 
strongly populated levels are labeled by h e i r  excitation 
energies (taken fi-om ref. 6,) for the known low-lying 
levels. and determined from an  alpha calibration of the 
magnetic sped  rograph for the higher-lying energy lev- 

31 iz + ground-state and K n  = 'I2+ bands. Energykvel 
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CP ANNE L hlJ Frl @E ? 

Fig. 1.74. A portion of the alpha spectrum from the 
"C(' 5N,a)23Na reaction. Peaks arc labelcd by excitation 

cnergy f r o m  ref'. 6 o r  f rom the present work (i30 keV). 

~::,I,L~"WG ,r,'.rq'I 

Fig. 1.75. Angular distributions f w  cstahlislid and proposed 
K n  = 3/2+ band neinbers. Solid and  dashed lines arc the H..?; 
calculations as discuhsed in the text f o r  the spins indicated.  
S t a t e \  iiiaiked with a superscript a arc unreholvcd multiple 
peak\ :.;itti the suggested hand inemhcr in parentheses.  The 
open circles lor the 1 1.29-MeV state represent peak-f l t ted 
contr ibut ions of the dominant  statc of t h e  inult jplct .  

els. The excitation energies determined in the present 
experiment are quoted to  5 0  keV. Energy-averaged 
angular distributions for the proposed K" = /?+ 
ground-state band members and the corresponding H-F 
calciilations for these states arc shown in Fig. 1.75. 

Reniarkably good agreement is seen when comparing 
the high-spin states proposed in the present experiment 
t o  predictions for the energy levels of high-spin states 
obtained from large-basis shell-niodel  calculation^.^ 
Indications that the shell-niodel calculations give good 
agreement with the rotational structures and also 
account for states that are not in these bands iiuplies 
that the extensive shell-model calculations consider the 
collective shapes of thzse bands implicitly, as is also the 
case in the "Na nucleus.* Figure 1.76 displays our 
suggestions for the KT = /?+ (ground-state) and K" = 

bands in the form of a plot of excitation energy vs 
J(.I + 1 ), Those experimentally observed high-spin states 
which have t w o  spin possibilities are shown wit:) the 
favored spin as a solid point and the other possible spiil 
as an open circle. The band members according to 
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shell-inode1 calciilat ions7 and Nilsson model calcula- 
t i o n ~ ~  are indicated by the crosses and open triangles 
respectively. 

STUDY OF 'THE COHERENCE IYIXYI'tiS I' 
IN "Si MEASURED BY THE 

' ' C('  "O,aj REACTION 

J .  Gciniez del Canipo' 
M .  E. O r ( i L 1  
A. Dacal' P. H. S1.clson 

J.L.C. Ford, Jr.  
R. L,. Robinson 

S. T. Tliotxton2 

'The coherence wkdth I' of highly excited coinpound- 
nucleat st;iles depends 0 1 1  the excitation energy and 
t o l d  nngular morrrerifiirn J r,f the corripo~inil system, 
and possi1,ly the exiitntiori eriei-gy of the state in the 
l i d  r1ldc[ls populated by 1111' cr)tll~)ound-nucleus 

Heavy-ion reactions may I x  a t1serd technique 
with which to investigate these effects because these 
reabtions forin coiiipniind systcnis at high excitatiori 
energy with fiigh angular riioinentuiii. 

N a t w i l  carbon foils wi lh  thicknesses of 7 to 10 
pg/cni' were lximb;ird(:d by ' ' 0  ions fIoni f l ie  Oak 

leralor at Inhoiafory energies be- 
tween 40 a n d  46 MeV. The reaction products were 
dei.t:i:tc:d by a 60-ciri-lorig pc,sition-sensiti~~c propor- 
tioilal counter loc:iled at the focal plane of a split-pole 
riiagsietic spectrograph. 

Figure 1.77 displays the alpha-particle spectrum 
recorded at a borrharding energy of 40.4 MeV and 
laboratory aiigle o f  7". The energy resolution of the 
order of 60 keV niaile it possible tn sufficiently Iesolve 
states such as the 4 ' arid 2 + levels at 3.12 and 4.23 
MeV rcspectively. The states in Mg are labeled in Fig. 
1.77 by the presently rileastired values f<Jr the excita- 
tion energies. whereas the spins and pat it ies are gener- 
ally them of  ref-. 4. 

Excitaiion functioris for the I C(' o,u) reaction 
leading to The levels or rniiltiplets listed in 'Fable 1.10 

CHAMMEL WHBUI 

Fig. I .77. A 1 2 ~ ~ : ( ' G ~ 9 a ) 2 4 ~ i g  spectrum ot>tained at  a bm-. 
barding energy of 40.4 MeV and a laboratory angle o f  7". 

weIe nizasured in 700-keV intervals for incident crier- 
gies (lab) between 4) and 46 MeV. T'he Isble :dso 
presents experirriental and theoretical 1 '  values f x  levels 
in "itlg whose spin aiitl excitatiun energy values ars 
those of refs. 4, 5 ,  and 6. Sonie of the levels irr 24Mg 
that were riot resolved arc indicated by brackets in the 
1 able. 

Ihe  coherence widths I' were obtained f r o i n  the 
excitation functions by the usual t e c h n j ( p x 7 ~ - '  of 
autocorrelatian funct i rm ;inti counting masinia per 
u n i t  energy. Table 1.10 shows as I',,, ~hr :  i.esultitig F 
values using the autocorrelatiori functions: including 
corrections for finite energy resolution and sample size 
in the ~iianner described by tlalbert et a!.' 'I'hz 
tabulated err-ors are the relative staridard tleviatjons as 
defined in ref. 3 .  The o f  'Table 1.10 c i m q m i d  to 
the coherence widths obtajned from counting the 
riuiriber of  rnaxiina in the exi ta t ion  functions, and the 
tabulated errors are based on an estimation of the 
uncertainties i i i  the iiurnber of maxima. 

' Ihe coherence widths obtained From fhe autkxorr'e- 
l a t i m  runctions show large devia!ions from one level to 
anol her (Table I .lOj. However, the variation o f  the rlbf 
values f r u m  level to level i s  less and indicates n o  
sigiiificarit depeiidmce on the spin of tlie final riucleiis. 
LZecause of  the effects of tinite sample length, rlze 
metliod of counting maxima should in the present case 
be the uiori: reliable metbod of determining r'. Similar 
conclusioris have also beeti drawn from ortier analyses 
of the "Cj' ' O,a) r t ~ r i o r i , ~  as well as ~ ' I O I I I  other 
heavy-ion reactions.' 

The coherence width r can he evaluated in ternis of 
thc statistical model by calculating tlie partial witlths 
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LOO - 
I, Y d  

- -  

I .369 
4.123 
4.239 
5.236 
6.010 
7.348 
1.553 
7.616 
7.81 2 
8.120 
8.358 
8.436 
8.654 
8.864 
9.002 
9.283 
9.300 
9.300 
9.520 
9.827 

10.027 
1 0 . 1  61 
10.35s 
10.578 
10.68 1 
10.822 
10.922 
11.017 
11.163 
I 1.220 
11.313 
11.457 
11.594 
1 I .693 
1 1.860 
11.980 
12.050 
12.1 20 
-~ 

- 

Table 1.10. ['values (in keV) extracted from the 
fluctuation analyses of the ' ?C( '  60,a)Z4 Mg reaction 

at bombarding energies between 40 and 46 MeV 
~ 

2+ 
4 +  
2 +  
3 +  
4 +  
2+ 
1 -  
3 -  

6' 
3 -  
4+ 
2 +  

2 +  
2' 
4 +  
4 -  
6 +  
I +  

3 -L' 

2 +  

5 -" 
( 1  + 

2 +  
2+ 

(3-1 
4 +  

13;) 
2 
5 -  
4 +  
8 +d 

2 +  
4 +  

(5) -  

+h 

2 

5 

__ 

I 2 0  + 28 
145 ' 32 

X I  * 19 
130 ? 30 
135 ? 30 
91 * 21 

166 + 37 

69 i 15 
4 2  i 9 

214 i 46 

79 * 19 
122 ? 27 
77 + 18 

7 6 i  16 

126 + 27 
7 3  i 2 0  

280 61- 
64 i 15 

118 t 28 
I 1 3  + 25 
58 + 16 

69 t 16 

168 + 39 

88  1 19 

85 t 23 
72  + 17 

86 + 18 

1 2 0  + 25 
90 + 21 

112 f 23 

~ 

152 + 30 
101 4 30 
130 ? 22 

114 i 38 
114 +_ 38 

91 4 10 

I 0 1  i 13 
91 ~ 2 3  

1 I4 i 38 

114 + 16 
130 * 52 

1 I4 i 16 

114 + 38 

91 + 10 

130 * 22 
114 + 16 
114 16 
91 i 10 

I 0 1  + 13  
I 5 2  30 
I14 + 16 

114 ' 38 

101 i 13 

83  + 9 

1 3 0  i 52 
8 3  i 9 

114 i 16 

1 3 0  i 22 
1 0 1  + 13 

130 i 22 

139 
120 
156 
163 
132 
184 
1122 
159 
123 
1 1 0  
166 
145 
24 2 
24 3 
250 
21 2 
152 
I76 
I I 8  
29 3 
112 
154 
231 
142 
330 

242 
244 
202 
168 
202 
254 
148 
173 
9 8  

268 
176 
153 

~~ 

'Values f rom rcf. 4. 
h 

'Thi, spin included in the  11-1, c;ilculations. 
dl.rom refs. 5 a n d  6. 

I,'rorn ref. 5. 

rJT of compound-nucleus levels at a given excitation 
energy E.x and spin-parity P . The computation o f  I', 
given in the last column of Table 1 .  IO.  has been made 
using an N-F treatment and the parameters giver1 in 
ref. 13. 

Figures 1.78 and 1.79 show the dependence of the 
coherence width r on the excitation energy in 28Si .  
The first three experimental points are those obtained 
by Halbert et al.,7 averaging the r values for the ground 
state and first four excited states. \Ye obtained the 

O R N L  D W G  76-2969 

I 
/' 

..... ....... 1 . A  
33 3 5  31 29 31 25 27 

E, i n  *'si ( F ' I ~ Y I  

Fig. 1.78. The dependence of the coherence width 1' o n  the 
excitation energy in the compound nucleus '*Si. The first thrcc 
points arc from ref. 7. The curves were calculated usins the 
values A = 3.89 M L V .  .'\/ti2 = 4.26. and u = 3.86, 3.54, and 3.26 
b1cV-I f o r  thc dot-dashed. wlid, and  d a h c d  CLIIVC:, respcc- 
t ivel y . 

ORNL-DWG 7 6  2970 
_.__ ........ _____ looor- 500 
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E , I M ~ V )  i n Z 8 s i  

Fig. 1.79. The dependence of the coherence width I'  on the 
excitation e n e r g  in the compound nucleus "Si. ' lhe  first three 
points are f r o m  ref. 7. l h c  dashcd curve? were  cslculatcd using 
the  vducs  o f  3.86 h?lcV-' and 3.89 MeV f o r  a and A 

rc\pectivcly. Howcver, the tiionlent of inertia :1/h2 was vaiicd 
215 indicated. Tlrc solid line is thc result obtained by uuing thc 
cxprc,<ston I' = 14 ESP (L4.69 d,4/Ey) (sec ref. 1.1). 

__ 
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fourth data point by averagng rhe I'M values for the 

first four excited states shown in Table 1.10. T h  
different curv-es drawl in Fig. 1.78 correspond to  
theoretical I' values with values of A I-- 3.89 MeV and 
cL~/hz  = 4.26 M ~ v - ' ,  corresponding to a radius pa- 
rameter y o  = 1.3 fni, and for different cl~oices of the 
level density parameters. As can be seen froln Fig. 1.78, 
the slope of 1' vs I:, is independerlt of the parameter a. 

Tliis was also the case if Awas varied. 
However, Fig. 1.79 shows that the slope is sensitive to 

the choice of [he value of the iiiotiient of inertia. Curves 
indicated in the figure correspond to values of .11/ji2 of 
4.16, 5.1, arid 5.3 MeV-' which result from choices of 
1'0 of  1.3, 1.43, and 1.46 fni respectively. These 
c:;ilculations were done for values of il and A of 3.86 
MeV-' arid 3.89 M ~ V  respectively. 

As can be seen from Fig. 1.79, the best f i t  to the 
experimental I' values was obtained when yU = 1.46 fm. 
Altliough this value of ro  is sliglitly larger than the 
reconiniended figure of 1.4 for the rigid-body value, it 
i s  still within a reasonable limit, as were the ones given 
iri ref. 12 for "AI .  The solid line in k:ig. 1.79 is the 
result f rom the expression 1' = 14 exp (-- 4 . 6 9 m )  
suggested in ref. 1 4  ;is reproducing systerna1,ics of I' vs 
the mass nuiiiber A .  

?'lie dependence of the slope of r vs Ex on the 
moment of inertia is due io the fact that tlie actual 1' 
value is a weighted sum over the distributicin of ./ values 
in the conipound systeni, a n d  because foi heavy-ion 
channels this distribixi ion extends over high-spin states, 
tlie importance of' the spin cutoff parameter will be 
more significani than for light-ion chaiinels. The Je- 
pendence of the coherence wicltll 1' on the  conipu~ind-  
nircleus excitation enerbgy in systems fo t r i ied  by heavy-- 
ion reactions provides a means to extract the eFfc1ctisie 
nuclear motnent of inertia A and, therefi.,I-e, the spin 
cutofl' paranieter 0 2 ,  provided n reliable calculaii~~ti o f  
the 11-F denominator,  G(J) ,  and p:trtial ct'oss sections, 
o J ,  is available, 

EVI IXNCE FOK KOTA1'IONAt 
STKUC'TURF, IN '"Se 

I?. H. Pielmy' 
A.  V. Rairiayya' 
R. M .  Kcririingen' 

J .  111. Haiiiilton' 
R. L. Rolsinson 
H. .J. K i n 1  

To test o i i r  intcrpretslion2 of the coexistence of 
spherical an(t deformed shapes in 7' Sc ani1 t i l e  ~11s- 

gested role3 of the orbit t l u t  closes :I subshell a t  N 
= 40, we fiavc studied tho  levels in "SC.  In-I)e:irn 
gainma-ganima coiricide~ice and angiilal- distributi!~ri 
nieasirremeiits were carried uu t with 1 WI) Ge( ILi) detec- 

tors of gar r in~  rays fro111 the " Ni(' O , ? / I ) ~ ' S ~  
reaction. The priiriary results of w r  stiitles are wniiin- 
rized iii Fig. 1 .EO. The spins ale hnsixl on angular 
distribution nieasureriier~ ts. Liietinles of ~ r ~ a n y  o f  (lie 
levels were nieasured by line-shape analysis of the 
h p p l e ~ - s l i i f t e d  peaks in tIie 0" detector as ob tailled 

581.2 

........... ._ 
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from coincidence u i th  the 90' detector. Coincidence 
spcctra are essential t o  eliminate effects of side feeders. 

The lifeiimes jn the central yrast cascade show a 
regular decrease. rhey yield an alinost constant defor- 
mation. extracted tloin the H ( / ' 2 )  values. except per- 
haps for the 4' level, where o u r  results m a y  be 
somewhat longer than repoi ted from Cr.)~do~iib exci- 
tation. A comparison of the two "Se positive.parity 
hands t o  the levels in " Se. where a coexistence model 
was invoked,' suggests that they may be built on 
spherical and deformed shapcs. However, in contrast to 

Se. every like-spin ineniber of both bands in ''Se is 
close and so there may be considerable mixing o f  many- 
different levels. I t  is not clear yet what motion 
characterixs the yrast cascade above the 10' state. 
where there is a break in the nionient of inertia plot 

7 2  

O R N L  CVG 764116  

30 
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2 8  
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I 
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4 2 9  
I I I I 1 -L-.& 

0.1 0.2 0.3 0.4 

( 8 4  
Fig. 1.81. Mgrncnt of inertia extracted for statesof 7"Se. 
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O + I  I I 
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J(J +. 3 )  

Fig. 1.82. Energies of kvels in three 74Se bands plotted YS 
J ( J  + I ) .  

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

The most striking new feature of 74Se  is the 
discovery of the negative-parity band built on a 
collective (-9 spu)  3 level reported at 2350 keV in 
Coulomb excitation ~ t u d i e s . ~  In Fig. 1.81 wc have 
plottcd the energy levels of these bands vs d(J  t- 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 positive- 
parity bands is less successful. 

For the negative-parity band, Fig. 1.82 shows that 
Ii2/'2 :J is reinarkably constant compared t o  the posi- 
tive-parity bands and is about 26.0 keV. This is riiucli 
closer to the irrotational value o f  34.4 keV than t h e  
rigid-budy value of 3.5 keV calculated for 0 0.3. ' l h e  
deformation of the negative-parity level as extracted 
from lifetimes of the (9  -) and ( I 1 -) levels is larger than 
for the positive-parity levels. This is the f i r s t  time that a 
negative-parity band h i l t  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 
at t rib u ted to e xc i te d ne ut ron con f i  gura t i on states . 

I .  Vanderbilt l .~nivci<it~ . Nashville. Trnn 
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'TESTS OF THE COEXISTENCE OF SPI-IEKICAI, 
AND DEFORMED SHAPES IN 7 2 S ~  

J. €1. Ilamjlton' V. Marulm-Rezwani 
11. 1,. (lrowe!]' J. A. Maruhn 
It. L. Kobinson N. C. Singhal' 
A. V. Ramayya' 1-I. .I. Kin) 
W. E. Co~iins2 R.  0. Sayer3 
I<. M. Konningen' T. Magee" 

I,. C. Whitlock" 

Final results for the lifetimes of the 4' to (12') states 
in the yrast cascade in  7 2 S e  were obtained from 
coincidence spectra where the gate transitions were 
higher yrasl states to eliminate side feeders. This is the 
first time to our knowledge tliat lireiimes have been 
measured Cor the yrast states f rom spin 4' to (12') in a 
complex decay popdated by a nuclear reaction where 
all feeder problems were eliniinated by gamma-garnma 
coincidence work. The lifetimes are 4.5:;:;, 2.6 I0 .7 ,  
0.75' ' . l o  0.35 k 0.07, and 0.25 + 0.04 psec 
respectively. These values reveal ;I pattern oi' iricwasing 
deforrnation to the 6' state ;jod constant beyond that 
as would be expected in a coexistence niotlel.5 Our  
results do riot agrez with values of the 4 + to (12 ') 
lifetimes extracted from siriglrs data i n  refs. 6 and 7, 
where side feeders and extraneous gamma rays in the 
vicinity of  the transition of interest create serious 

1111 y. Our results clearly show that coincidence 
data are essential in the extraction of lit'etiines io sor i le  
if not all such cases. 

A recent tlieoretical work* has suggested that no 
second iriinirnuiii exists in "Se: if co i rec i ,  this would 
invalidate our earlier interprctation.6 To further test 
our interpretation WE have used the Gneuss-Greiner 
a p p r o a c l ~ ~ ~ ' ~  of varying the potential to see what type 
of potentiiil energy surface can reproduce the experi- 
mental levels ;md our R(k2) .,allies. The data used and 
the resriltjng theoretical values a r t '  shown in Fig.  I .X3 
together with the potenl i;il energy surface. The fit used 
six parameters in the potential energy and o ~ i e  for :til 

anharmonic kinetic term. The latter proved to be 
necessary lo give both the correct iiionient of inertia for 
the relational band arid the level spacing of the 
vibrational levels. 

The poteii tial energy surface has three minima, with 
all of the experimental levels being located in the 

.-. 0.0 8 

0 

SE 72 

spherical and prolate minima only. The third miriiniuni 
on the oblate axis has little influence on these states, 
and its existence or nonexistence cannot be inrerred 
f ro in  presently known experimental data. It shoiild b e  
borne in mind that these i t re leasl-sq~~al.e-fit results, so 
that  those parts of the potential energy surface which 
have no bearing on the experimental quanl il.ies are just  
a by-product of the fit in the irnportant areas and need 
not be meaningful physically. This is simply an expres- 
sion of the fact t h t  the experiruental data arc not 
sufficient to deterniine the surface in its entirety. The 
main intention of the present fit is to show {hat the 
coexjstcnce cjf  splierical aad deformed minima is able to 
explain the dal ;L. The low-spin states or the rotational 
band built on the 0" state are distorted considerably 
by t h :  interaction wilh the spherical 2" state. 'This 
makes the applicnt.iori of the [(I f 1) rlule arid o f  the 
spherical vibrator o r  simple rotator riiodel f o r  the 
explanat io11 of the low-energy spectrum highly doubt- 
tid. Addi1:iot)al support for the potential energy surface 
comes f rom the prediction of (h2'- arid 62' states i n  the 
near-spherical minirnum at 2095 and 3254 keV respec- 
tively. These states could be mixed with more defortned 
ones. Slates are seen at  2406 and 3214 keV with the 
predicted branching ratios to the lower. 4' aritl 2' 
states. 



' (' l ' i  HIGH-SPIN STATES 

H. J .  Kin1 R .  I - .  Robinson 
K.  Ronningcnl 

Thc h igh -y in  states in  "Ti determined via the 
ill-beam study o f  gamma rays from the 3 y  K( I 2 C ,  
ap-y)'6..Ci rcx t ionh  f o r  incidcnt energies of 32  to 39 
MeV are shown in Fig. 1.84. Also shown ~e the 
high-spin states in ' "Cr foi- comparison. The level a n d  
transition energies are very similar and suggeqt that  they 
ma): be the simple shell-model states.  Since they are 

O R N L - D W G  76-2922 
T r  

6 

5 L ----I-- 

conjugate to  each o the r .  a common set o f  shell-model 
states caii exist in both. I t  is hoped that the analysis o f  
expcrimental  angular distributions and direction cor- 
relations from oriented states (DCO) ratios. which is in 
progress, will lead to spin assignnients for  the higher- 
lying two  new states. 

I .  Vandcrbilt University.  N;rhville 

' "Cr HIGH-SPIN STATES 

1-1. J .  Kim W .  K. Tut t le  111' K .  0. Sayer3 
K. L.  Robinson R. Ronningen' J .  C .  Wells. Jr .4 

Based on their analysis of in-beam gamma-ray spectra 
resulting from the 4"Ca( i60 .1_pay) s0Cr  and  40Ca(i  2 C .  
2py)")Cr reactions. Kutschei-a e t  al.s made an 8' 
assigriiiient t o  the 4.744-MeV level of  50Cr ,  which 
decay\ exclusively t u  the 6*  level via a 1581-keV 
gaiiirna-ray transition. They then used this spin. in turn,  
t o  make still further assignmenis to highhcr-lying states. 
Figure 1 .85 summarizes their results. Also showi-1 for 

ORNL-DWG 76 - 1  7 5 5  

i 2+ 7.897 

8' - 4.744 a" 4.818 

m ? h $ 1  

! I +  7.274 

2' 7.829 

46 
2 2 T 1 2 4  

5 0  
24"26 

1 OC 6.249 

O+ Lo 

6' 3 . ! 2 0  

4+ 2 .2 t7  

2+ 1.153 

O+ 0 

THEORY 

Fig. 1.84 
Fig. 1.85. Expeiimcntal and theorctical "Cr levcl schcmc. 

Only t h e  y r a s l  Icvcls .ire sl iown. 
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Fig. 1.86. O0 ani1 No coincidence spectra projcc ted froni thc two-parameter gamma-gamma coincideiicc matrix. 

comparison are the calculated shell motlt:l states as 
givcn in wf. 5. They measured garnni:i-ray angular 
distiit)iitions, linear polarizalions (at  90" orily), and 
gamma-gamma coincidence relations, b u i  did not mcas- 
ui-e T>CO ratios.' , 7  A s  h a s  been demonstrated, CXO 
r;itio measurements fur ;i cascade such as that of  '"Clr 
(sce Fig. 1 .X5) would provide additional bases for tlie 
spin assignments.6 57 

We nieasured the LICC) ratios bel ween the 158 1 -lev 
and sut)sequent 6' -+ 4 + ,  4 '  -+ 2 ' ,  and 2' -+ 0' cascade 
ganinia rays from " C r  levels popuhted via the  
40C;i(I 'C,2py) reaction at 38 MeV. A typic;d pair o f  
coincidi:ncc spectra from wiiicli TKO ratios were 
deduced is shuwn in Fig. 1.86. (DCI) ialios iiIc 

essentially those of corresponding garririia-my peak 
areas, 90" projection vs 0" projection. after correcting 
f o r  delection efiiciency differences.) The angular dis- 
trit,ul ions of relcvant gainina lays wer-c also measured at 
38 MeV. The present angular distribirtion 01' thc 
158 1 -kcV gaiiinia rays is consistent with ttie 8 * 
assignment, b u t  the E)CO ratios are not. The IICO ratios 
froin any pair o f  gamma mys f o r  the 8' -+ 6' + 4' --+ 

3+ +- 0' cascade should lie 12 .= 1 ,  whereas the observed 
avcragc value of  the ratio i s  R e x p  = 1 .27 t 0.07. This 
rathcr large discrepancy warrants an alternative spin 
assignnicn t ,  arid presently we are analyzing ;111 ;ivailable 
expe r iiii e I 1 tal resul is (i .c . ~ angular (list r-i ti uti on s ~ p 01 ;I r 
izatioris. x i d  DCO ratios) hopirig to find ari alternative 
arsigrrrnent that resolves this discrepancy. 

1 . Prc:;cnt 'icldrcss: Depdrtriient o f  Nuclccir kledicinc. Madigan 
Ariiiy Hoapital, Fort I.cwis. Wash. 

Recent  studies of neulrori-cli:Eicizrit ni~clei in  the 
region Z > 23, N < SO tiavc died band sttuctures 
md iiiiu.siial behavior in levc gy spacings. itnorna- 
I oiu sly low -1yin g 0 + cxc i t e d stat  GS an d r ii t ati  o nal-1 i Ire 
Icvel spacings are two itiating aspecfs o f  rhese 
studics. !For studics o i l  "Se and 74Sr see J .N.  
H;imdtoti e t  31. and R .  B. Piercey et al. in ihis sanie 
progi-ess report.) 

'The getroanium isotopes are interesting because in 
7oCc a 0' excited state lies just above the first excited 
state of I '' I- 2 + ,  and i n  7 2 G e  tI1c 0' state is the first 
cxcitctl state. T h ~ s  we have done in-bcam g;ilnma-ray 
spectroscopy on the m o r e  ncutron-deficicnt " Ge via 
the 1 2 C ( 5 R N i ,  3p)"Ge rcacticin witti a beairi energy o f  
35) b1eV. Anpidm distributions and gariiriia-gdinma 
coincidence ~ticasureincnts were made. 

Prcliininary aiialysis o f  o u r  coinciderice data agrees 
with the results of Noltz el 31.' Cor the yrast band u p  to 
(8'). However, we tzntatively assign a 1124-keV gaiiima 
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Fig. 1.87. Momen: of inertia for thc yrast states of 68Ge. 

rap f o i  the ( I O ' )  - . ' ( 8 + )  trarrsiiion and a IlOO-keV 
ganima ray for the (12') + ( I O ' )  transition. The 
angular distribution nicasurements are being analy/ed 
to make these spin assignmeriis definiie. 

The striking,behavior of the plot of 2.-i/ti' vs (fiw)' . 
where .-I is the monient of inertia (see Fig. 1.87). 
indicates sharp structural changes near I 71 = 0' and 
( IO'), Mean-life measurements via the analysis of  line 
shapes for Doppler effects are also planned to help 
elucidate our findings. 

1 , Vandcrbilt Univercity. Nashville, Tenn. 
2. Present address: lkpartment  of Nuclear Medicine. hladigan 

3 .  E. Nolte et a l . ,L.  Phyc. 268. 267 (1974). 
Army Hospital. Fort Lcwk. Wash 

IN-BEAM GAMMA RAYS FROM THE 
6oNi (1  * AND 

h'Ni(12C,2p/i)70Cag REAC"1IONS 

R. L. Robinson R .  M. Ronningen' J .  H. Hamilton' 
H. J.  Kim J.  C .  Wclls. Jr.' G.  J .  Smith3 

R.  0. Sayer" 

An yrast band in 7 2 S e  with spins up to  12 was found 
to have properties that could be explained in terms of 
coexistence of rotational and vibraiional bands: the 
rotational band vias built on a low-lying excited 0' 
state. The nucleus 7 0 G e  has a similar low-lying 0' state. 
To deteimine if it too  has properties attributable to a 

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

Tlic reactions "Ni( I ' C . 2 p )  and ' Xi( ' ' C , 2pn)  were 
used to  produce 7"Ge.  Unfortunately. a large amount 
of 7 0 A s  was also produced. which. because it decays 
with a 5.3-min half-life t o  70Ge3s  coinplicated interpre- 
tation of the in-beam gaiiiina rays of "Ge. R prelimi- 
nary levcl scheme obtained from a garnrna-garnm;r 
coincidence spectrum and reflecting intensities from a 
singles spectrum is shown in Fig. 1.88. Intensities have 
been corrected for decay of "As. The levels rnarked 
with an R in Fig. 1.88 are the one5 populated by this 
decay .' 

Two new cascades of gamma rays arc observed, one 
initiated at the 3056-keV state. the other at the 
6597-keV state. The latter cascade has gamma-ray 
energies suggestive of a quasi-rotational band. Interest- 
ingly, it decays to the proposed third 4' state' rather 
than t o  the usual first 4' state. 
~ __ - 

1 .  Vailderbilt University, Nashville, Tenn. 
2.  Tennessee Technological University, Cookeville, Tenn. 
3 .  ORAU Postdoctoral Fellow. Prescnt address: Brookhaven 

National Laboratory. Upton, N . Y .  
4.  Computcr Sciences Divkion. 
5 .  "Nuclear Ixvcl Schemes A = 45 throlleh A 257," f r o m  

1'v'~rcl~ar Data Shects, ed. by Nuclear Data Group. Acade~nic 
€'r're\a, New k'ork. 1973. 

COUZ.O?viB EXCITATlON S rUDlES 

VIA rPiE (qa') REACTION 
Wy, ' '' 64F,r, 4 N D  6 8 Y b  OF 1 5 6 , 1 5 8  

R.  M .  Ronningen' 
K. S. Grantham' 
J .  M. IIamilton' 

R. B. Piercey' 
A .  V. iiarnayyal 
B. van Nooijenl 
W. K. Dagenhart 
L. L. Riedinger' 

These stable rare-earth isotopes 

H. Kawakami' 
C .  F. Maguire' 
R. S .  Lee' 

of low natural 

abundance (20.32) are interesting because ( I )  they are 
deformed. (2) they lie farthest from the main line of 
stability, (3) their yrast bands show backbending 
behavior, and (4) their low-energy-level (<2 MeV) 
structures have several I TI = ?.+, 3 -  states that may be 
collectively excitable. 

We have obtained high-purity (>98%) targets of thesc 
isotopes from an electromagnetic isotope separator. The 
( q c u ' )  leaction was used, detecting scattered 4 H e  ions 
from the OKNL tandem Van de Graaff in the focal 
plane of the Enge magnetic spectrograph with a 
20-cm-long proportional counter. We used energies of 
12 to  I O  MeV and detected the scattered ions at 1.50" 
for 13 to I3 MeV and 90" for higher energies. 
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4i34.5 
( 3 )  

- 4203.9 

3752.9 

- 2i53.6R 
.4 

I 

4 707.9 R 

I] 4708.1 

O u r  prelirnin:iry B(h1) values are p [ e ~ e ~ i i e d  iri Table 
1.1 1. Interesting restilts are evideriI., some of wl i id l  
dwiate  from what we have found in OUI similar studics 
of g;idolinIurn arid iiaf'niuru nuclei.3 Altliuugh tht: p- 
a n d  y-type vibrational states decrease ili encrgy arid 
iiicrease iri st.n:ngth with decreasirig mass for 111c 
wre-ear th  region in general, the trend for  thc 2'8, 
B ( f i 2 )  strength for '' Dy is reversed f r o m  this. 

Also foi- l 6"Er ,  3 po&Le4 f ~ ~ ~ l h  2+ stati: a t  1483 kcV- 
is nearly fivt  tirnes as col1ci:tivc as the 1 nX = 2 ' 0  sta  tc 

at 13 15 kcV. Other collective states wi th  I n  = 2' or 3 '- 
arc also wcdily excited in I * l ly,  ' ? ,' 6 4  Er , and 
I h 8 Y b .  

Thc B(IC3) strength Tor each rwcleus is found rnostly 
in m e  state? with an average v:iIue of -0.22 e' b3, 
cxccpt i n  " ~ r ?  zvliere t w o 1  * = :i states share neariy 
1 hat s t  re n gt h , 

Our SjIY2) and B(E3) r ~ ~ ~ i i ~ i u r e n i e n t s  sbo~ild provide 
# ( i d  tests of  collective riiodels for this region because 
such ~ t ~ ~ t l c l s  must no1 only predici the strengths sild 
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DY 138 
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DY 99 
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1398 
1610 

Cr 1 0 1  
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(1616) 

1 5 6  

I 5 8  

I 6 2  

r r  91 
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1315 
1434 
14 84 
1568 

164  

1 6 8 %  88 
9 84 

1234 
I475 
1603 

~ - ~ _ _  

2 +R 

2 +Y 
2 +p 
3 -  

( 2 ' )  

2+  
2 +y 

2 +P 
3 -  

( 3 3  

2 +g 
2 +y 
2 +P 
3 -  

( 2 + )  
3 -  

trends of 2'7, 2+p,  and 3 -  states but must describe the 
othei observcd collective modes. 

The R(E2) strengths of the 7+g  states should be of  
interest for experiments and calculations involving 
properties of ground bands of these backbending nuclei. 
Also of interest is the measure of  hexadecapole defor- 
mations Cor such neutron-deficient systems; E4 
moments for these nuclei are now being extracted. 

___. __ .... ______..- 

I .  Vandcibilt I lniver~i ty .  Nashville. Tenn. 
2. University of T e n n c w x .  Knoxville. 
3 .  R .  M. Ronningen et al.. to  be published. 
4. P. 0. Tj@m and f l .  Elbek. h'ucl. P ~ , I T .  A107, 385 (1968). 

ABSOLUTE CROSS SECTIONS FOR 
THE ' Ni(' 0 , 3 ~ ) ~  Kr REACTION 

J. C. Wells, Jr.' 
R .  L. Robinson 

H. J .  Kim 
J.L.C. Ford, Jr. 

In our earlier paper; which reported the cross 
sections for a variety of channels from the 61Ni(160Zy)  
reaction, one channel, the 'Ni(l 6 0 , 3 n ) 7 4 K r ,  stood 

out in serious disagreement with calculations based on  
statistical evaporation of particles 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 a L 3  were the 4 -+ 3- 
and 2 --? 0 transitions of 7 4 K r .  €Iowever. Nolte et al.4 
more recently have suggested energies of 355.7 and 
557.8 keV for these two transitions. Also, several 
beta-decay s t ~ i d i e s ~ - ~  of 7 4  Kr have become available 
since our original work was done. Reanalyzing our data 
with this new information. we obtained the limits (none 
of the 7 4 K r  in-beam or decay gamma rays weie 
observed) on the cross sections given in Table 1.12. 
These are consistent with the calculated cross sections. 

_____ ..... 

1. Tennessee Technological University, Cookeville. Tenn 
2. J .  C. Wells. Jr.. et al., Phys. Rcv. C 1 1 ,  879 (1975). 
3 .  t. Nolte et al., Phys. Lett. 33B, 294 (1970). 
4. E. Nolte et al.. %. Phys. 268, 267 (1974). 
5. H. Schmcinp et al.. Ntrcl. Phys. A242,232 (1975). 
6 .  Ali Coban,J. P/~,I's.  (I,orrdor?) A7, 1705 (1974). 
7. E. Roeckl et al., Z. Phys. 266,65 (1974). 
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Table 1.1  2. Experimental and calculated cross 
secriorts for tlie " ~ i ( '  " 0 , 3 / 1 ) ~ ~ ~ r  reaction 

42  1 0 . 1  5 0 
44 a 2 5  0 
46 -.. 0.40 0.01 0 
48 4 - 5 5  0.10 
50 -,0.65 0.27 

103 - I 
5 :  

5 

2 

1 o7 

5 

2 



~f iic' t o t a l  i-c:iction cross section f o r  the sharp-cutoff 
iiiodc'l is calculated t'i-om the expression 

wiiere R 1  is the distance lxtwccn the centers o f  the 
target and pi-ojectile a t  cont;ict and V ( R I )  is the 

y at that  iadius.  A plot of  uK vs l /Ec, ln ,  
1. ( I )  will give a straight l ine with ;1 KI-o 

intercept at 1: V ( X , . ) .  An cxample IS shown in Fig. 1 ,90. 
The deviation o f  t h e  expt.riment;rl points near the 
energy axis from ;I atraiyht line results f rom peneti-a- 
t i o i i .  an  effect not covered by t h i s  simple pictiirc. l'he 
total reaction cross section for the  i)ar;ibolic-hari-icr 
iiiotlcl. which does account f o r  penetration, is given b y  

c 111 . 
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Pig. I .YO. Experimental and calculated total reaction cross 
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Fig. I .91. Values cxh'acted for the interaction radius 
tlir parabolic-barrier model fot heavy-ion-induced reactions. 

with  

where R o .  V o 3  and I w o  arc the radius, hciglit. and 
cu m i  t 11 re . re s p x  t ive 11; ~ of the p a  r;i bo1 ic 1x1 t en t i a  I h ii ir- 
ricr for s waves..3 Nuclear deformation is included by 
xsuin ing  thc interaction barricr has a uniform distribu- 
tion o f  valucc bctwccn Vo A and Vo 1~ A. For the 
comparison with the espciirncnt;il data .  A and IC were 
given values 01' 3.0 and 3.0 MeV I-espectively. An 
cxailiplc o f  a fit is illustrated in Fig. 1 .00. 

Values extracted from the intcructioil barricr t-or the  
interaction radius 

fol- all  projcctile-tarSct combinations fall in the range o f  
I .5-1 t o  1.65 f in .  As illustrated by Fig. 1 . 0 1 .  thesc 
compare hvoi-ably with iriteracfion radii f ~ i ~ n d  from 
o t  tier Iicavy -ion-induced i r e x t  ions." .5 

~ ~ _ _ ~ ~  ~ _ _ _  - 

1 .  _I. K .  k i i r  c t  ai.. privatc ~,.ommunii.;ition: Bull. Att7. P/r,rs. 

2.  11. L .  l i ob inwn .  11. J .  Kim, and J.L.('. Pard, Ir.. P/IJ,s.  

3 .  c'. Y.  Wonp, Pl7.1.c Rcw Lcrt. 31. 766 (1973). 
4.  L. C. Vn/ and J .  M .  Ale\andcr. P/7),s. Riv.  10. 464  ( 1  974). 
5. \"i.Scobclct:iI..W7);s R m  C l l ,  1701 (1975).  

Soc. 17. 530 (1972).  

RCIJ.  C 9. 1402 ( 1  974). 
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NUCLEAR STRUCTUKE REFERENCES 

General Description 

In suppoi-t of  its data evaluation p10y 3111. ihc  NDP 
conducts ;I seat cli of t h o  world's scientific I i tera( l r rc  ~ O I -  

reports o f  i~ucleat-  structure I-esuits. All rclcvant wol-k, 
whether publishcd. pi-ept-iiit, Iaboratut-y report. 01- 

absti-act, is tagged w i t h  keywords that desei-ibe the 
;lppi-opt-i;ite niiclei, reactions, measured data types, :ind 
deduced iiiiclcar properties. The  keywoi-ds are  entered 
into a nucleai- sti-uctut-e tetci-cnce file, which is cumu-  
lated a t  iritei-vals so tha t  an  up-to-date tabulation o f  

rc lcvant  articles on a subject is a lways availahlc a t  the 
NDI'. Dui-iiig 1975. 3000 published articles and  7000 
preliminary rcyoi-is were tagged aiid added  t u  tlic 
iii;istet- reference file, wliicli now ~iicludes soinc 55.000 
entries. 

"Recent References'' C u m ~ l a t i o ~ i  

Nuclear Structure References on RECON 

PUBLICATIONS 



data sets. The tablcs of radiations (atomic and nuclear) 
from I 3 1  radioactive isotopcs have also been collected 
in slightly different foumnt as a laboratory report.’ 

SPECIAL SEKVICES 

Tlic NDP has responded to special requests fur  
iiucleai- structure information on the average of once a 
weck during 1975. The reyuesfs range from the stl~all 
(piccisiori of the 39Cle half-life) to the average 
[hii)lic,graphy t o  the ( n , ~ )  reaction] to the exteusivc 
(inagnetic tape coritai~ling adopted levels and level 
propcriies f o r  :dl nuclei). Sirnple requests can often be 
answered from exisziiig coiripilations 01- f r om indexed 
rcfcicncc listings coiltairled in (tie NDP library. Most 
special responses iiivolve a niixture of‘ data printouts 
f r o m  ENSDF and refcrence lists f rom the nuclear 
striic:tiire reference file. For U S ~ I - S  of large quantities o f  

data, a nuniber of special subsets of FNSDF have been 
prepared on inapet ic  tape. and these tapes are copied 
for distribution 

I .  Part-time assignlment to Nuclear Data Project. 
2. Nudcar Data Project Director, January-November 1975. 
3. W. H. Ewhank et al., “Nuclear Structure References, 

1969--1974,”NucL Datu Slrz~ts  16, suppl. (1975). 
4. W. U. Ewbank c t  al., iVuclcnr Structure Datu File - -  u 

:Ilurruul .for. Prepurution of Datu Sets, OKNL-5054 (June 1975). 
5 .  I .  A. Kondurov and Yu .  V. Sergeenkav, Bulletin of’ the 

L l N P  L b f u  Cerzter, No. 2, Leningrad Institute of Nuclear 
Physics, IJ.S.S.K., Szptember 1975, p. 3.  

6 .  1). .1. Horen and M. B. Lewis, ?Vzrcl. Dufa Sheets 16, 25 
( 197 5). 

7. N t d  Dntd Shrets 16(3) W;IS prepared entirely by com- 
puter from ENSDI: 

8. M. J. Martin. Ed., Nuclmr D e w y  Datu f o r  Selected 
Rudioizzrclides, ORNL-5114 (March 1976). 



3. Experimental Atomic Physics 

ATOMIC S'TMUCTIJRE AND COLLISION 
EXPERIMENTS 

I .  A .  Sellin' K .  FI. Liao' K .  S. Thoe' 
S. B .  Elston' D. J. Pegg' H. C. Hayden2 
J .  P. Forester' R .  S. Peterson' P. hl. Griffin 

Our principal research activity concerns the atomic 
structure and collision phenomena of highly stiippeil 
ions in tlic range Z = I O  to 35. The prilnat)- objective of 
our research is the study of atomic structure of highly 
ionized heavy ions and their modes of formation and 
destruction in collisions. I h e  decay of  excited states of 
these ions. by radiative and also by electron emission 
processes, is the phenorneiion we study in carrying out 
these experiments. OIJI major tools are the various 
heavy-ion accelerators at ORNI.: x-ray ~ soft-x-ray. and 
extreme-ultraviolet spectrometers; electron spec- 
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trometers; and a variety of peripheral equipment 
associated with there devices. 

Our main experimental activities o f  the past year are 
summarized in the succeeding paragapt i s .  

Characteristic- and Noiicharacteristic X-Ray 
Emission Preduced by Heavy-!otl Impact 

We have continued i h e  study of the production of 
both characteristic ( C R )  2 n d  noncharacteristic ( N C R )  x 
rays in symmcti-ic ion-atom collisions a t  medium 
pr 0.1 e c t i  I e e ne i gie s . The NC R angular d is t rib 11 t ion 
measureinelits planned a year ago OII the C-C, 0 - C ,  
A-AI .  and Si-A1 collision systems have yicldcd 
corresponding NCK x-ray polarizations that are very 
large ~ typically in the range 0.5 to I .O and are 
sensitively depmdent  bo th  011 x-ray photon cncrgy and 

v 1 2 3 4 5 6 7 8  1 2 3 4 5 6 7 0  
PHOTON ENERGY ( k e V )  

Fig. 3.1. Plotg of the polarizatioil p vs photon energy Efor NCK I rays emitted in AI-AI collisions at vaiions incident aluminum 
bean  energies. Smoothed semilopriihtnic plots ot' thc \-ray intensrty in counts ohwrvcd ' ~ t  YUc [ o  tile b m ! ~  a r c  also sl~osvn. :tftcr 
absorption in a 12-1, dc!cctor window and :I 50-11 h,lyLir absorber. Positions of tbc charucteriatic, unitcd-,,tom, ;incl IZLC s rays a r e  
noted. 
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pig. 3.2. X-ray s p c u n  for sie (40 M ~ V )  on AI and S M ~ .  ' ~ i c  
x-ray spectra have beer1 norrnali7ed t o  the silicon E; x-ray liries. 
Impurity peaks a t  3.7, 5.4, and 6.4 keV in the solid alurninurn 
target Arc probably due to K I rays of  caldurn. drrumjuin, and 
iron. The pcnk at 3.1 keV is due t o  HEC' I J I  the solid target and 
argon K x raps in the pas target. 

on projectile beam energy."6 Some of the results are 
shown in Figs. 3.1 and 3.2. 

A principal motivation for these experiments i s  the  
possibility o f  access to the spectroscopy of  superheavy 
atoms and molecules and, through them, to the 
qiiantum electrodynamics of strong, so-called super- 
critical fields. Recently, Muller, Smith, arid Greiner7 
predicted a unique signature for molecular K x rays in 
the form of a directional anisotropy in their emission, 
peaked at 90" t o  t.he beam dircction and Largest near 
the limiting cornbitled-atom x-ray energy. Al ignten t  
corresponding t o  ariisotropic 0- vs n-state production 
can also lead tci asymmetry of this form, and the size of  
the asyniriielry observed in the present experiments 
s e e m  to imply  considerable iiligninent. Hence, the 
uniqueness of the proposed iiiduced-radiation signature 
now semis  in doubt. 

Beyond confirming tlie existence of directional 
atiisotropies in NCR emission? the present work raises 

important questjons concerning the role of aligninent in 
producing the anisotropies of the observed niagnitude 
;ind in the validity of the induced-radiation theory. 

Such angular dist ribu t io t i  masuremen t s  have bee ti 
extended For AI-A1 collisions to higher beam energies at 
ORIC. Our motivation was t o  see a t  what level and at 
what beam energy the measured polarizatioii near tlie 
united-atom limit would pe&. We anticipated a decline 
at  higher. beam energies. as was apparent front the C-C 
and 0 - C  data. As Fig. 3.  I shows, the new polarization 
data (closed circles) saturate as a function of beam 
enelgy m a r  the united-atom limit, indicated by the 
symbol Fe K ,  and approaches unity at the variable 
position of a peak (labeled KEC) in the interisity 
spectra (solid Unesj. This REC peak, which grows 
rapidly in intensity with beam energy, is due 10 
radiative electron capture. in which, for example, a 
loosely bourd target electron fills a vacancy in the 
onrushing projectiles. energy and momentum being 
balanced by an emitted x-ray photon. The interpreta- 
tion of the saturating polarization and The analysis of 
cross sections for both KEC and other corrtinuuni x-ray 
production are activities presently under way and will 
continue. 

A more recent set ol' experiments concerns new 
experiinenial results of Bell e t  al.' for 55-MeV S + h l  
and 48-MeV S * Ne collisions, which indicared that the 
production of NCR rddiation was similar [or gas i ind 

solid targets when nornializeti to the characterist LC line 
o f  the projectile ion. Such a result would indicate that a 
one-cullision mechanism for NCR production, irk which 
a vacancy in the K shell is produced and filled during 
ilie collision: is as,irnportant as the two-collision model 
proposed by Saris and colleagues. Our new experitnmts 
concern more nearly symmetric collision pxtners ,  a n d  
we have found that the yield of x rays near the 
combined-atom K x-ray limit (E t4 )  f o r  40-MeV 
Si6+ .-+ SiH, is significantly smaller than the yield of 
NCR for 4O-MeV Si" -+ Figure 3.2 provides 
comparative raw data from WMeV aluminum ions in  
silicon arid SiW4. Since analyses of present results and 
more experirnentation are conlernplated for the coming 
year, further discussion will he deferred to a subsequent 
report. 

Electron Spectroscopy on Core-Excited States 
of the Alkallis and on More Highly Ionized 

Lithium-Like ~ Beryilium-Like, 
and Boron-Like Ions 

Atoms and ~011s may frequently be excited to states 
that, in & i i ~ i i ,  spontaneously decay by electron rattier 
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than photon emission. Such a radiationless transition is 
called autoionization. For this process to  be energeti- 
cally possible. the excited state must be degenerate in 
energy with a state in some ionization continuum; that 
is. the excitation energy of the state must bc greater 
than the energy required to liberate a single outer-shell 
electron. The simultaneous excitation of two loosely 
bound outer-shell electrons or the excitation o f  a more 
tightly bound inner-shell electron to a higher orbital 
will satisfy this energy requirement. It is the latter 
process, known as core excitation, that has been studied 
in our recent experiments on the alkalis. 

The literature concerning photoelectron, electron- 
impact, and ion-impact spectroscopy of autoionizing 
states of the permanent gases is extensive. Similar 
results on the equally fundamental alkali metals had, 
until our recent work. been comparatively rare and 
usually of lesser accuracy, especially in thc case o f  
optically forbidden states. In the past year we have 
finished the analysis and published the first data on a 
number of optically forbidden core-excited states of L,i, 
Na, Mg', and K ;  we have also published pertinent 
details of a method (projectile electron spzctroscopy) 
that allows ready access to large numbers of such levels 
in many alkali and alkali-like systems.' 0 - 1 4  We note 
that the data have attracted attention from investigators 
in Berlin (Stolterfoht and colleagues at the Hahn- 
Meitner Institute) and in Freiburg, West Germany 
(Mehlhorn and colleagues at the University of Frei- 
burg), who have subsequently developed similar experi- 
ments on the alkalis and alkaline earths. 

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

The spectrum of the autoionizing decay of core- 
excited states of potassium following the passage of a 
70-keV K' beam through a helium-gas target cell was 
also studied. The lines present in the spectrum represent 
the autoionizing decay of states formed from core- 
excited configurations of the type 3p5 4snl ( n  > 3) .  
3ps 3dnl (n  > 3) ,  3p5 4pnl (n  > 3), etc. 7 he energy scale 
chosen was based upon the likely supposition that two 
prominent peaks are associated with the J =  '4 and '4 
levels of the optically allowed term ( 3 p 5 4 s 2 ) 2 P ' ,  which 
had been obseived in earlier photoabsorption work.' 
The fine-structure splitting between these two levels in 
our spectrum is in good agreement with the photo- 
absorption data. 

Hiigher resolution measurements of projectile electron 
spectra from inetastable and intermediate-lived states of 
lithium-like, beryllium-like, and boron-likc states o f  
oxygen, fluorine, and silicon ions and sodium-like 
chlorine ions than had been carried out previously have 
also bcen made. An example is provided in Fig. 3.3, 
which depicts the lowest-lying features of electron 
spectra from three-, four-, and five-electron excited 
states of fluorine with one K vacancy (the inset shows 
the previous lower-resolution data). In the figure, 
electrons arc obseived at an average time delay of a few 
tenths of a nanosecond following excitation, a delay 
that is long on the time scale of allowed autoionization 
processes. 
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Fig. 3.3. Spectra of autoionizing electrons from highly 
ionized fluorine undergoing decay in flight, plotted in rest 
frame of emitting ion. The continuou5 curve is drnwn t o  aid the 
eye. The inset shows previous lower resolution spcciruin over 
the saiiie energy range. 

Extreme-'Ultraviolet Spectra and Lifetimes 
of Multiply Ionized Metal Ions 

The sputter ion source in use at the ORNL tandem 
accelerator is ideal for producing beams of metal ions 
such as silicon, iron. nickel, etc.. at energies of -1 MeV 
per nucleon. Stripping at  these energies produces 
moderate to high degrees of ionization of ions in this .Z 
range in the I, and A4 shells. In collaboration with 
S. I(ashkin (University of Arizona), T. Kruse (Rutgers 
University), and K. Jones and D. I'isano (Brookhaven 
National Laboratow), we have very recently begun 
investigating the spectra and lifetimes of An = 0 L-shell 
resonance transitions in beryllium-like, boron-like, and 
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carbon-like silicoti tran2itioris and An = 0 M-shell reso- 
mnce  transitions iri niagnzsiurri-like iron. A typical 
speccrrum is shown in Fig. 3.4. 

Many lines of other stages of ionization of both 
silicoti and iron ( e g ,  Si VI to Si X I )  have also been 
observcd in the rmge 100 to 400 a (ref. 16), arid, ;IS 

usual, many previously unknown and yet to be identi- 
fied transitiorrs have been observed. Thc AH = 0 r e w  
nancc transitions, f o r  example, 2s2 - - ~ s 2 p  transitions in 
beryllium-like silicon or 3 . ~ ~  ---3s3p %ransitions in 
magnesium-like iron, are particularly interesting to 
study for a mrmber of reasom. First, such transitions 
often have lireiiines in the accessible IO-  to  IOO-psec 
range, making reasonably acctirate life time tiieasure- 
inents feasible despite limited beam intensities and 
spatial resolution. Second, apart from our measure- 
ments. there seen1 to be n o  other L -  o r  M-shell 
resonance transition probability measurements beyond 
Z = 10, and theoretical values for A (the Einstein A 

coefficient) often have uncertainties approaching 50% 
l'hird, sucli '4 values have high astrophysical cigtiili- 

cance. F o u r t h ,  a d t  lines occui prcfusely i n  plasrnas 
whose vacuuin cnclosurc walls w11 tijiii sucli inefallic 
elemcnts. so that line identification and A-valuc i~ie;is- 

urements have considerable plasma diagnostic v;tlue. 

Atomic Collision Experiments Using the QRNL 
Multiply Charged Ion Source Facility 

An investigation of electron-capture processes using 
H4'- (q  = 1 to 4 j  incident on thin H2,  Ne? i~nd Ar targets 
in the prqjectile energy range -5 to  SO keV has been 
made. The use ot' an atomic hydrogen target will be  
uridertakeri won. Interesling erthancerncnts o f  electrori- 
capture cross sections by incident B3' beanis vs B4+ 
beams have been observed. This work has been done in 
collaboration with 5 .  E. Bayfield, L. Cardner, and 
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P. Koch uf Yale University and D. W. Crandall and 
hl. L.  Mallory of'OKNL. 

Preliminary measurements have been made of the 
projectile chaige-state dependence of neon K x-ray 
prodiic:tion in Neq' on neon collisions at keV energies, 
i n  which 11ic Fano-Lichten molecular promotion model 
is generally thoiiglit t u  be appi-uxiinately valid. Con- 
version of the data to absolute cross-section data awaits 
B calibration experiment with Ne' beams. Neon K x-ray 
production by incideni 3, -I+. and 5t ions at 60 keV 
haa beei1 fourid to  scale approximately as 1 : 1 .'/:4.L. 
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CHARCE-TMNSFER MEASUREMENTS 

D. H. Crandall D. C .  Kocher 

A rruinber o f  atomic physics expel-iments are in 
progi-ejs uging the heavy-ion-source test stand as a 
soui-ce of slow multicharged ions.' F,xperiments to 
measire charge-transfer cross sections for ions of 
carbon. nitrogen, and oxygen in v;rrioiis gases were 
started in March 1975.' At velocities below 4 X IO' 
c in/sec charge tlansfcr i s  the dominant inelastic process 
it1 collisions of inulticharged ions w i t h  atoms or 

riioleciilrs. thus playing an i m p x i a n t  role in many 
physical phenomena, especially in hightemperature 
plasiaas found in fusion research and astrophysics. Due 
to the difficulty in obtaining usable fluxes of multi- 
charged ions at low velocities, only a small amount of 
experinieiital work has been d ~ n e . ~ . ~  Some of the 
relevant cross sections, iiichiding electron capture and 
electroii ionization and excitation, havc bcen com- 
puted, parhxlar ly  by astrophysicists. 

As a first step in the systematic study of these 
collisions the electron-capture cross section of multi- 
charged ions of carbon, nitrogen. and oxygen have Seen 
measured in 11' gas in the energy range 10 t o  110 keV. 
The sitigle-electron-caCiiure cross sections for oxygen 
ions from charge qtate 3 to  charge state 6 as a function 
of ion velocity or energy are shown in Fig. 3.5. Of 
considerablz interest in collisions of multicharged ions 
i s  the question of how the cross section should scale as 
the charge state q.  For high energies, where the Born 
approximation is applicable, computations suggest that 
the cross section should scale as q 2 .  Referring l o  Flg. 
3.5. one can see that this waling is not verified in the 
law-energy region. T'he cross ..wtion o4 (going from 
charge state 4 to charge state 3) is approximately three 
times 0 3 ? ,  For initial charge state 5. the cross section is 
smaller than that for charge state 4. which is a 
consequence of potential a l i v e  crmsing in the  near- 
adi:rbatic energy region.' 
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An inleresting feature of thcse data is that the crO% 

sections do riot decrease at the lowest energies, indi- 
cating that potential interaction at fairly large inter- 
nuclear separa1,ioa is the primai.)/ soiirce of electroll 
ti ansfer. This in turn implies that the cleciroris are 
transferred into exciteti states of the i o n ,  since the 
potential C U K V ~ S  of the excited states are the ones that 
cross ai large r i d e a r  sepamtions. 

nata sjrnjl;ar to thc On+ cross sections have 1 m n  
objained for crK and or*+ in Hz . The:;e measureinellts 
are being cxtcnded to hydrogen atom targets. 

From both theore tical and experimental corlsidera- 
tions, singe- and j,)uMe-electyon..capturi: cross sections 
of tile reaction c"" + fie are partici~larly interesting. 
Double-elect t onap lu re  cross sections have usiially 
been observed to be one to  two orders of magnil.utle 
less than tlic sirilr,le-electron-capt~lrt: cross section. Re- 
sults for bolh single and double electron capture of C? 
in He ~ I X  shown in Fig. 3.6.  For energies of 5 to 10 keV 
the nieasured cross sections are approximately equal, 
with double capture increasirig at lower energes. 
Theoretical results are also shown for the two c:iscs. 

Extremely good agreement Oeiween theory 2nd expcri. 
m m t  was found for tht: doable electron captiire: bt11 
agreement t,o within ;I factor o f  2 WIS io r in t l  fo r  single 
cap tiire. 

For modeling plasma behavior and interpreting line 
radiation from ;1 plasma, the electriin-impact excitation 
and ioniLaiicsn cross sections are crucial data. An 
experiment has been designed and an apparatus fabri- 
cated 10 rneasurd the excitation o f  beryllium- and 
lithium-like ions and the ionization of charge states 3 to 
6 .  A multicliatged ion beam from the heavy.-ron-sou~.c:t: 
facility will be crossed ai. right ;irides with a inodulated 
elez1.ron beam 111 a chamber whose base przssure is I W9 
io 10 -'' torr. Wjih this residual pressure, the signal-to- 
noise rat io i s  approximately IO -'2 nzcessirating the use 
of beam-nir,tlulatiot1.~~~ techniques. TtleaSureiiients are 
under way. 

-- 

1. Participants, Joint Insitnte Laborntory Asisophysicr, 
Boulder, Colt>. 

The production of highly ionized beams of heavy ions 
has beeti it subject of intensive investigation in several 
laboratories during the last decade. 'I'lte resuihng 
teclinology provides the basis i:m which inallji high - 
energy heavy-ion accelerators operate. Along the path 
of an ion 3,s it traverses ;I stripping ~ e i i i u m ,  the charge 
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state of a particular ion may fluctuate many times. The 
charge-state distribution of such a beam of  particles 
reaches equilibrium after traversing a certain thickness 
of the stripping medium. A recent suivey shows that 
extensive information has heen accurrrulated concerning 
charge-state distiibutions of heavy ions as they emerge 
from both solid and gaseous  target^.^ Most of  these, 
however, have been obtained with experimental ap- 
paratus that confines the emerging beam witliiii a very 
small solid angle in the forward direction. The work by 
Kessel shows that the emerging charge-state distri- 
butions produced in single-event scattering depend 
strongly on the distance of closest approach.' We have 
previously reported a series of experiments in which 
absolute yields of highly charged juris were obtained 
from high-atomic-number stripping gases a t  target thick- 
nesses somewhat above that of single-collision processes 
but  somewhat less than equilibrium thickness.6 3 7  That 
work was performed specifically for determining design 
parameters for a terminal stripper in a large tandem 
accelerator. The present results were obtained using the 
same apparatus but with a sniallcir target thickness t o  
examine single scattering events and to  obtain cross 
sections for the loss of several electrons in a single 
collision. 

The  experimental apparatiis i s  virtually identical to  
that reported earlier.6 ,' A momentum-analyzed beam 
of 60-MeV 110' ions was produced in the ORNL, 
tandem accelerator. The exit apertures of the differ- 
entially pumped target-gas cell were slotted t o  permit 
measurements a t  scattering angles through 3". 

Charged particles scattered at a given angle were 
analyzed with an electrostatic charge-state analyzer that 
has been described previously.8 The charge-state resolu- 
tion was determined by a 1.03-mm-high vertical 
collimator positioned at the entrance to the analyzer. 
The angular resolution was determined by a slot in a 
4.1-mm-wide mask positioned directly i n  front of the 
detector, which was 429 cni from the center of the 
target. The resulting angular resolution was A8 = 0.054" 
and the solid angle was A n  = 2.9 X sr. Pressures in 
the flight tube before and after the target cell were 
approximately 2 X 10 -6 torr throughout the measure- 
ments. Target-gas pressures were 5.1 X and 
I 1.9 X 1 0-3  torr, and the scattering angles were 0.05", 
0.10", and 0.20". 

Figure 3.7 shows the charge.state distribution 
measured at xenon pressures of  5.1 X and 
11.9 X torr a t  a scattering angle of 0.2". The 
similarity in shape suggests that these target thicknesses 
are essentially in the single-collision region, although 
there is some evidence of electron pickup at the higher 
pressure. 

14 15 18 20 22 24 26 28 

4 

Fig. 3.7. Charge-state distributions for hO-MeV on xenon 
at a scattering angle 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 
Aq of 15, the last N-shell electron must be removed in 
the collision. At a scattering angle of 0 = 0.05", the  
range of 0 actually extends from 0.025" t o  0.075", so 
that the distance of closest approach, r o >  varies from 
0.17 to 0.26 A. Self-consistent-field c a l c i ~ l a t i o n s ~ ~ '  
show that the radii of maximum radial charge density 
are approximately 0.13 A for the M shell and 0.42 A 
for the N shell in iodine or xenon. At  the minimum 
distance of closest approach witliiri the allowed range 
for 0 .= 0.05". the M-shell electrons of the iodine-xenun 
system are just beginning to  merge during the collision. 
This may result in the excitation or removal of one or 
more of  the M-shell electrons, which then leads to  ioni- 
zation cascades where all of  the electrons in the N shell 
are removed. The much higher probability of  removing 
10 to 12 electrons probably results from similar 
processes but with the initial electron excitation or 
removal occurring in the N shell. At 0 = 0.10" the range 
of ro extends from 0.13 t o  0.17 A. In this case, the 
merging of the M shells within the iodine-xenon system 
is substantial; therefore, M-shell electron excitations are 
inore probable. Finally, a t  8 =0.2" the interpenetration 
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of the M shells is complete, with yo exl.endirig froin 
0.0? to 0.1 1 a. 'The probability of removing all N-shell 
e l e c t r ~ m  relaLive t o  other processes ilien becomes 

inlei-pcr~etr:itjcin did not occur; thus very- little iM-shell 
ioniz;ltion was obse!ved. Numerical integration of the 
dii'fcvenii;il cross sec!ioris f o r  tlie removal of 11,  12: 13, 
aild 13 ele<:triins UVCI'  the :ingular ~-ange observed yields 
thc results shown in 'Table 3.1. 

G I <  (. -a ater. A t  tlicsc sclectecl scal tcring arigles, l,-slit:ll 
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Fig. 3.8. Differential scattering cross sections for the removal 
of Aq electrons in a single collision between 60-MeV l1OC and 
senon at angles of 0.05O, 0.10". and 0.20". 

Table 3.1. 'l'otal rciiioval cross sections for a y  electrons 
from 60-MeV I'OC when scattered by xenon gas 

in dngle colLisions 

1 1  
1 2  
13 
14 

1 6 i 4  
8.7 * 0.9 
2.8 -t 0.5 
1.91 0.3 

From these data and those reported earlier,',' it is 
c l e a  Ilia1 very high charge-state ions are produced in 
single collisions with the target atoms. With the large 
magnitude of the cross sections fo r  these events, it is 
possiblc to  make experiinentally useful lieanis of sucli 
ions with ;I rclatively simple gas cell, provided that a 
sufficieritly large acceptdnce solid angle is employed. 

1 .  hliirryy State University, Murray, Ky. 
2. University of Connecticut, Storrs. 
3. University of Illinois, Urbana. 
4. 1%. 1) U e t z ,  Rev. Mod. Phys. 44, 465 ( I  972). 
5. Q. Kessel, l'hys. Rcv. KJ  (1970). 
6 .  G. D. Alton fit al., ram.  Nitc!. Sci, NS-22, I 685 
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8 .  C. 1). M i ~ k  c t  al..Phys. Rev. 176,426 (1968). 
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1974, O R N L - ~ O X  (1974) ,  p. 178. 

9 F. 1It:rmn and S. Skillrnan. il rornic Strurfuri. Calcula- 

I O .  J .  'T. Waber and D. 'r. Cromer, .I. Chern. %ys. 42, 41 16 
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SCREENING BY BOUND K ELECTRONS 
IN ELECI'KONLC STOPPING 

s D'll/ 

P F Dittnei' P 1) Millar 
J L o r n e ~  del Campo2 

r A Klggelbtdff  

In  previous studies on the motion of fast iotis passing 
tlirough crystal channels i t  was established that ( I )  
well-channeled ions interact wily with relatively slow 
conduction and valence electrons that simulate an 
electron gas; (2) a considerable fraction o f  oxygen ions 
( q  := 6+, 7-1 8+) at - 2  MeV/arnu pass through channels 
( u p  to 1 yni thick) wiili no charge-ci-iangirig collisions;" 
and (3) the stopping power for these ions is closely 
proportional to y 2 ,  implying that bound electrons 
screened the nuclear c h r g e  by one unit each.'l A 
quantitative test of i h i s  latter point has been made by 
measuririg the stopping power for channeled B5', 
c S + , G + >  ~ 5 + , 6 + . 7 +  Ob+,7+,8+ , ar id F7+,8+9y+ at 2 MeV/amu. 
For one-electron systems the screening ranged from 
0.91 for carbon to 0.97 for fluorine, whereas fi.ir the 
two-electron systems the screening per electroo was 
approximately 0.92. i\ comparison o f  channeled-ion 
stopping powers for bare nuclei (Z = 5 to  9)  with 
proton stopping in the same niediuni also permits the 
ext.ractiori of  higher-order Z effects' ( Z ,  and Z L 4 )  on 
electronic stopping mer a much larger range than has 
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been investigated heretofore (2 = I ,  7 )  I he data have 
been accumirlated and the treatment I \  pioceeding 

I . Chemistry Division. 
2 .  University o f  Mexico. Mexico City. 
3. S. Datz el al.,RadiLzr. E f f .  12, 163 (1972) .  
4 .  C. I ) .  Moak e t a l . , P / ~ ~ ' ~ .  XU. B 10,2681 (1974). 
5 .  J .  Lindhard, Nircl. In.stnirn. Mcfiiods. in press. 

PLANAR CHANNT:XANG 4 N D  
NYPERCMANNEL!NG OF CI-IARGES rATE- 

SELECTED 27.5-MeV OXYGEN IONS IN SI1 VER 

S.  Dat7 B. R.  ,\ppletonl 
C .  D. Moak J .  A .  Biggerstaff 

' I .  S. Noggle' 

The trajectories of ions penetrating crystal channels 
are controlled by the interaction between the charged 
paiticle and a continuum potential made up of ail 

orderly sum of the atoms in crystal rows or planes. For 
most ions. charge capture arid loss probabilities are so 
large that the formal charge on the projectile must be 
treated a s  a statistical averagc over a distribution. 
Hoxwever: i n  some cases. charge-changing probabilities 
can be strongly suppressed. and one objective of the 
present work w a s  to  ascertaiii whether the change in 
restoring force due to  different ion charge state could 
be measured. Freviously we reported that 20- t o  
40-MeV 06+,7+38+ ions channeled in gold and silver have 
electron capture and loss cross seciions such that ( 1 ) 
crystals up to -5000 j. thick are "thin targets" for 
charge exchange and. hence. capiure and loss cross 
sections may be measured' and ( 2 )  the energy loss of  
transmitted particles that had not undergone charge 
exchange weIe accurately proportional to the square of 
the ion's charge. that is. the nuclear charge minus the 
number of bound 

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

when the crystal was tilted into a planar blocking 
direction. 

An additional observation was  the appeal-ance of two 
peaks in the energy loss spectrum measured for 8.;- in. 
71- out ,  correspondinp to electron capture at the exit 
and entraiice surfaces of the crystal. 

1 .  Solid State Uiv iwn .  
2.  S .  Datz e t  ,iI..Radiar. k:/f. 12, 163 (1971,. 
3 .  S .  Datz et al., p. 63 111 . l fo t tz ic ,  C73llisiori.s iri Solids. Plcnuiii 

4. C. I). Moaketal..Pir>', .  Kci,. H 10,2681 11974). 
Pi-ess. New York. 1975. 

ELECTRON EMISSION FROM FAST OXYGEN 
AND COPPER IONS LMbKdbING FROM rHlN 

GOLD CRYS I'hLS IN CHANNELhL) 
AND RANDOM DIRE C rIONS 

s D'll/ J A Biggerstcitt 
B K Apple tori' I S \ogglc' 

11 Verbeek2 

Thc spectl uiii m d  yield of clcc t runs  acc:ornpariyirig 
the emergence of a fast ion frolii a solid contaiii 
information relating t o  the excitatimi state of the ion  
inside the solid and the nature of  the respoiise of the 
electron plasma to the moving projectile. We 1:avc 
measured yields. energy dirtributious. and xigular 
distributions of electrons emitted hy 27.5-MeV oxygeii 
and 20- and 30-MeV copper ions :merging froill 3 thin 
(3000-A) gold crystal i n  both channeled ( 110) and 
random directions. I n  the case of oxygen we conceii- 
trated attention on the electrolls observed in :i peak 
with velocities closely cori-espomding to the einergcii t-  
ion velocity3 (-900-eV electrons). Under channeling 
conditions the yield of these electrons was lower than 
for random oiientation, and. inoreover: the yield for 
channelcd ions depended on the charge state of the 
entering ion (6-+ o r  8+). For enteriiig charge state 6+-, 
the ratio of the random yield to the channeled yield 
was 2.0, and for 8 - k  entrance charge i t  was 3.0. Because 
the electrons are emitted from exiting ions, the de- 
pendence of yield on input charge simply reflects the 
depcndence of exit charge on input charge and thc lack 
of charge equilibrium for channeled ions.4 The exit 
charge distribiitions were measured and found to be 0.2 
(6+) ,  0.5 (7+j, and 0.27 (8+) for random einergcnce arid 
also closely the srme for channeled ions with initial 
charge state 6t. (Note: This does not mean equilibriiirn 
is achieved.) Por initial charge state 8+, the exit charge 
fractions were 0.1 2 (6+), 0.35 (W) ,  ,und 0.53 (8+). The 
ratio of emergent ions that retain electrons (i.e., Iion-8+ 
ions) for 6+ in to those for 8+ in (0.7/0.47 = I .  5) is 
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3 1  ti) rlie r a h ,  of the electron yiclcrls. 'Hiis 
observation implies that the t o t d l y  stripped 8-r- ions do 
not contrjbuie trJ i b i s  peak and that the electrons i r i  
t h i s  peak do not, iu this caw, arise from capttlre to 
Ciit-\ l i t l t l l l tr l  siates. ttlstcad, in ;,~IYXITK:I-\~ with BLIIXII,~ 
who irieasured electrons losi iri sir igle collisions of 
oxygen i!,as ;it these energies, we propose that T~.IC:Y arc 
cIi:c~rciris removed LI.onr the rtloviilg ioii i n  the last 
ioriir,ing collision. The fact that the randoin yield is 
higher by a iai;t<jr o f  2 than for the 6+ channeled-ion 
yield is explained by the larger i ~ J i i i z ; ~ t i o t ~  probability io 
i i tn  d c)rn collisions. 

For  the coppci ions, wherii c.harge equilibrium sfroultl 
bc rapid arid ctiarge-changii~g zioss sections Iri<&er, no 
sensihle difference in the yield of elei:troos iravcling a t  
the ion's velocity is observed tor chanrieled arid r:mdom 
2!)MeV ~:c.)pper, but for 30-MeV copper the clianncled 
g w e  greater yields thari ihi: random. 'The absu!ute yields 
here are 111 1he orclcr of 2 X lo-' electron per iorr. 

'The yields of higher energy electrons, arising from 
violent collisions w i h  electrons in t h e  mertiuni, are 
reduced fc;r cliaiinclecl ions because of the lower 
eleciton density penetrated. The total yield of electrons 
with energii:s f'i.oni -1OO to 1200 CV integrated O V ~ I  

- J  5" of furward sc:atttxing angle was no greatcr t f im 
-4 .5  clectrori per ion. Foi coppel- itxis at 30 MeV, for 
example, differences in chargc-state distributions from 
gases (iff= 9.3) and solids (y-= 13.6) are anticipzled.' 
~ i i e  ttieory of Befr. and ~;rodziris' cotmmiing the 
excitation states of lieavy ions in solicls would predict 
the loss of aboltt four  Auger electroris per ion upon 
eiriergetice l'rom t h e  solid. The 3p3d3d Auger electrori 
mergics, fo[ exartiple, should be -50 eV, which, 
translated to the laboratory system, corresponds t o  
eiiergies of -500 eV fo r  i'orward scattering. The 
observed spectra show no departure from the smooth 
distribution ariricipated from electrorr collision theory, 
at id no evidence f o r  the pi-esence of Auger electrons 
could be adductxl. 

1 .  Solid Sta tt: Division. 
2. Vjsiiing scientist from Max-P~~i~ck-lnstilu! fiir Plasma- 
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STARK MEASUREMENTS OF ELECTRIC 
FIELDS IN OKMAK 

K. Vander Sluis P. M. Bakshi' 

the spectra of lines 
plasma to  determine 
terms are present. 

being emitted by the OKMAM 
if lines that originate from high 

Pi-cvious investigation of the intensity profile of the 
hydrogen Balnier lines radiated by the ORMAK plasma 
indicated satellite structure due to  static and dynamic 
electric fields. Analysis of the spacing of the harmonics 
suggests electric fields of 5 X 104 V/cm existing in the 
plasma. Since electric fields of this magnitude are not 
expected in the apparently stable plasma, an intensive 
effoit has been niade to validate these nieasurernents. 
By appropriate changes in the detector system, the 
signal-to-noise ratio has been increased by a factor of 
10. Since a computer is used in the signal analysis, a 
systeiiiatic study has been made t o  eliminate the 
coinputel- as a source of the harmonic signals. Corre- 
lation of ihe satellite lines with plasma impurity-line 
radiation revealed that lines of N 111 coincided with the 
shifted hydrogen 6 line. At the present time, the 
statistics of the line shape for a single time interval 
during a pulse are so poor that reliahle electric field 
strengths are not obtainable. On averaging many sets of 
data, the lilies are broadened, presumably from the 
electric field fluctuating froin pulse to pulse. Measure- 
ments are now being conducted to  detect forbidden 
transitions of helium when srriall quantities of helium 
are added as plasma contaminants. 

Theoretical studies have been pursued to determine 
the feasibility of using the Stark shift of impurity-line 
radiation in measuring electric fields. One &sadvantage 
of hydrogen Balmcr-series line radiation i s  that the 
radiation originates a t  thc plasma peiiphery. By using 
impurity radiation, the plasma center is accessible for 
study, Of most interest is the inanner in which the 
wavelength and the required resolution scales with %. 
The hydrogcn Lyman-alpha equivalent wavelength for C 
VI, N VII, and 0 VI11 are 34, 25, and 19 A respectively. 
For these ions the wavelength scales as Z - - 2  and the 
Stark displacement as Z-' , which results in a n  effective 
scaling of T 3 .  Resolutions of the order of lo-' are 
required, which for 0 VI11 would result in a resolution 
of 3.4 X 8. These resolutions are not obtainable 
by known techniques. Thus Lyman or Balmer series line 
studies are impossible. 

Another possibility cxists in going to  hgher  principal 
quantum numbers n. As n increases; the wavelength 
increases and also Stark splitting increases as n(rz - 1). 
This scaling irnplies that electric fields in the plasma 
center are amenable to  measurement by using 0 VI11 
lines from states n 2 8. Present plans are t o  investigate 

1. Consultant, Boston College, Brighton, MUS 

ENERIGY-MOMENTUM NEIJTRALPARTIC1,E 
ANALYZER 

J. A. Ray C. F. Barnett 

A velocity-energy a n a l y m  has been desigicd and 
fabricated for the ELMO Bumpy Torus (EHT) expcri- 
inent t o  determine whether neutral impurities escaping 
the plasma are influencing ion temperatures as meas- 
ured by the present energy analyzer. The components 
of the analyzer include an N, gas stripping cell to 
convert the neutrals t o  ions, a W e n  velocity filter, a 45" 
parabolic single-channel energy analyzer, and a channel 
electron-multiplier detector. Since the EB'T plasma is 
continuous in tii-ire, the spectrum will be scanned by 
programming both the Wien filter and energy analyzer 
t o  a step changc in electrode voltagc. A major rcquire- 
inent of the EBT analyzer is the ability to measure the 
flux of particles for energies less than 100 eV. Difficul- 
ties are encountered in this energy range due to both 
the extremely low efficiency of the stripping 
cell to conveit neutrals to ions and the inability t o  
determine neutral-particle fluxes. Recent measurements 
have shown that when neutral particles are incident on 
a surface, iup to 70-9070 of the parlicles are reflected as 
neutrals. which also resirlt,s in an energy reflection 
coefficient from 0.1 t o  0.5. Thus, large errors are 
introduced when thermal detectors, which are now 
relied on, are used to  measure absolute neutral-particle 
fluxes. To overcome these difficulties, design studies are 
in progress to replace the N2 gas cell with a cesium heat 
pipe and to design a thermal detector in which reflected 
particles are intercepted by the sensilive detector walls. 

EXCITED ELECTRONIC STATES OF 
IPYDWOGEN MOLECULES 

C. I:. Barnett T. J .  Morgan' 
J. A. Ray 

Previous obseivations of Rydberg or highly excited 
electronic states of H, and D, have failed to  confirm 
the quaniuiri-rncchanical calculations of level popula- 
tion, lifetimes, and observed quantum beats.2 Recent 
theoretical results of A. Kussek of the University of 
Connecticut suggest that upper electronic levels 
(n  > 10) of the molecules are being populated from 
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lower levels (n -4) by overlap of  the vibrational st:ites. 
'To verify this hypothesis, an fL2 + beam was accelerated 
to energies of 100 f.0 400 keV arid passed ilirough an 
1-1, gas cell, where clectron capture collisioi-IS formed 
energetic 11, j: rnulecules in all states of excitation. The 
t x i t e d  ti, * iiiolecirles were passed through an intense 
loiigi~:udjrid electric field, which ionized all states 
n 2 10. Following the field ionizer was :I 30-cru drift 
region in which the lower vibrational levels would have 
sufficient lime to repopulate the n 2 10 levels. By 
passing the I-1, * beam through an identical second 
electric fjeld it was found that the T I  > 10 levels were 
repopulated as predicted by the (11 y . However, on 
performing the same experiment with H* atoms, we 
also found ilie ) I  :> 10 levels repopulated. This observa- 
tion suggests that the levels yi 2 10 are not beirig 
completely ionized by the first iorjim- because tlte 
transit h i ie  tiirouph the electric field is approximately 
the same as the mean lifetime for ionization. Ariotlier 
cxplanation for ibe ti* repopulation is ilie mixing of 
the P I  = 9 with thc ri = 10 lcsel tlii-ough overlap of 
~ n g i ~ l a r - i ~ ~ o r n e n r ; ~ ~ ~ ~ ~  srates. Work i s  coiitinuing to  eluci- 
ki te  the 1-1" observations arid to vtternpt to desisl: an 
expcrjriien t t o  overcome this difficulty. 

1. Consultant, Weskyan 1Jtiiversi!y, kliddlcton, (lonil. 
2. i:. F. Barneit, J. A. Kay, and A .  Kussek. Ylzp. R w .  A 5, 
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E. Kicci 

bleasureinents of i h e  ieflection coefficients for 0.3- to 
5-keV Elo incident on copper, stainless skel,  aud gold 
have been principally coricerned with characteri7ing the 
surface condition, Measurements with helium-ion back- 
sat t e r j q  indicated that after any surface-cleaning 
procedure the surhces become contaminated ill a few 
niiriutes. Espcririierits with cleaning surfaccs by i-iltra- 
violet radiation in the presence of approximately 1 mm 
of oxygen indicate h i t  carbon aiid oifter contaminails 
c:in be readily removed from a surface but hi i t  an O2 
contarnitiarit remains on ilie surface. Presurnably, the 
cleaning actioii js the result of ciiernic;illy active O 3  
reacting witli the surface impurities. 'l'o provide clean 
surfaces for a longer period of time, the base pressurc in 
the systcni tias been decreased to ~ o r r .  To iiicrease 
tlic reliability o f  the &ala at low energies tlie apparatus 
has been moved to a low-enera ion source where the 
beam intensity is one or two orders of magnitude 
greater thaii previously available. 

ABSOLUTE X - R ~ ~ Y - P R O ~ U C T I ~ N  CKUSS 
SECTIONS FOR HEAVY IONS INCIDEN r 

ON 14 WIDE V,kRIETY OF IAKGETS 
P D Mille1 K P. Chdturvetli' 
G 1) Alion 
J 1, L)upg,iii' F LllK>t13 
F D McDnriiel' 
K. Mehtdl J .  McCop 
G Moiiigold' I, A. Kdyburn" 
J TiIcoini' 

1% M WIiecIer2 

K .4 K~izrilioltl~ 

S J C 1p0114' 

G. Pc:ppell A. %drider6 
J. L1n7 

For the past ilirec years a l x g c  group consisting of 

i h e  above authors h x  beeo jnvestig;itirig (.he systematic 
behavior of x-ray prodiictiori by heavy ions. A si(~Li) 
detector with apprcix iimtely 1 70-CY resolution has 
been used, 3 n d  absolute cuxs sections liavc been 
determined by dctec t k g  Kullierford scat tered particles. 
Ihe  absolute erficiency anti energy calibration of the 
x-ray detector are determined by a 
c;ilibrared sources. The bombardiiig particles used have 
been: boron, c;irbon, oxygeii, fluorine, and chlorine. In 
each case the energy range coverctl has b e c n  from 0.5 to 
3.0 MeV/anru. Some ( I f '  tbe authors have particjpatcd in 
supp1eiricnt:iry int:asuieinents ~isiiig proion, heliuiir2 a n d  
lil.tnitm beanis (these measurermiits have been made at 
North rexas  Siatc University and Florida Sta le  Uiiiver- 
sity). 

In (he K shcll, most elcnienti: fur which i t  is possible 
to prepate thin solid targets on cart~on-fr)il backiiigs 
trave been investiga tetl in the targc t atomic riuiiibcr 
range from ::: 20 t h l - C J u &  L = 47. In each c;~se 
:ibsolu tc Ka and KO production cross scctioris have been 
dekritiined, and thc correspondiiig energy shifts, re- 
llectiiig multiple ionization of the tiirge I. a tom, have 
been determined. Errors in the c~o?:s  sections are 
lypically of the order of I Wj, and lhe energy--shift 
nie;is~~~eiiietits ace accuratt: to abvitt I0 eV. 'l'ypical 
examples of the cross-section data are shown in Fig. 
3.9, where total K x-ray-production cross sections are 
plotted for riitrogeri ions incident on a series of the 
heavier targc ts. The significance of  the various theo- 
retical cirwcs is as Follows: BEA - - ~  binary encounter 
a11 prox imat ion ;* P W H  A - pl a m  ~ wave B o  rri appr oxi- 
malioti: BE: cw-rec ted for. the effect oE increased 
binding of the e1ec:troi-k in the target iiucleus due to the 
close passage of the positive boinbardirig par ticlc;' 
CII - - -  corrected for the effec! of CoUloi7?b deflection of 
the incident ion;' ' POL - -  corrected for the effect of 
the polarizatioa o f  the target electronic wave function 
due to the passage of the iiicideiit ion;' and 

.. 
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R E L  ~~ corrected for relativistic corrections t o  the 
target wave function.” For each of the theoretical 
curves, the calculated ionization cross section has been 
multiplied by the single-vacancy fluorescence yields 
given by Barnby-nek et  al.’ The principal uncertainty 
in the connparison of theory with experiment is these 
fluorescence yields, since the energy shifts of the K x 
rays indicate that there is multiple ionimtion of the L 
shell present, and there is n o  detailed theory of 
fluorescence yields of niultiply ionized atoms. Figure 
3.10 shows typical energy-shift data for carbon ions on 
four of the lighter K-shell targets. Thc abscissa is the 
square o f  the ratio of the velocity of the bombarding 
ion to the average velocity of the L-shcll electrons. In 
geiieral, the peak energy shifts occur for this ratio in the 
neighborhood of 1 ; however, for heavicr targets there is 
a significant shift toward a lower value of thc ratio at 
which the energy shifts peak. 

The L-shell x rays were investigated for the ~ a m e  
incident ions aind energy range for an assortment of  
targets ranging from Z = SO t o  Z = 82. Absolute cross 
sections were deduced for all of the resolvable satellites. 
These data are being analyzed. More detailed de- 
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scription5 of the experiments and their analyses are 
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19. rt. klehta et al., Bull .4m. Phys. SOC.. 21, 3 3  (1 976). 
'20. P. D. ?rlcl>anicl et al., "A Systsrriatic Study of K-Shell X 

l 9 V ,  2RSi, and "Cl in the 'ilange from 1. 3 McV/aniu," 
absiract subinittcd to thc Tucson Mceting of the American 
Physizal Society, Uec. 3 - ~  6 ,  1'375. 

21" J. Tricorni e t  al., ''A' Site11 X-Ray Production by 1 4 N  lons 
Incident on Thin Targets of Ge, Kb, Y, %r, and Ag," abstract 
aubanitted to the 'Tucson Meeting or' the Aincrican Physicd 

Rays from Ti and ,Rb lor Incident lons '[-I, 4He, 71,j, ' 2 C ,  '" N, 

Soi:iet.yl Dec. 3-6, 19'7s. 

CONTROLLED FUSION ATOMIC DATA 
CENTE 

C. F. Barnett M. I. Wilker 

Irr view of delays caused by updatirig ;md insufficien~ 
~~iaiipower, the compilation Cxoss Sections of interest 
fo a'heurnomcleur Kescwcii has been rcscliedirletl for 
publication in Apil I 9'76. 'The compilation has p-own 
1.0 ;qq>ro?tji~iately 800 pages with 2500 &ita sets. In  
coopera'tion with the AI oriiic Trarisitron Probabilii~izs 
Dala Cenler of the National Biireau el-' Standards, a 
birnont.hty publication entitled Atoinic Data /iw f;z&>rz 
w;is started in January 1975. One o f  the major 

objectives or' the newsletter has been to place in h e  
hands of fusicin researchers t,xbulated nuriieric;il data 
pert inen 1 to hj&- 1 ernpe ra turc plasmas many months 
lxfore the data appear in the published literature. 
Because the data have not  gone 141rough t h e  ref'ereeing 
process, the data center staff makes an attempt to 
evaluate data before placing them jnto the newsletter. 
Topics covered by the ricwslet iter incluck xi:nmic slruc- 
ture, atomic transition probabilities, particle inter- 
actions wi rh surfaces, ;jnd atomic collision cross sec- 
tions. 

Searchiirg and evaluation of the current publislwd 
literature has contiririecl with the bibliograptiical dam 
entered into the computer storqy kik" A sniall effort 
was hegixn to ~.raiisforxn t;ibulated cross-section data 
in to ~caction-rate data tor both Max wi:IIiao-Maxwelliari 
and beam-Maxwellian distributions. Future plms in- 
clude storing cross sections, reaction rates, and a d y t i -  
cai expressions f o r  reaction rates in the c'1I'R Livermore 
computer for ~i i - l i i ie  retrieval. 

During the past year, discussions havc Iiec11 held with 
the lriternational Atomic Eiiergy Agency (MEA),  Neu- 
tron Data Section, in regird to the participzition of the 
IAEA in data conipilation and analysis in tltc J'ield of  
atomic data f o r  controlled fusion. Approvzl has beeil 
granted ftx the IAEA to start a small two-year test 
program in January 1977. The exact role that the lAEA 
will perform is unclear, but it seems probable that tley 
will have as a major task tlie coorclirLiitjor> uf @E efforts 
in niany countries. 
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Activity on the new Heavy-Ion Facility project which 
began last year has continued on schedule this year. the 
rnajor concentration of effort being on design. ' h e  
elevation view in Fig. 4.1 illustrates the major features 
of the project: the 25-MV folded tandem electrostatic 
accelerator, injection of beams from the tandem accel- 
erator into ORIC for energy boosting, and a building t o  
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 t o  prospective building con- 
tractors early in 1976 with bids due in mid-February. 
An architectural rendition of the final design is sliowii 
in Fig. 3.2. 

Site preparation for the building addition was started 
in late July and was 65% complete by the end o f  the 
year. A view of this activity is shown in Fig. 4.3. This 
work is expected to be completed by mid-February 

1976, about one month priol t o  the scheduled start of 
building construction. 

On the basis of competitive bids, National Eiectro- 
statics Corporation (NEC) was selected to build the 
tandem electrostatic accelerator. Final approval by the 
Energy Research and Development Administration 
(ERDA) of the contract with NEC was received in May. 
The accelerator system t o  be supplied and installed 
under this contract is shown schematically in Fig. 4.4. 
The system comprises all of the coniponents shown, 
including the high-voltage generator. the pressure vessel, 
the injector platform with ion source, and the inter- 
connecting beam transport and vacuum components. 
Also included, but not shown in the figure, are a 
computer-based control system and a complete gas- 
handling system with liquid-storage vessels. The coin- 
plete technical specifications on which the accelerator 
system is based are available as an ORNL technical 
memorandum (ORNL/TM-4942). For specific details 
about the system the reader is referred t o  these 
specifications and to  the Ileavy-Ion Laborator-v News- 
leirers which are published quarterly. 

The design of the O!UC modifications required t o  
adapt the cyclotron for use as an energy booster is 
proceeding o n  schedule with 5 0  of 192 projected design 
drawings completed. Included in this portion of the 
project are all components of the injection-transfer 
beam line connecting the tandem accelerator to  the 
ORIC. Fabrication of some of the components has now 
begun with the first package of modifications scheduled 
to  be installed in ORIC late in 1976. 

Formal ground-breaking ceremonies for the project 
took place on April 5 ,  1975. About 125 people were in 
attendance to  hear a talk by ERDA Administrator 
Kobert Searnans and remarks by EKDA Assistant 
Administrator John Teem, U.S. Congresswoinan 
Marilyn Lloyd, [Jniversity of Tennessee Chancellor Jack 
Reese, and ORNL Director Merman Postma. 

Overall completion of the facility is still projected for 
late 1978 with initial testing scheduled for early 1979. 
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big. 4.1. Elevatron view of the new Heavy-Jon Pacility. 
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Fig. 4.2. Artist’s conception of the ORlC building with the addition of the tower for the “folded” tandem. 
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Fig. 4.4. Schematic of the 25-MV tandem accelerator system. 
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A users' organization for the facility became func- 
tional this year with the first annual meeting held in 
October. About 70 people from outside ORNL and 58 
ORNL staff scientists met to ratify the charter pro- 
posed for the group by a six-member executive com- 
mittee. 

1. UCC-ND Engineering. 
2. Chemistry Division. 
3. UCC-ND Computer Sciences. 
4. Consultant. 

HEAVY ION FACILITY - 
PHASE I1 PROPOSAL 

J.  B. Ball 
J. A. Martin 
J. A. Biggerstaff 
E. D. Hudson 
R. S. Lord 

J. E. Mann 
G. S .  McNeilly' 
S. W. Mosko 
J. A. Murray' 
R. L. Robinson 

Phase I1 of the expansion of facilities for research 
with heavy ions is being planned to extend the range of 
beams useful for nuclear research to include the full 
range of atomic masses and to significantly increase the 
maximum energy available for the lighter heavy ions. A 
new K = 300 to 400 separated-orbit cyclotron will serve 
as an energy booster for beams from either the 25-MV 
tandem or the ORIC, and additional experimental areas 
which can be served by beams from either the 25-MV 
tandem or the new cyclotron are to be provided. The 
separated-sector cyclotron (SSC) will accelerate heavy 
ions to at least 10 MeV per nucleon for the full range of 
masses through uranium and will provide light ions in 
the range through A = 40 with energies up to about 75 
MeV per nucleon. The range of performance in energy 
vs ion mass is seen in Fig. 4.5. 

The arrangement of the facility (Fig. 4.6) was planned 
so that construction of the project would not interfere 
significantly with the continuing research programs of 
the phase I project; the plan will also allow changes at a 
later time to transport beams from either the SSC or 
25-MV tandem to existing ORIC experimental areas, 
including the UNISOR facility. The new building will 
be a high-bay structure adjacent to the phase 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 ft2 of 
additional space, arranged in two large rooms. Each of 
these spaces will be served with three beam lines. The 
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Fig. 4.5. Ion energy vs ion mass for the K = 300 SSC with ion 
injection from the 25-MV tandem. This is for the case of gas 
stripping in the tandem terminal with foil stripping before 
injection into the SSC. Also shown are curves for the tandem 
plus ORIC (phase I) and the tandem alone. 

larger of the two rooms is envisioned as providing space 
for a large spectrometer to be added later. 

A plan-section drawing of the SSC (Fig. 4.7) illus- 
trates the main features of the design. The principal 
characteristics of the cyclotron are given in Table 4.1. 
Two of the opposing spaces between the sector magnets 
contain rf cavities. The others will contain beam- 
injection and -extraction equipment and diagnostic 
probes. The ion-injection system is adjustable in radius 
to meet the requirements of different beams from the 
tandem and the matching requirements for beams from 
ORIC. 

The magnet sector angle is 52", a choice that gives 
strong axial and radial ion focusing well away from 
resonances due either to magnet imperfections or to the 
fourfold magnet periodicity. Additional details of 
magnet design and its ion-focusing characteristics are 
given in another section of this r e p ~ r t . ~  

The cyclotron rf system consists of quarter-wave 
coaxial resonators. The dees and respective ground 
planes are cone-shaped structures. Smaller resonators 
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operating a t  twice the main rf frequency are mounted 
witliin the main resonators. These harmonic resonators 
serve to effectively "flattop" the accelerating voltage 
waveform to increase the phase acceptance. The system 
is expected to increase the phase acceptance for the 
0.1%-energy-spread output beam from rt3" to +lo". 
'Ihis feature eases bunching requirements for tandem 
beams and provides better phase matching for beams 
from OKIC. 

'The vacuum system for the cyclotron will be designed 
to provide a base operating pressure of 1 X torr to 
avoid significant losses from charge-changing processes. 
The system volume of approximately 100,000 liters is 
to be pumped by a system of helium-cooled cryopunips 

aided by small oil-diffusion pumps for noncondensable 
gases. The system will provide a pumping speed of 
140,000 liters/sec for air and lo6 literslsec for water 
vapor. Pumpdown time is estimated to be 15 hr. 

During the past year a formal preconceptual design 
study was completed to define the scope and cost of 
the proposed addition. A conceptual design study to 
further refine the project design is authorized for 1975. 
Some changes in the design are being reviewed. Among 
the modifications being considered are an increase in 
the size of the cyclotron to K = 400, a change to a 
vertical half-wave resonator system possibly without 
second-harmonic reson.ators, and a change in r f  range to 
increase the upper frequency limit to approximately 20 

Fig. 4.6. First-floor plan view of the Heavy-Ion Laboratory; the phase I1 addition i s  shown at the bottom. 
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Fig. 4.7. Plan view of the separated-sector cyclotron. 

Table 4.1. Characteristics of the separated-sector cyclotron 

General 

MF%L to better match the requirements for highenergy 
ions. ___. _I 

Maximum energy' (MeV/,I) 
Uranium, 3 8 ~ 4 3  

Carbon, "C'* 
Maximum Op' (kG-cm) 
Energy constant: K (E = K ~ ~ I A )  
Maximum magnetic field (kG) 
Extraction niean radius (m) 
Injection radius (1x1) 

Magnet system 

Number of sectors 
Sector angle (deg) 
Gap (cm) 
Steel weight (metric tons) 
Main coil powei (kW) 
I'iirnming coil power (kW) 

Radio-frequency system 

Nunlbei of cavities 
FIPtlUellLy Idnee (hfH7) 
Rf voltage. peak (kV) 
Maximum rf excitaiion power (k!Q 
AnipIiiude stability 
Phase stabiljly (deg) 

10 
75 
2540 
310 
15 
7.83 
0.73-1.07 

4 
52 
10 
1450 
300 
300 

Main/ha rrri onic 
cavities 

212 
6 - 14/ 12 -28 
250/100 

1. UCC-ND Coniputer Sciences. 
2. TJCC-ND Enginecring. 
3. Sec this report, E. I). HudFon et al., "Magnet-Model 

Studies for Separated-Sector Hcavy-Ion Cyclotrons." 

BEAM-BUNCHER TEST ~~~~~~~ 

W. T. Milner 
S. W. Mosko 

N. F .  Ziegler 
R. F. King' 

The optixriuin injection of beams from the 25-MW 
tandem accelerator into ORIC requires that the incident 
beam be bunched into 6" or less of the cyclotron rf 
period. rile double-diift harmonic beam-bunching 

is especially attractive for this application 
because of its theoretical capability to bunch a large 
fraction of the electrostatic accelerator dc beam into 
the required pulses. A program to install and evaluate a 
prototype double-drift Iiarrnonic beam-bunching $ysteni 
on the EN tandem accelerator is under way. A portion - -  

200/50 of the EN tandem injection beam line has been 
1:104 
t0 . l  

redesigned to accommodate this equipment, and design 
of the bunching system i s  in progress. This program will 
include not only bunching-system evaluation but also 
the development of beam-pulse detection equipment 
and a CAMAC-based control system. 

.. .. . . . .- 

aWith hj&:her magnet power the design is capable of Bmax = 
17.32 kG, ~9 = 2930 kG-cm, 2-nd K = 400 arid corresponding 
higher energies. 
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Fig. 4.8. A and R defint: the regions of 90 and 80!% voltage 
cfficiemcy about line I (Le., at 45O-keV ion energy) for a 
buncher whose first-haxrnornic element i s  6 c m  long. Corre- 
sponding regions about line I1 (for J5O-keV inn energy) will 
have the satlie width, on this scale, as those about tine J .  

A study has been carried out in which the probable 
range of ORiC operating parameters was determined for 
a number of ions in the mass range of  12 to 238 a n n  A 
coiasj !eration of the range of orbit frequencies that  
might be required for these ions shows that buncher 
elements of fixed length (6 and 3 cm for the first- and 
secondharmonic elements respectively) can be used to 
cover the entire range of operating frequencies. Figure 
4.8 shows the frequency raoge that can be covzrzd by a 
fixed-length bunchcr 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 around 
200 keV OT less. Note that a frequency range of 1.8 to 
1.0 can be attained, at fixed ion energy and buncher 
length, with only 10% loss in buncher voltage effi- 
ciency. 

.............. __ 
1. Consultant. 
2. Phys. Div. Annu. Prog. Rep. Dec. 31, 1974, ORNL-5025 

(1975), p, 155. 
3.  W. 'I'. Milner et al., IEEE Trans. Nucl. Sci. NS-22, 1697 

(1975). 
4. K. Emigh, p. 338 in Proceedings of the I966 Linea? 

Accelerator Conference, Los A!arnos Laboratory Report 
LA-3609,1966. 

DEPENDENCE OF C AND 0 CHA4RCE-STAI'E 
YIELDS ON STRIPPER-GAS PLOW 

R. 0. Sayer' E G. Richardsori 

In contrast to the more typical emphasis on high 
charge states, successful injection o f  "C and l 6 O  
b e a m  from the 25-MV folded tandem Van de Graaff 
into ORJC will require acceleration of charges 3 and 4, 
respectively, at relatively high terminal voltage, V t .  To 
investigate the intensities expected for these beams we 
have measured charge-state yields as a function of 
strippcr-gas flow in the OWNL EN tandem. Typical 
results for analyzed beam current as a function of 
pressure in the high-energy tube are shown in Figs. 1.9 
and 4.10. These data indicate that ample chargc 3 and 4 
intensities a? Vr = 6 MV can be achieved at reduced gas 
pressures. 

With regard to yields at higher V r ,  the "C data at 6 
MV show that, by a suitable reduction in gas flow, m e  
can move 2 units away fiom equilibiiuin to charge 2 
whjle suffering only about a 40% loss in intensity. At 
Vr = 15 MV the most probable charge is about 5 ,  SO 

that an adequate intensity for 12C3+ wiih optimum 
gas flow can be expected. A similar argument can be 
made: in the 6 O  case. Therefore it seems likely that 
sufficiently intensc low-charge beams of ' C and 0 
at rnodemtely high Vt will be available: for injection 
into ORIC. Nonetheless, measurements in the 15 to 25 
MV range are dcsirnble. 

We are indebted to Art McDonald and G. F .  Wells for 
help fuI discussions. 

1. Computer Sciences Division. 

MAGNET-MODEL STUDIES FOR 
SEPARATED-SECTC1R HEAVY-ION CYCLOTRONS 

E. D. Hudson G. S.  McNeilly 
R. S. Lord s. w. Mosko 
I.. L. Riedinger' M. A. Barre' 
J. A. Martin M .  Y. Bourgarel' 
P;. lrwiii T. T. I.uong2 

M. 81aayon2 

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 iiieasiirements lzave been 
made using a single I-Iall-effect element that was 
positioned by a high-precision numerically controlled 
table. A list of full-scale characteristics i s  given in Table 
4.2. The SSC i s  proposed as the second-stage accelerator 
to follow the 25-MV tandem electrostatic accelerator. 
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Pig. 4.9. Analyzed current in pnA for charge 2,3,4,  and 5 2C beams vs high-encrgy hub@ pressure at Y ,  = 6.0 MV. 

These measurements were also made to provide mag- 
netic field deqign information for the GANIL project. 
Four members of the GANIL project (Fig. 4.1 1) spent 
several weeks during May, June, and July at ORNL 
taking data on the model. 

The magnetic field profile of the model was experi- 
mentally mapped at excitation levels of 5, 8, 12, 14, 16, 
and 18 kG. Figure 3.12 displays a normaliixd coinpari- 
son of the aveiage magnetic field as a function of radius 
for 8 and 16 kG. This average at each point has been 
calculated along a path of constant radius rather than 
along th:: particle path. The average is smooth to within 
0.01% of the maxinium field, that is, 1 or 2 G out of 16 
kG. Between the limits o f  the injection and extraction 
radii, the 8- and 16-kC fields are similar in shape to 
within 0.5%. The near absence uf saturation effects at 
16 kC, the operating point of the full-scale magnet, 

leads to very nearly the same dynamics of particle 
orbits at low and high field levels. 

The effective magnetic angles at several radii are in 
very good agreement with the calculated values and the 
design value of 52", demonstrating that the steps 
around the pole edge provide an excellent approxi- 
mation of the desired Rogowski profile. The constancy 
of the magnetic angle as a function of radius alqo 
demonstrates the success of the pole-edge design. We 
find, in addition, that the magnetic angle at a given 
radius is constant to within 0.5" from 8 to 16 kG. Ihis 
once again shows the near absence of saturation effects 
over this important range, 

The results of General Orbit Code calculations with 
injected into the 16-kG field are 

graphed in Fig. 4.13. Here the orbits at successive radii 
\vert: isochronized by adjusting the field level as a 

1 2 ~ 6 '  and 2381J36+ . ' 



115 

ro-6 2 5 10.~ 5 td' 2 
H E PRESSURE (Torr1 

Fig. 4.10. Analyzed current in pnA for charge 2 ,3 ,4 ,5 ,  and 
6 l 6 O  beams vs high-energy tube pressure at Vr = 6.5 MV. 

function of radius, with this difference eventually to be 
furnished by trimming coils. This resonance diagram 
demonstrates the operating region of the proposed 
cyclotron and shows that with the 52' sector we will be 

ilities caused by the essential resonances. 

Table 4.2. Characteristics of the full- 
separated-sector cyclotron magnet 

440 

16 
4 
52 

Energy constant, K (MeV) 

Magnetic field (kG) 
Number of sectors 
Sector angle of magnet (deg) 

Pole radius, min (cm) 40.6 
Pole radius, ma% (cm) 
Yoke radius, mas (cm) 
Yoke width (cm) 
Yoke height (cm) 
Sector weight (tons) 
Sector weight (metric tons) 
Beam extraction radius (cm) 
P at injection, min (cm) 
P a t  injection, max (cm) 
p at extraction (cm) 
Ampere turns per sector at 16 kG 
Power per sector (kW) 

Energy gain 9-19 

Gap (cm) 10.2 

358.0 
572.8 
332.7 
553.7 
600 
540 
328.9 
43.2 
63 
188.7 
148,000 
100 

A- 

Fig. 4.1 1. Members of the GANIL project (France) working with the 0.15-scale model of a 2200-metric-ton cyclotron magnet 
are, from left, Maurice Ohayon, Thanh-Tam Luong, Michele Bame, and Marie-Paule Boutgarel. 
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Fig. 4.12. Average magnetic field as a function of full-scale radius for the 8- and 16-kG fields. Note that there is, at most. 0.57: 
difference in field shape between the two in the range between the injection and extraction radii. 
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Fi 4.13. Resonance diagram describing acceleration of ''C 
and '38U. 

The range of vr and Y ,  values is quite satisfactory for 
the successful operation of a four-sector cyclotron. 

1 .  University of Tennessee, Knoxville. 
2 .  Project GANIL, France. 

INGRID PROPOSAL 

M .  J .  Saltmarsh R. E. Worshain 

Some of the major technological difficulties that will 
be encountered in the search for commercial fusion 
power are associated with the radiation damage to 
structural materials caused by the 14-MeV neutrons 
emitted from a d-T plasma. Investigation of this effect 
is severely hampered by the lack of suitably intense 
sources of energetic neutrons that are capable of 
simulating the spectrum expected at the first wall of a 
fusion reactor. 

In response to this need a proposal has been prepared 
and submitted to the ERDA Division of Controlled 
Thermonuclear Research for the construction of an 
intense neutron generator for radiation-induced damage 
(INGRID).' The proposal represents a collaborative 
effort involving several ORNL divisions (Metals and 
Ceramics, Physics, Reactor, Solid State, and Thermo- 
nuclear) and staff from the Accelerator Division at the 
Fermi National Accelerator Laboratory. 

The INGRID facility is based on the d-Li concept, 
which also forms the basis of similar proposals by 
Brookhaven National Laboratory (BNL)2 and Hanford 
Engineering Development Laboratory (HEDL).3 A 
100-mA 40-MeV beam of deuterons produced by a 
linac with a 100% duty factor would be used to 
bombard a 2.5-cm-thick jet of liquid lithium (Fig. 
4.14). Neutrons are produced mainly in the forward 
direction, providing an experimental volume of several 
hundred cubic centimeters at fluxes 210'4 neutrons 
cm-' sec-' , equivalent to the flux on the first wall of a 
fusion device operating at a wall loading of 1 MW/m2. 
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Fig. 4.14. The cl-Li interaction region, drowviuy the downward-flowing lithium jet. 'Hie rreutron flux C X H ~ ~ Q I X S  {p~ven in m i r s  of 
1014 wutrons cm-' set.-' 1 and their associatetl experimental v o ~ u m e s  corrcsportd to ;1 t00-mA 4O-MeV deuteron bcain w i t i k  a 
circular beam spot. The irrtknsity profile was assiimed to be Gaussian with a diameter ut' 2 t:m (FWHM). 

PLnalysis of the effects of the resultdnt net1 troll msrgy 
speclitmi shows them tu  be veiy ~ m n l a r  to the effects 
expected from a fuEusioii spectrum, in terms of both 
atomic displacement and nuckai trdilsmutatlon rates. 

A plan view of the facility is shown in Fig. 4.15, The 
majot components tire the following. 

1 .  Tlie ion rource arid high-voltage column, capable of 
pruducitig a 20U-rnA dc beam of 350-keV if' 1011s. 

2 .  A 60-ii@i~ cw linac, appruximately 45 rri Lotig, to 
accelerate 100 to 150 mA of the injected beam to 
eaergieg of20 to 40 MeV 

3 A beanq-transport system to send ihe beatn through 
+45O to o w  of  he two i~ . r ;~ i ia r ior~  cells. 

4. A lithium circuit that pumps liquid lithiurn to one of 
llie two littiiurri targets, each of wlircti consists of a 
I O -  by 2.5-cm jet of lithium moving at 15 in/sec 
m o s s  the end window of the beampipe vacuuni 

system. The m e  free siirface of the jet is exposed to 
the vacuum to eliminate the need for a window. 'The 
4 MW ol' 1)eam power dissipated in the l i l I i ium 
circuit is trans€erred tu a secorlilary Ftcat-trmskt, 
fluid, tentatively chosen to be Dowtherrn. 

5. The irradiation facilities, consisting of  the heavily 
shielded irradiation cells coritaiiiiiig the lithium 
target, the probes that Iiold the sairiples to be 
irradiated and carry the experhietital services 
through the shielding, and the hot-cell facilities used 
for tlhsniaritlirig OI repairing e~peximerits. 

The facility must be conservatively engineered be- 
cause irradiation tinies of a few d:iys 1 0  years ~v i l l  be 

'The overall cost, iticliiditig S Q ~ P ~  prototype develop- 
ment work, is eslitnated to be -1670 millio~m assuming 
INGRID to be an FY 1978 project. 7 f ie  t ime required 

needed I 
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Fig. 4.15. Scheniaiic plan view of the proposed INGRID iacility. The overall length of  the building is approximately 300 f t .  

for conTtruction is estimated a t  approximately four 
years. 

1. M. J .  Saltmarsh and R. 1:. Worsham, Kds.. INGRID, u 

Proposal for an Intense Neii twn Generator for  Radiation 
Induced DninaRe Studies in the CTR Muterids Program, 
OKNL/TM-5233 (January 1976). 

2. P. Grand, Ed.. Pmposul for  uii Accelerubor-Bused Neutron 
Geiierillor, BNL-20159, Brookhaven National Laboratory, 
Upton, N.Y., July 1975. 

3. CTR Muterials Iwadiution Testiiig Facilitjz (CMIT) Pro- 
posal, Hanford Engineering Development Labora?ory, Richland, 
Wash., November 1975. 

ORBC OPERA I'IONS 

C. A.  Ludemann 
M.  B Marshall J .  VJ. Hale 
11. L. h k e r s o n  
C. L. Viar 
H. D Hackler 
C. I.,. Haley 

G. i\. Palmer 

N. R .  Johnson' 
A.  D Higgins2 

R. C. Cooper4 
L.  w. Sparks3 

The ORlC operated on a 15-shift-per-week schedule 
essentially throughout CY 1975. Table 4.3 shows a tirne 

analysis for the year. With ORNL's engineering staff 
concentrating on the new Heavy-Ion Facility project, 
scheduled downtiine was devoted primarily to  repairs 
and preventive maintenance. Our iimited means arc 
beiiig used to  improve the operation and reliability of 
existing system5 rather than t o  expand the research 
capabilities of ORIC. 

A comparison with statistics for the previous year 
shows that ORlC was operable 101'7 hr more in 1975 
than in 1974. A 26 to 35% improvement was ex- 
perienced in unscheduled outage, depending on how 
one interprets the figures. The success of the program is 
the direct result of the hard work performed by the 
cyclotron operators. 

Table 4.4 is a summary of the research bombardments 
for the year. It illustrates the broad nature of the 
research activity as well as the breadth of collaboration. 
It should be noted also that -19% of the bornbard- 
ments wei-e for materials research and the pioduction of 
plutonium isotopes for environmental research. 

Table 4.5 siiminarizes beam use by type of particle. 
Appi-oximately 80% o f  the research was conducted with 
projectiles heavier than helium. The state of radiation 
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Table 4.3. Time analysis of ORIC operations for CY 1975 
- ~ -  I_ - . . Ic I~ .  

Hours Percent 

Ream on target 
Beam adjustment 
Target setup 
Startup and machine shutdown 
Machine research 

Total machjne-operable time 

Source change 
Vacuum outage 
Kf outage 
Powel. supply outage 
~~lectrical-component outage 
Mediaiiical-component outage 
Water-leak outage 
Radiation outage 

Total unscheduled outage 

Scheduled maintenance 
Scheduled engineering 

Total scheduled downtime 

Total tiinc available 

Total research experiments 

3038 
349 
112 
579 
383 

4462 

418 
76 

78 
162 
183 

6 
I68 

0 

1091 

611 
72 

74 3 

6296 

3925" 

~~ 

48.3 
5.5 
1.8 
9.2 
6.1 

70.9 

6.6 
1.2 
1.2 
2.6 
2.9 
0.1 
2.1 
0.0 

__ 

17.3 

10.7 
1.1 

11.8 
I_ 

100 

-62 

'Includes 640 hr for inarrrials research and 88 hr  for 
plutoniuni isotope pro duction. 

safety at ORIC during 1975 remained good. There were 
no personnel exposures beyond permissible limits, and 
t!iere were no radioactivity releases resulting in a spread 
of contamination beyond zoned areas. The maximum 
integrated dose received by any individual associated 
with cyclotron operations was 0.58 rem, the average for 
the group being 15 1 millirems. The cyclotron operators, 
who receive the highest exposures, had doses that 
averaged 405 millirems, the highest single exposure 
being that indicated above. No responses significantly 
above background variance were observed by con- 
tinuously operating air nionitors in and around the 
facility, indicating effective containment of particulate 
radioactive materials. 

Three niajor scheduled shutdowns will considerably 
reduce OR[C research time in 1976. The shutdowns are 
for [ 1) the removal of the "fringe-field concentrator" 
and installation o f  a new vertical positioning magnet, 
(2) the coniplete mapping of the cyclotron's magnetic 
field, and (3) the installation of a new dee. All three 
projects are being undertaken in preparation f o r  ORIC's 
role as the energy booster for the 25-MV tandem. 
___--...-.--...-..I__ 

1. Chemistry Division. 
2. Plant and kquiprnent Division. 
3. Instruinentaticm and Controls Division. 
4. Health Physics Division, 

ORIC DEVELOPMENT 

C .  A. I>Lidemann 
s. w. Moska 
E. E. Gross 

E. D. Hudson 
R. S. Lord 
J .  E. Manri 

As previously mentioned, our limited erigineering 
resources were expended in improving the operation 
and reliability of existing systems at the cyclotron, not 
for expanding its research capabilities. 

In the area of the rf system, a new screen-bypass 
capacitor for the power amplifier was installed and the 
gerriianiurn transistor servo-drivers were upgraded to use 
silicon transistors. In the area of vacuum improvements, 
a 60-14' (at 15°K) helium refrigerator was installed to 
supply coolant for the machine's cryopanels. Vacuum 
monitoring equipment has been fitbricated for all beam 
lines and will be installed iii early 1976. 

Bemi current monitoring was iniproved by the 
replacement of t,he two tube-type integrators with two 
XIM-based units and the addition of two nano- 
ammeters. Design of the liew power-supply regulators 
for the trim and harmonic coils was completed arid the 
first uriit was being installed at the end o f  the year. The 
control computer was tested by using it to operate 19 
power supplies during five weeks of routim cyclotron 
operation. These tests were successful and tlie computer 
control of all magnet system is expected to be 
completed by mid-1376. 

The 153" analyzing magnet was recdibraled. Since 
the original calibration. the slit meclianistns have been 
replaced arid the nuclear fluxmeter location has been 
slightly changed. To recalibrate the system a1 !ow field 
(about 2 kG), a 1-mni-wide 2 4 4 C m  alpha source' was 
placed at the entrance slit location, and the image cif 

ihis source was viewed with a solid-state position- 
sensitive detector a t  the exit slit location. The magnetic 
field a t  the nuclear fluxmeter location required to bend 
the 5.805-MeV alpha particles along the beam orbit was 
found to tie reproducible to 0.5 G in 2 kG provided the 
magnet was taken to saturation for about 30 niin before 
ma king the iTieasureineti ts . 

The absolute calibration was extended in the same 
way to -4 kG by observing singly charged 5.805-MeV 
alpha particles from the source. 'The remaining calibra- 
tion was accomplished by extracting a .-74-MeV 
2 0 Ne4+ beam from the cyclotron and recording the 
magnetic fields (at the nuclear fluxmeter locationj 
requircd to bend the 5+, bt, 7+, and 8+ beams to tlie 
exit slit location. These b e a m  result from stripping by 
residual gas in the ORIC beam piping (-1 X I O - '  torr). 
The niagne[ic rigidity of 74-MeV "Ne*+ is very close to 
that of 5.8-MeV 4He'+, and we need only to assume 

-. . . . . . -. . 
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'lable 4.4. Kcsearch bombardments at ORlC in 1975 

Reuearch activity Investigator? 
Cyclotron time 

(8-hr shifts) 

L J N ~  SOR' 

Heavy-ion fusion, fission, and transfers 

hlaterials research 

Accelerator development 

Doppler-shift lifetime rneasurernents 

Coulomb-nuclear interfcrcnce 

Produciion of 237Pu and 236Pu 

Identical-paiticle scattering 

Excitation of giant resonances 

Atomic physics 

Ba-ckbending of rotational hands 

6Li-induced reactions 

i"ransp1utoniuni chemisiry 

Heavy-ion transfer reactions 

Proportional-counter tests and 
miscellaneous experiments 

Spectroscopy of 92M0 and '06Pb 

Transfer-reaction studies with recoil 

Properties of elements 104, 105, 106 

High-spin states in mediummass 

@ , t )  Reactions of germanium isotopes 

Deep inelastic scattering 

Limits on fusion cross scctions 

Search for short-livcd isomers 

Multiplicity measurements 

nuclei 

nuclei 

Spe.jejewrki. Mlekodaj, Carter. S i k n i d t .  Robinwn. e t  a l .  
h Plasil, Ferguron, Pleasonton, Hahn, Obenshain. Snell. Hubert 

Ilorak. Saltmarsh. Smith, Wiffen. Bloom, Washburn, ITllmaier. 

Ludemann, Mallory. Iiudson. Lord. Martin, Hale 

Johnson, Eichler. Yates.c Sarantites, Lindblad. Urbon' 

Hillisf Gross, RiedingerTC. Bing1i;imfIIalbert. Hensley, Scott! 

Mackey, Ottmger, Ratledge, Gross. Ludemann, John5on 

1Ialbert. Stelson, Snell, Fulmer. Raman. Stokstad. Henslcy 

Berirsnd, Kocher. Gross, Goodman. Auble 

Sellin, Mowait! Fegpf Griffin, Haseltonf Peterson;f Laubcrtf 

Ricdingerf Stelson, [Iensley, Robinson. Johnson, Sayer. Smith, 

W. Binghain, Halbert, Hensley. Goodman. Marton.'  Debeve2 

Silva, Peterson! Tarrant, Ilittner. Hunt. Case, hleyer, Niedhartk 

k'ord, l o t h ,  IIensley, Thornton.' Gross, Ball. Gustafson! Riley," 

IIensley, Gross, IIilliTp Stokstad, Snell 

Jenkins. Noggle, Reiley, Aublc. Ludemann 

d 

Martin? Bake? 

Uatz, Tho$ 

Eichler 

Snell 

Scott? Baker? Wiggin& 

Hdhn, Uittner, I'oth, Hubertb 

Bernic, Silva, Hensley, Dittner, Keller. Hahn, Tarrant. Hunt 

Robinson, Kim, Halbcrt, Wells,n Sayer, Rester.' Familton, 

Rester? Rao,O Rohrer: Woody Auble 

Stokstad, IIensIey, I$albert 

Stokstad, Biggentaff, Snell, Stelson 

Gross, Cleary, Hensley, Toth, Hungerford! C. Binghamf 

Sarantitese Gronemeyer: Barker: IIalbert, Eichler, Johnson, 

Goodman, Hensley, Stokstad 

h 

Ronninzen 

Hensky 

_ . . _ _ _ _ . - ~ ~  ........ ___ __ 
Isospin nonconservation 

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

'UNISOK is a consortium of 12 universities, Oak Ridge National Laboratory, and Oak Ridge Associated Universities. 
%Jniversily of Bordeaux, France. 
Univer sity of Kentucky , Lexington. 

dResearch Institute for Physics, Stockholm. Sweden. 
eWashiiigton University, St. Louis, Mo. 
fUniversity of Tennessee, Knoxville. 
dUniversity of Georgia, Athcns. 
hVanderbilt University, Nashville, Tenn. 
Rutgers University, New Rrunswick. N.J. i 

Argonne National Laboratory, Aigonne, 111. 

'Universily of Virginia, Charlottesville. 
rechnische Hochschule, Darmstadt, Germany. 

University of Texas, Austin. 
Tennessee Technological Univcisity, Cookeville 

OEinory Univerqity, Atlanta, Ga, 
PUniversity of Houston, Houston, Tex. 
4St. Louis University. St .  Louis, Mo. 

I?? 

80 

44 
80 

34 

19 
28 

11 
11 

5 

16 

14 

21 

6 

3 

2 

25 

5 3  

10 

4 

18 
14 

2 

4 

4 



121 

Table 4.5. Analysis of ORIC beam use by type of partick 

Energy Total hours 
(MeV) assigned Particle Percent 

__ --I_ I_ _.__ __ 
Nuclear research 

Lithium 25 - - -6  1 
Boron 67 -86 
Carbon 41 -IS0 
Nitrogen 4 3 - 160 
Oxygen loo--- 140 
Neon 52.-173 
hlumjnunl 40--90 
Argon 145 --I65 
Nickel 76 

Total, heavy-ion 
experiments 

Protons 30 -6 1 
Tleuterons 23 -40 

[le 7 0 
Alpllas 32-60 

Total, light-ion 
cxper imen t s 

cxyeriments 
‘l‘otnl, nuclear iesearch 

Machine research 

Heavy ions 
Light ions 

7’ot:ll 

192 
36 

527 
602 
520 
898 

96 
I72 
32 

3075 

96 
96 
40 
618 

850 

I_ 

3925 

24 8 
8 

25 6 
I. 

4.9 
0.9 

13.4 
15.4 
13.3 
22.9 

2.5 
4-4 
0.8 

78.5 
-.- 

2.4 
2.4 
1.0 

15.7 
21.5 
._-.I 

I__ 

100.0 

96.9 
3.1 

100.0 

that the radius of curvature does no1 change in a few 
gauss variation near 4 X io3 G. The main limitation of 
ths  method is the error associaled with deterniming the 
peak intensity point of a broad energy spread. The 
better the resolution of the primary beam, the easier it 
is to determine the peak location. Within this hmita- 
tion, the method appears to be a quick and easy way of 
obtaining an absolute calibration for heavy-ion beam- 
analysis system. 

capability of the existing data-acquisition programs. 
These programs handled the necessary large two- 
diniensional arrays but h;id a maximum throughput 
capability of only -400 cventslsec. 711 is capability 
decreased as the size of the array was increased or as the 
distribution of counts throughout the array became 
more random. More and more of our experiments 
required larger arrays with a more random distribution 
of counts and, at the same time, needed greater 
throughput capability. 

A program has been developed which uses the 
excellent buffer i/O capability of disk storage units and 
which has achieved actual throughput rates of -4 kHz 
(it has a theoretical capability for many cases of -8 
kHz). The conceptual form of the program is similar to 
that for the combined MECASTRlP and PUSSE pro- 
g r a m  developed by W. T. Milner. Basicdly, the 
program does a presorting of all input data and lists 
them into ala array on disk. When the  list array fills, the 
program begins both to list into a secorld dedicated 
array and to update the experimenters’ two-dimensional 
m a y  from the first list array. Much effort has been 
expended to ensure that the use of all disk I/O activity 
and interrupts is optimized. The program is limited to I 
niillioii channels by the she and capability of‘ the 
present ORIC computer system, although the actual 
throughput capability of the progam should be largely 
independent of the actual. array size. As long as the 
input rate stays below the maximum throughput 
capability of the program, the front-end deadtime is 
scarcely affected by the overall computer activity. 

Our charged-particle experiments now routirdy 
handle event rates of 1 kHz into 500,000 channels, and 
gamma-ray tnultiplicity experiments use an event rate 
of 4 kHz into 128,000 channels. The program kiss been 
adapted to off-line processing of list-mode data stored 
OII magnetic tape and may be extended to  handle 
multiscalirig of either charged particles or gatiirna rays. 

- -. 

1. Made by C. E. Semis of the Chemistry Division using an 
isotope separator. 

OREC DATA-ACQUISLTION SYSTEM 
DEVELOPMENT 

D. C .  Hensley 

More than an order of magnitude itnprovernent in 
throughput capability for data acquisition into large 
two-dirnensiotial arrays has been achieved with ihe 
developnient of a quasi-listing program. 

Many of the “two-dimensional” experiments at  ORIC 
were increasingly restricted by the limited throughput 

DEVELOPMENT OF A GAS-JET-TO-TAPE 
TRANSPORT SYSTEM 

H. K. Carter’ 
J. L. Wood2 
R. L. Mlekodaj’ 

E .  ki. Spejewski’ 
K. S .  Toth 
R. 1. Silva3 

A helium gasjet transport system4 has been used 
extensively for radioactive decay work at ORIC‘ for 
several years. With expanded use it became apparent 
that the collection chainher needed to be redesigned to 
increasz its flexibility and to make more efficient use of 
cyclotron t h e .  Therefore, some means of automating 
sample collection and data acquisition needed to be 
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developed. To accomplish these objectives we have 
connected a copy of the original reaction chamber’ to 
the UNISOR tape transport system6 by a 1.3-rnm-ID, 
13-m Teflon capillary. The activity in the gas jet is 
deposited on the Mylar tape at the first port and can be 
moved to either of the other two detector stations. ‘The 
configuration of the tape transport allows a much 
greater variety of experiments to be performed as well 
as allowing a second experiment to  be set up while 
another is being run. The tape motion and data 
collection are controlled by the PDP-I 1-based data- 
acquisition system, thus providing full automation. 

We have found the operating parameters of this 
system to  compare favorably with the older (shorter 
capillary) system. It is quite easy to run at efficiencies 
(vis-a-vis a direct-catch measurement) of 20%. Standard 
cluster-generation techniques4 were used primarily. 
However, it appears that passing the helium over heated 
NH4C1 increases the efficiency by about a factor of 2. 
The transport time has not been measured accurately; 
however, we detected a 3-sec activity but did not detect 
a 0.1-sec activity. To illustrate the usefulness of this 
system we have obtained excellent coincidence data in 
2 to 4 hr on previously unstudied decay schemes far 
from the line of stability, for example, ‘8’mAu. 

To be able to do  alpha or electron spectroscopy it will 
be necessary to move the source from the high-pressure 
region into a vacuum region. We have tested an 
adaptation of a vacuum tape seal7 and found that less 
than 20% of the gas-jet-deposited activity is wiped off 
in passing through the seal. Work is continuing on this 
aspect of the problem. 

_ _ _ . ~ . . . _ _ _ _ _  
1. UNISOR, Oak Ridge Associated Universities: Oak Ridge, 

2. Georgia I n d t u t e  of Technology, Atlanta. 
3. Chemistry Division. 
4. W.-D. Schmidt-Ott and K. S. Toth,  Nud.  Instruin. Methods 

5. K. S. Toth et al.,PhPhys. Rev. C 2, 1480 (1970). 
6. H. K. Carter et al., Phys. Div. Annu. Prog. Rep. Dec. 31, 

7. H. K. Carter and R. I,. Mlekodaj, Nucl. In.rtrutn. Methods 

Tenn. 

121,97 (1974). 

1972, ORNL4844 (1973), p. 142. 

128,611 (1975). 

ORlC HARMONIC-BEAM SPACE-CHARGE EFFECT 

M .  L. Mallory K. N .  Fischer E. D. Hudson 

We have experimentally detected a heavy-ion beam 
loss when two harmonic beams are simultaneously 
accelerated from the ion source in ORIC. This loss is 
dependent upon the presslire in the cyclotron accelera- 
tion chamber. Two helium-cooled cryopanels were 

installed in the QRIC magnet gap, resulting in lower 
pressure in the acceleration chamber. In beam- 
transmission experiments with helium-cooled ciyo- 
panels, an argon beam increased in intensity, as ex- 
pected for the lower pressure. Therefore, use of the 
cryopanels was recommended for beams limited by 
accelerator intensity, siuch as 05’. 

The cryopanels were first used with an “Os+ beam 
during a two-week period in July 1974. A third week of 
running without the ciyopanels followed, and the 
experimenter reported that operation with the cryo- 
pariels resulted in a decrease of the oxygen-beam 
intensity. In March 1975, a series of measurements was 
made of the oxygeri%eam intensity with the cryopanels 
at room temperature and at 20°K which verified the 
difference. Results of these measurements are presented 
in Fig. 4.16. In Fig. 4.16, ORiC beam intensity is 
plotted as a function of the square of the radius froin 

ORUL-DWG 75-!7819R7 
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Fig. 4.16. The beam intensity vs probe posntlon squared as 

measured from the centcr of ORIC for an extracted (First 
harmonic) I6O* beam. I h e  large step in the intensity dt -58 
cm is identified as the maximum radius for the (fifth haimonic) 

0 beam Ihe two curves were obtained tor room- 
temperature and 20°K cryopnnela (better vacuum) with the 
qame operating conditions of the cyclotron and ion source The 
intensity of the beam at 76 cm unexpectedly decieased for the 
better vacuum conditions 1 he dashed lines are projections of 
the 160sf and I6O1+ beams 

1 6  I+ 
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ORNL-DWG 76-4953 
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Fig. 4.17. The phase bursts for 1601+ and laow for one complete rf oscillation are shown. Each figure is -I& cycle from.the 
preceding figure. The main signiticance is that the l6O* p from 2.5- to 7 6 r m  radius, pass through the five 

bursts. This overlap between the I6O1+ and s in a space-charge beam loss. The decelerating 
of I6O1+ have been de ute little to the space-charge loss because their 
uced by self-space-charge and charge-transfer loss processes in the outgoing beam. 

for clarity and are expected 
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the cyclotron center both when the cryopanels are at 
20°K and at room temperature. The beam intensity 
extracted from the cyclotron is directly proportional to 
the intensity measured at 76 cm and is less for the beam 
with the helium-cooled cryopanels. The other signifi- 
cant feature in Fig. 4.16 is the beam loss that occurs at 
-58 cm; this is identified as the maximum radius for 
the harmonic beam l 6  O'+. Figure 4.1 7a-d illustrates 
the computed phase-acceleration histories of 01+ and 

Os+ beam bursts for one rf cycle at intervals of -'h 
rf cycle. The I6O5+ 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 
I6O1+ are also shown. The significant feature of Fig. 
4.17~-d is that the 1605+ beam bursts are passing 
through the high-intensity beam buckets of 01+ as 
they are being accelerated to full radius. This is due to 
the difference in angular rotation frequency of Os+ 
and 0". 

For the harmonic-beam conditions described above, 
the axial force balance must be integrated over the time 
that the beams overlap in 0 ;  this is shown by 

where the subscripts 1 and 2 refer to the different 
harmonic beams, m is the particle mass, o is the angular 
rotation frequency, v, is the axial betatron frequency, z 
is the particle distance from the median plane, 4 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 (4 limit for no focusing of the 
higher harmonic beam can be shown to be 

where EO is the dielectric constant of free space, Vis 
thelvoltage gain,per turn, and h is the harmonic number. 

The results of Eq. ( 2 )  lead one to conclude that the 
space-charge force from high-intensity beams must be 
considered for beam losses of accompanying low- 
intensity harmonic beams. 

Only a small number of ORIC beams are affected by 
space-charge forces. The principal beams thus affected 
are listed in Table 4.6. 

Os+ starting from the 
ion source are shown in Fig. 4.18. The 605+ beam was 
started at an rf phase of 20°, dee voltage of 70 kV, and 
a magnetic field of 18.4 kG. The I6O1* starting phase 
was assumed to be 70". The orbits do not continuously 
overlap, suggesting that a beam interceptor can be 

The trajectories of l 6  01+ and 

Table 4.6. Simultaneously accelerated 
beams in ORIC 

h Low-charge- 
state beam 

h High-charge- 
state beam 

3 
5 

6 Li 1+ Li3 1 
12c5+ 1 l zc l+  
1 zc6+ 
14N5+ 

i Z C 3  3 
14N1+ 5 
1601+ 5 
la0* 3 
1801+ 5 

"Ne* 1 "NeB 3 

1 
1 
1 
1 
1 
1 

la0* 

1606t 

1 8 0 s  

1 9F6+ 3 1 9 p +  
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Fi 4.18. The central-region orbit trajectories of 1 6 0 1 +  and 

and 20" for "O'+ and l60* respectively. An ideal location for 
a low-charge beam interceptor is shown in the dee. Its position 
should be variable for the different mass beams and cyclotron 
settings. 

l6O 5 startin from the ion source. The starting phases are 70" 

installed so that the undesirable harmonic beam can be 
dumped. An ideal location for the beam interceptor is 
indicated in Fig. 4.18. 

ION-SOURCE-DEVELOPMENT PROGRAM 

NEGATIVE-ION-SOURCE TEST FACILITY 

G .  D. Alton 

The negative-ion-source test facility, previously de- 
scribed,' has operated almost flawlessly since startup 



and i s  presently being used to test md evaluate a new 
negative-ion source based 011 ihe sput teririg principle' i 3  

and tu study the negalive surface ionization of heavy 
niolecular ions such as U F 6  by heated platinimi metal. 
All aspects of {lie facility have niet expectations -- 

including the special conipresssion lens employed to 
maximix the beam transmission tlimugh the limiled 
directioo of the niagiiet chamber (1.59 cm, acceptance 
-1471 cm*rnilliradians). The effect o f  the lens on the 
iori beam improves the transmission through the system 
by a factor of -2. Preliminary measurements for 
low-af ornic-weight ions such as carbon indicate a 
transmission efficiency of -00%1. However, it is ex- 
pected that the efficiency will be somewhat lower for 
heavicr. ions. Dui-ing the next calendar year, the facility 
will be used principally for negative-ion-source develop- 
ment, and :in effort will be tnade to incorporate 
additional ion-source diagnostic equipinen t such as 
emittaoce-measurillg a i d  energy-analyzing devices. 

2 .  G .  D. Alton et al., Phys. Dip. Annu. Prog. Rep. Uec. 31, 

2.  G. D. Alton, IEEE Trans. Nucl. Sci. NS-23, 223 (1976). 
3. See this xeport, G. D. Alton, "Preliminary I~valuation of 

1974, CJRNL-5025 (1975), p. 194. 

Mueller -Hortig Geometry Negative-Ion Source." 

NEGATIVE-IONSOURCE DEVELOPMENT 

(2. D. Alton 

The Middleton- Adams Sputter Source' 

As iitdicated 111 last year's report ? several major 
difficulties wcre experienced with the vendor-supplied 
spurter source which seriously affected its performance. 
Almost without exception, the difficulties were asso- 
ciated with the surface ionization source; consequently, 
the wurce was totally redesigned (121g. 4.19) in dn 

efforl to elminate or reduce the piohlerns. The 
previously reported modifications2 were incorporated 
in the design and have since beeti tboroughily evaluated. 

The i o n i m  arid vacuum-seal deslgns have worked 
perfectly without failure or vacuum leaks Juring the 
p a ~ t  calendar year. During this period, a single ionizer 
h3s beeo employed, md it IS still in use. Although the 
ioniier heater-assembly modilkations (described e a -  
Iter2) reduced the number of heater failures due to 
burnout arid meckinical breakage, the bul ooul problem 
persisted even after redesign. Another heater-a9sernbly 
design has been incoipotaled which has proved to be 
more reliable and less expensrve. The new design has 
virtually eliminated the heater element problem. 

Tlic heating elements are now wound , i t  our labora- 
tory f r o m  molybdenuun or tungsten wire rn the form of 

LEGEND 

(9 CESiUM OVEN 

@ UECHANIC&L %Ai. 

0 \TAINLE.SS TO MOLYBDENUM BRAZE 

@) IONIZEH tEATER CONNECTION 

@ K A T  SHIE!.DING 

@j IONIZER HEATER 

0 POROUS rUNGSTEN IONIZCR 

Fig. 4.19. The ORNL surface ionization source. 

a spiral. Molybdenum is preferred because o f  crystalli- 
zation problems that occur whenever tungsten is heated 
to high temperatures. Arter winding, the element i s  
unifomdy coated wilh aluminum oxide to provide 
electrical insulation. Since iiicorporatioii of this design, 
only one heater has beer1 burned out arid that because 
of overdriving with the power supply. Th2 cost of a 
heating element has been reduced by ii factor of -5 
over those commercially procured. 

By incorporating the indicated modifications, the 
original problems associated with t h e  Middleton-Adams 
source' have been eliminated, and the source now 
operates very stably ovcr periods of tinie approaching 
1000 hr between major cleaning oper ;1 t' l 0 n S .  

C'hm-e-Exchange Source 

The problem of a continuous instability in the 
charge-exchange Source was diagnosed. The instability 
was produced by the incorrect polarity of the einzel- 
lens coolarit lines with respect to their surrounding 
electrostatic sliieltl. A Peonirig ionization gage (PIG) 
configuration restilted which led to periodic loading and 
unloading of the lens and negative-ion.extraction power 
supplies. The problem was eliminated by feeding the 
coolant lines through the vacuum housing at another 
point. 

Coolant was added to the magnet of the duoplastna- 
tron, allowing the use of solicl wire tantalum filatnenis 
iristead of the conventional oxide-coated platinum 
gauze. The length of uninterrupted run time tias been 
increased to more than one week and the anode lifetime 
has been increased by several times as a direct conse- 
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quence of the added coolant. The mass spectrum 
emitted by the source is also much cleaner with the 
solid wire filament than it is with the oxide-coated 
filament. 

These improvements have led to significantly more 
stable operation and longer lifetime for the charge- 
exchange source. 

1.  R. Middleton and C .  T. Adams, Nucl. Instrum. Methods 

2. G. 1). Alton, Plzys. Div. Anrill. Prog. Rep. Dee. 31, 1974, 
118,329 (1974). 

ORNL-5025 (1975), p. 194. 

PRELIMINARY EVALUATION OF 
MUELLER-HORTIC GEOMETRY 

NEGATIVE-ION SOURCE 

G.  D. N t o n  

Introduction 

Since the discovery by Krohn,' in 1962, that yields 
of negative ions are greatly enhanced by sputtering in 
the presence of alkali metals, several negative-ion 
sources utilizing this principle have been 
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 f a ~ i l i t y . ~  

The original ion source of Mueller and Hortig clearly 
demonstrated the wide range of ions and high-intensity 
capabilities of a source that incorporates simultaneous 
sputtering and cesium surface activation. However. the 
design, although possessing the same potential, lacked 
the flexibility, versatility, and long lifetime demon- 
strated by the later Middleton-Adams s o u ~ c e . ~  The 
source geometry, however. has the following desirable 
aspects : 

1.  Negative ions are generated over a planar area, 
permitting the design of an ion-extraction system 
with good optical properties. 

2. Quantitatively one can argue that the emittance may 
be lower than the conventional conical geometry 
because of the direction with which the particles 
leave the sample surface with respect to the ex- 
traction direction. 

The important features of a modified Mueller-Hortig 
source recently designed and constructed at ORNL are 
described below. 

Description of the SQWW 

'l'he ion source, shown schematically in Fig. 4.110, 
utilizes the surface ionization source* to produce a 1 - 
to 8-mA beam of Cs' ions. The ions are accelerated to 
energies between 20 and 30 keV and focused onto the 
sample surface by an einzel lens which will be described 
later. The incorporation of the surface ionization source 
extends the source lifetime to >SO0 hr. 

'The einzel lens used to focus the ion beam onto the 
sample surface i s  designed to compress the beam more 
strongly in the horizontal than in the vertical direction 
to partially compensate for the oblique angle of 
incidence (10') and to produce a inore circular beam 
image as viewed along the negative-ion-extraction axis. 
Observation of the wear and deposits patterns on the 
negative-ion-extraction electrodes indicates that the 
shape is almost circular. 

'The sample wheel contains 18 samples in a circular 
arrangement around the wheel; a particular sample rnay 
be selected by indexing into the beam position. 'l'he 
sample wheel may also be moved in and out to 
compensate for misalignment or beam steering by the 
positive-ion lens. The results given here were obtained 
without coolant on the wheel, which may affect the 
negative-ion yields; the coolant will be added later to 
evaluate the effect. 

A gridded electrode, biased 1.5 kV positive with 
respect to the generation surface, is used initially to 
accelerate the negative-ion beam. The ions are then 
further accelerated by the anode electrode at housing 
potential. The special einzel lens and negative-ion- 
extraction systems were designed by using the 
Herrmannsfeldt computer code .9 

CRVl  CMG , > - F O W " P  1 ECEYO 

0 SURFACE ION17ATION SOURCE 
r.c'-\ 
1 1  @ POSITIVE ION EXTRACTICN ELECTRODE /: \ 

I ,  \ !  7~ I 
@ EINZEL LENS 

@ SAMPLE ll k - -  - 
(3 EXTRACTICN ELECTRCCE 

i 

Fig. 4.20. The O W L  negative sputter source. 
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Source Operatiori 

The soiirce has thus fiir exhibited excellcni opera- 
tional characteristics. The surface ionizer is heatcd to 
-1100°C by an annular cylindrical heater that sur- 
rounds the ionic,er; the cesiiim oven is opers ted typi- 
cally at  -23OOC. The dependence of the negative-ion 
yield on positive-ioti lens voltage is shown in Fig. 4.21. 
As anticipated, the current is strongly dependent on 
how well the beam is focused on the sample surface. 

- 
- 
- 

- 
I I I I I I I I 

Negative-ion Yields 

A partial list o f  the negiltive-ion species tbat have 
beer1 produced to date is shown in Table 4.7. 'I'he 
source is seen to be a p o d  producer of maiy 
elemental and inoleciilar ions and is an excellen1 
producer of ions iiom high-electron-affinity. high- 
vapor-pressure materials. 

ORNL-DWG 75-15435R 

POSITIVE I O N  LENS VOLTAGE (kV)  

Pig. 4.21. Dependence of the negative-ion yield on positive- 
ion lens voltage. 

The source is equipped with 3 ga\ f e d  system from 
which high-vapoc-pressurc rniatet ids  can be fed. rile 
sample surface, onto which thc material is fed, may be 
selected by ihe indexing mechanism. The effect of Ihc 
sample surface on itie generatiun iates of several i o n s  is 
shown in Table 4 8. The yield of d particuldi negative 
ion is seen to be dependetit on the cliernicnl pioperties 
of the sarnple surface 

Discussion 

The results just described are preliminary, and during 
ilie nexl calendar year the source will be evaluated 
further. In particular, attempts will be rndde to maxi- 
mize the negative-ion yields by jricorporat ion o f  coolant 
on the sample wheel and investigatiori o f  the effects 
produced by using an oven for vaporizing additional 
surface cesium. With the incorporation of i.liese fea- 
tures, along witti ifie optimization of the negative-ion- 

Table 4.7. Partial list of negative ions 
generated in the OKNL sputtex source 

lll_ I__ __ 
Ion lot1 

current (PA) current (PA) 
l_l_ ..._. ...- 

0.2 26 
,-0.2 

NiO- -0.3 
0.03 
0.48 

Ion 

Al-  
A10 - 3 
*4g ; 0.250 
Ag 1.2 
Au- 6 
C- 25 3.0 
CZ- 20 44 
c1- 100 Ta - 0.03 
C U  - 0.5 2.0 
cuo - 0.8 0.6 
1.- - 40 Ti - 0.04 

0.200 
0.07 

Fe 0.1 
FeO 0.8 

- 

a-3. bmtereil sdver powder saturated wth cesium. 

Table 4.8. Influence of the positive-ion impact surface on 
the rate of negative-ion generation 

ton current (uA) from ion generation surface o f  - 
-..__.I_ ___ Ion Feed 

species niaterial <: cu l-;e ~i pb T~ pt 

c1- CCLa 100 57 24 27 40 40 30 11  42 40 14 
E'- SF, 25 6 5 8.5 15 1 7  12 9 35 40 3 

0-  0 2  30 1.5 3.5 7 7 20 15 3 10 20 1 
1- cri3i 26 7 4.5 16 13 13 15 10 4 23 9 

S -  C S 2  44 4.7 2.3 20 16 19 13 2.1 I8 35 3.4 
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extraction system, the source is expected to reach 
maximum potential. 

___I__. . . . ...__ ..___- 

1. V. E. Krohn, J.  Appl .  Phys. 33, 3523 (1962). 
2. M. hlueller and G.  Hortig, IEEE Trurzs. Nucl. Sci. NS-16, 

3 .  R. Middleton and C. T. Adams, ~Vucl. Instwriz. Methods 

4. P. ~l‘ykesson, H. H. Anderscn, and J. Heinemeier, IEEE 

5. K. R. Chapman, IEE‘E TTans. Nucl. Sci. NS-23(2) (1976). 
6 .  H. V. Smith, Jr., and 11. T. Richards, NucL Instrum. 

38 (1969). 

118, 329 (1974). 

Trms. N I ~ ,  Sri. NS-23(2) (1976). 

Met1iod.s 125,491 (1975). 
7. G. D. Alton, IE,!?E TrQtiS. Nucl. Sei. NS-23(2) (1976). 
8. See this report, G. I). Alton, “Negativc-Ion-Source Devel- 

9. W. B. Ikrrmannsfeldt, SLAC report 166, Stanford Uni- 
opment.” 

veisity, Stanford, Calif., 1973. 

VAN DE GRAAFF EA130RAT0WY 

.rANUEM VAN DE GRAAFF OkERATiONS 

G. D. Alton 
R. P. Cumby 
J.L.C. Ford, Jr. 

J .  W. Johnson 
E. G.  Richardson 
N.  F. Ziegler 

The research activities on the tandein for the year 
1975, together with the principal ions accelerated and 
approximate beam-time utilization for each activity, are 
listed in Table 3.3. The rc.;eurch 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 approxii-nately 4000 hr of research time 
(including hours between 4:30 PM and 8:OO AM and on 
weekend$, 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-exchang- source. 
However, this problem was solved by relocating the 
high-voltage feedthrough for the first einzel lerrs of the 
soiirce. Since that time both the charge .exchange 
duoplasmatron and Middleton-type sputter source have 
given routine and reliable operation. 

The principal downtimes of the Van de Graaff 
accelcrator itself were three days required to replace 
resistors and springs in the column and four days to 
replace the drive motor and terminal alternator. The 
actual failure in the second downtime was in the 
bearing of the terminal alternator, but both it and t he  
drive motor were replaced because both had operated 
for a total of 11,810 hr. They had been installed in 
October 1972 and were replaced in December 1975. 

The atomic physics and solid-state physics programs 
on the tandem are expccrted to increase in the future. 
These efforts will probably require new beam lines 
dcdicated to new and specialized instruments for the 
anticipated research. Furthermore, these atomic physics 
and solid-state physics applications, as well as the 
heavy-ion nuclear research, will require an improved 
high vacuum from the high-energy end of the acceler- 
ator tank out to the experimental stations. The neces- 
sary improvements to the existing beam h e s  and 
additional beam lines are being planned. 

CN VAN 13E GRAAFF OPERATIONS 

F. M. McGowan G. F. Wells 
ha. R.  Lewis’ F. A. DiCarlo 
M. 1. Saltmarsh K. P. Cumby’ 
C .  H. Johnson Martha lriman 

N.  H. Packan’ 

The 5.5-MV accelerator is now used routinely for 
heavy-ion-induced radiation-damage studier3 by the 
Radiation Effects Group of the Metals and Ceramics 
Division. During CY 1975, the 4-MeV ” N i  ion beam 
was used to irradiate 140 samples requiring 356 hr of 
ion beam on target. The heavy-ion-induced radiation 
damage ranged from 1 to 350 dpa per sample. The 
average irradiation per sample corresponded to a dose 
of 90 dpa, which, on the average, was produced at a 
rate of 35 dpa/hr (70 dpa is equivalent t o  a fluence 
- 1 ~ ’  neutronslcrn’). ~n the prcsent arrangement of 
the radiation-damage facility, the effective sample area, 
produced by the 10- by IO-rnm beam defining aperture 
upstream from the damage chamber, is 1.1 1 cm‘. 
Therefore, a dose of 1 dpa requires 300 pC of 58Ni2! 
ions incident on target. and the average rate of 35 
dpalhr corresponds to 3.0 pA of 2+ ions spread 
uniformly over the 10- by 10-mrn aperture. Several 
samples have been irradiated at a dose rate of 50 dpa/hr 
(4.2 yA of 2-S ions). 

The Danfysik ion source was refurbished 18 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 a normal beam of 1.5 particle- 
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Table 4.9. Research activities on the tandem Van de Graaff accelerator 

Projectile Investigators T Y P ~  

Approxiinate 
percent of 

utilized 

Atomic physics 

Atomic collisions in snlids 

Engwnagriet heavy-ion 
reaction studies 

Coulomb excitation 

X-ray studies 

Bearn-foil spectroscopy 

Coulomb excitation and 
lifetime measurements 

In-beam gamma-ray studies 

Heavy -ion-prnduced tieti tron 
cross Yections 

(15N,a) rcaction 

XiIigh-charge+tate stripping 

Fission 

Oxygen diffusion in Zircaloy 

&adhtiOn damage. studtes 

' m d m  

'OR, "N, I6O 

01, I 6 0  

'OB, 12C, 14N 

28si, 5 6 ~ e ,  6 3 ~ u  

ff, l h O  

6,7 . 1 2  
L1. c 

12,13c, 16* 

1 S N  

35a, 8 1 ~ r ,  lz71 

P 

P 

Sellin: el st on^ Peggp The:  Pztersonp 
Hayden,h Griffin, Forester: Laubed  

Datz, Biggeistaff, M;tIler, VerbeckP Appletone 
Noggler Dittner! Gornez del Camp& 

Ford, Gomez del Cam O B  Miller, Stelsun, 
Robinson, Thornton 

Milner, Robinson, Stelson, Raman, Dapenhnrt~. 
Tu t t l e  

Buggmj Cliatuyedi,k Gray! Kauffinan! 
Pepper! Light] E. Robinson," Miller, McCoy? 
Carltonf Aiton 

Griffin 

Ramayya," Riedingerf Sayer 

Hamilton,' Konriingen,Y Karnsyya' 

5 

Bashkinp Jones: Pisano,'l Sellin: Peg%: 

Hamilton Rorrningen,Y Garcia-Reuniudez,' 

Robinson, Sayer, Smith: Rfilner, Lin: Wells,' 

Bair, Stelson, Miller 

Gomez del Campo! Andrade? D a d ?  Ortv? 

Miller, Biggerstaff, Alton, Junes, Gessel," 

Pleasonton, Eerguson,f Obenshain, Snell, Hubert" 

Saltrnarsh, Bertrand, Perkin? 

Chen: Abrahame 

Ford 

Bridwell,"" Wehring" 

12 

12 

12 

10 

10 

9 

7 

7 

7 

4 

4 

4 

4 
1 

_____-I_ 

'University of 'I'ennessee, Knoxville. 
'University of Connecticut, Storrs. 
"New York University, New York City. 
dMax-Planck-Institut fiir Plasmaphysik, Garching, Germany. 
"Solid State Division. 
fChemistry Division. 
XUniversity of Mexico, Mexico City. 
!University of Virginia, Charlottesville. 
'Isotopes Division. 
jNorth Texas State University, Denton. 
kState University of New York College at Cortland. 
'Kansas State University of Agriculture and Applied Science, Manhattan. 
m 

'Middle Tennessee State University, Muxfreesboro. 
PUniversity of Arizona, Tucson. 
4Hrookhaven National Laboratory, Upton, N.Y. 
'Vanderbilt University, Nashville, 'I'enn. 
'ORAU Postdoctoral Fellow, 0;lk Ridge, Tenn. 
'Tennessee Technological Univexsity , Cookeville. 
"Murray State University, Murray, Ky. 
'IJnivcrsity of Illinois, Urbana. 
WCentre d'gtudes NuclBaixes de BordeauxGradignan, France. 
"Metals and Ceramics Division. 

University of Alabama, 'lbscaloosa. 
University of Tulsa, Tulsa, Okla. 
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11.4 on target (during 1450 hr of operation the lifetimes 
have ranged between 60 and 113 hr). A summary of the 
use of the '*Ni ion beam is given in Table 4.10. 
Approximately one-third of the beam time is not used 
effectively while loading and removing samples from 
the present radiation-damage chamber. With the imple- 
mentation of the new radiation-damage chamber, 50% 
use of the beam time for irradiation of samples should 
be achieved easily. 

In addition to irradiation of samples, a major part of 
the year has been devoted to (1) developing a moni- 
toring system to  measure both the on-line intensity and 
uniformity of the heavy-ion beam and (2) preparations 
for upgrading the performance of the terminal. The 
heavy-ion beam requirements for radiation-damage 
bombardments are rather severe; a large area of I cni2 
must be uniformly irradiated without rastering and with 
large intensity. This is accomplished with a ring lens4 
which focuses the positive-ion beam onto the 10- by 
10-min entrance aperture to the radiation-damage target 
chamber. A beam profilonietcr (Physicon model 
MS-IO), located between the aperture and target 
chamber, scans the beam at a rate of 10 Hz with two 
vanes sweeping nearly parallel to the X and Y axis 
respectively. A block diagram of the monitoring system 
is shown in Fig. 4.22. The current loop to the digitizer 
is calibrated and checked periodically by replacing the 
target assembly with a Faraday cup. 

The profilometer output signals are also monitored by 
oscilloscope displays and a signal-averager analyzer to 

Table 4.10. Use of the "Ni ion beam in 1975 

Activity Percent 
hours 

Irradiation of 1.10 samples (12,545 dpa or 

Loading and removing samplcs from damage 

Caiibration of beam profile monitor to 
provide the total ion flux incident on 
the target (-100 calibrations) 

at the target position 

of the ion beam for an irradiation 
(1 hr per sample) 

(12 hr) 

Total 

35 dpa/hr) 

chamber (-3.5 hr per sample) 

Microaperture scan of the brain profile 

Accelerator startup time and preparation 

Startup time after refurbishing the ion source 

356 2 5  

488 35 

190 13  

30 2 

140 10 

216 15 

__ 
1420 100 

FARADAY CUP 

----- 
Fig. 4.22. Block diagram of heavy-ion beam monitoring 

system. 

assist the Van de Graaff operator in preparing a uni- 
form beam profile at the target, that is, adjustment 
of extractor, einzel lens. crossed-field analyzer, gap lens, 
beam steering, and ring lens. The usual oscilloscope 
display of the beam profile is not ideal because plasma 
oscillations in the ion source give rise to small oscilla- 
tions on each observed profile. The oscilloscope display 
associated with the signal averager solves this problem 
by time averaging. Therefore, the signal averager pro- 
vides more detail of the beam profile for the operator. 
The signal-averager analyzer also provides the experi- 
menter with a digitized accumulation of the scans of 
the beam profile for an irradiation. 

A second beam profilometer is located upstream of 
the ring lens. This profilometer display assists the 
operator in preparing an ion beam emanating from the 
crossover, formed near the focal point of the 90" 
analyzing magnet, with axial symmetry and with 
approximately Gaussian divergence. 

1.  Metals and Ceramics Division. 
2 .  Instrumentation and Controls Division. 
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3. M. H. k w i s  et al., p. 15 in Proceeditigs of a Symposium OH 

Experimental Mrtlzods fb r  Charged-Particle rrradiations, Guilin- 

Information Center, Oak Ridge, 'rem., 197s. 

week to five days per week i11 May and to a col~servative 
nlallI,es to red,,ce operal iilg At hid, powers 

decrease 1c;cal heating and the possibility of iiurriing ou t  
the tantalum targets, A larger lieat exchanger was added 
to the targel cooling-water system to allow the target i o  
dissipate 75 kW average power while keeping (lie 
cooling-water teniperaiure below I orJ"rT. 

'The research activities :it 0REI.A in 197.5 :ire listed in 
Table 4.1 I ,  Because experiments can be operated oti 
several flight paths simultaneously the total n ~ n i b e r  of 
experimenter hours shown f o t  the various activities is 
much 1:isger t h a n  the 51.38 h r  of accelerator opetation. 

burg, Ten?(., SePl. 30, 1975, CONI' 75-0947, XKDA 'Technical 0.40 kW) t,lle electron beanl is swept verlically 

4. (-:. I.l. johllson, lvucl, IHMrtTum. Me.rhds 127, 163 (137s). 

OAK RIDGE ELECTRON LINEAR 
ACCELERATOR 

J. A. Harvey' 
H. A. ?'odd2 

7'. A.  Lewis2 
J. 6. Craven3 

The Oak Ridge Electron Linear Accelerator (ORELA) 
was operated for neutrori expeiitnents for  5 138 hr 
during 197.5. Operation was reduced from six days per 

Table 4.11. Neutron experiments performed at OKELA in 1975 
--.--.I__._ --.. 

TY pe of Neutron Brdrrr 
cxpcriinent Elements, isotopes, etc. energies Experimenters t h e  

Total STOSS c', I:, ~ a ,  ~ g ,  F ~ , C U ,  Y ,  6 > 7 ~ i ,  0 . 0 0 ~  ev,40 M ~ V  Auciismpaiigtl> Benjamin,b ~:owier, G = ~ , c  4.200 

(min, mas )  (hr) 
I__ I___. ~........_-.__I..____ ___...__ . ~ . . -~ - ._______ . .____ I__  - - -~ ._____- . . . . . . - I _  

Cxain. 1hrvt.y. Hill, Inglt:. Johiison, Laison, 
IC I<igoirur,d Oiscn, Perey, Perez,  Kat-nan, 
Todd, Weigiii~unE 

sections S ~ I ; ~ ,  58,59,50,61 ,62,64~i 
6 3  , 6 S c u  6 4 , h G  ,6 7,6K ,702 n, 
I O O M ~ , ,  ?OSyb, 2 3 3 , 2 3 8 ~ ,  

240Pu,  249Bk 

2 8  si, 5 8,5 9 , 6 0 ~ i ,  1 4 0 ~ ; ~ ,  
Caplure cross ~ g ,  (Cr, FC, Zr, MO, s4356,57~e, 0.01 CV, 2 SieV ~ ~ ~ e r i / d e ~ u u s r u r e ,  1,arleF ~ a r g , C  [till, Hatperin, 2.300 

sections le K I g o l e ~ r P  Macklin, Pandcy,' Perey, Pere?, 
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During the year anothcr flight path was instrumented 
with collimators, a shadow bar, a vacuum valve, and a 
beam stop to accommodate experimenters from the 
Solid State Division and various outside users. 

?'he program for greatly improving the performance 
of OKELA for short-pulse ( 3  to 5 nsec) operation (by 
velocity modulation with time-dependent voltage gaps 
and drift/spacers) is progressing favorably within the 
constraints imposed by the limited manpower and 
funds available. Calculations have been made by R. G. 
Alsmiller. Jr., F. S. Alsmiller, and J .  Barrish of the 
Neutron Physics Division and are favorable for a 
one-dimensional approximation model. These calcula- 
tions are being expanded to more dimensions to better 
determine the magnetic field and gap-field effects. The 
tests of certain critical iteins 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 §EL 
data-acqiuisiiion computers to enable each system to 
handle four simultaneous experiments. Increased func- 
tions of the system during data taking had resulted in 
insufficient core to  perform tasks at the required time 

when four experiments were running. A 1.5-million- 
word removable disk has been added to the peripheral- 
equipment controller (PEC) to be used by the PEC and 
connecting computers. On the PEC the disk will be used 
for storage of prosxams, local spooling of data to the 
line printer or Calcomp, and storage of local collected 
data for display and manipulations. 

A PDP-15 display has been connected to the TEC, and 
an operating system has been written using the PEC 
disk. Programs and data files can easily be transferred 
between the PEC and PIX-10 disk. In addition to 
providing many features of the PDP-1 Q/PDP-15 display 
system, the PEC/PI>P-15 display system has a fast scan 
capability of data stored on the PEC disk. The PDP-15 
displays are being modified to allow the central PDP-10 
computer to control the display teletype as a normal 
time-sharing teletype. This modification increases tele- 
type tiansmission from 800 to 1200 baud and elimi- 
nates all known problems that result in terminal 
hangups. 

_____.. . . . .__...___. 

1. Co-DiIeclor of ORELA (with R. W. Peelle, Neutron 

2. Instrumentation and Controls Division. 
3. Computer Sciences Division. 

Physics Division). 
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6.  R ,  Satchler 

The year 1975 saw the nuclear theory ef for ts  tlominaled by heavy-ion physics. Some 
exciting advances have beeci m;ide in developing theoretical and computational tools for 
handling the complex pmblem:; posed by the collisioo of ewn nuclei. From studying these 
we hope tu learn :tboct the more general problem of large-amplitude cdleclive PnotiQilS of 
a quantal fluid. At m e  level (the ‘“macroscopic” one), we regard the collision ;IS ;i 

problem in flriid dynamics, the collision uf  two fluid drops. At another level (the 
““microscopic” one), we attcnipt to understand the process in terms of the niotio~is of i l ~ e  
individual nucleons arid their forces; time-dependent Hartree-Fock theory is the tool here. 
At the satne -time; theoretical links are being forged between the microscopic a d  
macroscopic levels. In  the high-energy limit, where the indiviclual nucleon rnotioris are 
all-important, a classical approximation i s  also being studied, rather like the collisicxi d 
two clustels of billiard balls. In addition to these new ventures, work con times on more 
conven tiond nuclear reaction and st.~uc t w e  models, in close col.labboration with the 
experimental effort at ORNL. One common theme runs through all these projects: the 
need for sophisticated and expensive rcmiputational machinery. Only through i t s  iise ciln 

the phenomena of interest be studied. 
As the lists of aullicirs o f  the various contributiotis testify, we contiriue to erijoy 

valuable colla!mration arid interaction with other nuclear theorists from many institutions 
outside ORNI-. (In addition to niimerous informal visits, a very productive four-.day 
workshop on titme-dependent Hartree-Fock tlzeory was held in December.) Locally, we 
have seven staff members (of whom J .  B .  McGrory has been on lorn to the Long-Range 
Planning Group since September I ,  1’375) and two temporary appointees. In addition, we 
have benefited from two guest assignees, V. Maruhn-Rezwani and, sitice Au,gust, 11. 
Feldineie r. 

OXCPIC NUCLEA 
~ ~ A V ~ ~ ~ Q ~  ~ ~ ~ ~ ~ $ ~ ~ N ~  

J. J. Giiffiii’ 
J. A. Mcl’)onald2 
T. A. Weiton 

J. A, Maruhn 
C .  6. Tratiem3 
C. Y. Wong 

In the discussion o f  nuclear phenomena, it is con- 
venient to introduce the concept of a nuclear fluid and 
to treat finite nuclei as small quantities of it. The 
dynamics of t h i s  fluid are then described by the time 
variations of the density field n(r, t), the velocity field 

u(r, t), and the entropy field u(r,i!)). Our knowledge of 
the static mcl dynamic properties of the fluid is as yet 
incomplete. (FOI example, dthQugh its equilibrium 
density is known, its compressibility i s  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 fliiid so as to enhance OUT understanding 
of complex nuclear phenomena. Furthermore, a tnac- 
roscopic description is appropriate for the collisions of 
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heavy nuclei, where the complexity of the probleni as 
yet precludes a fully microscopic deqcription. Even 
though three-dimensional time dependent Hartree-Fock 
(TDHF) calculations are possible, the assumptions 
required to  make such a treatment feasible may 
preclude any dependable description of real nuclei. It is 
then quite possible that a theory of classical form, with 
constants adjusted for best fit t o  experiment, may 
suivive as the method of  choice for &he description of a 
wide range of heavy-ion phenomena. 

1. University of Maryland;presently an leave at Justus Liebig 

2 .  Student from Princeton University, SUIIIIIICJ 1975, under 

3. Student from Rice University, summer 1975. under the 

Universitiit, Giessen, West Germany. 

the Exceptional Student Program. 

Exceptional Student Program. 

BASIS FOR A MACROSCOPIC DESCRIPTION 

C.  Y. Wong 
J. A. Maruhn 

T.  A .  Welton 
J.  A .  McDonald' 

The theoretical foundation for a macroscopic de- 
scription is sought by starting with the more funda- 
mental microscopic theories. We can show, as previ- 
ously with the time-dependent Hartree-Fock approxi- 
mation: or more recently with the exact many-body 
Schrodinger equation,j that one can define unambigu- 
ously the macroscopic variablzs of density field, veloc- 
ity Geld, and the total kinetic energy field (or equiva- 
lently, the entropy Geld). Furthermore, the equations 
of motion for these variables turn out to be analogous 
t o  the equations of motion in classical fluid dynamics. 
A completely macroscopic fluid-dynamical description 
requires, however, that the stress tensor and the heat 
flux be expressed as siiiiple functions of the basic 
macroscopic variables n, u, and U. The conditions under 
which such a completely macroscopic description can 
be a good one are examined by comparing the length 
and time scales for microscopic and macroscopic 
relaxations4 We find that in the collision, for example, 
of two similar nuclei of mass A/2?  a macroscopic 
description should be reasonably valid for A > 40 at 
nonrelativistic energies, except for those collisions in a 
nearly grazing impact, and we can therefore be confi- 
dent of a useful range of application for such a 
description. What is not known well are the detailed 
expressions for 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- 

ably standard form (the NavierStokes form of the 
stress tensor and a heat flux proportional t o  tempera- 
ture gradient being simple illustrations). We hope that 
the important parameters in such expressions can be 
determined when we confront theoretical predictions 
with experiment and that, in fact, the functional forms 
of these expressions can be refined as new phenomena 
appear. 

1 .  Student from Princeton University, summer 1975, under 

2. C. Y. Wong, J. A. Maruhn, and r. A. Wdton, Nucl. Phys. 

3. C. Y. Wong and J.'A. McDonald, to be  published. 
4.  C. Y. Wong, T. A. Welton. and J .  A .  Maruhn, to  be  

the Exceptional Student Program. 

A253,469 (1975). 

published. 

NUMERICAL SOLUTION OF THE 
FLUID-QYNAMICAL EQUATIONS 

J .  A. Maruhn T. A. Welton C. Y. Wong 

At the time of writing, we d o  not have results t o  
report for a fully three-dimensional calculation al- 
though such calculations are well under way and results 
are expected in the near futurc. Meanwhile, collisions in 
one dimension have been studied, partly t o  gain 
experience with the computational aspects of the 
problem and partly because we believe we can learn 
about some features of more realistic collisions in this 
way. 

The equations used were: 

mass conservation. 

momentum conservation, 

a a 
- (nvj + - (MV2) 
at ax 

and energy conservation, 
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The internal energy per particle is given by the equation 
of state, 

W(n> == bon2J3 + b l n  C b21i4In 

where the coefficients have been chosen to yield an 
equilibriutn density of 0.17 nucleon/fin" a corre- 
sponding binding energy of 16 MeV, and a compressi- 
bility of 134 MeV. The pressure is P = n2 awlan, 
evaluated at a constant entropy. The thernial part of 
the internal energy, W(f),  is detined as the last term on 
the right-hand side of Eq. (4)~ It is convenient to write 
the equation of energy conservation in tzrnis 01' 
instead of the total energy density, because it is a small 
quantity compared to kinetic and total internal energy 
and would not be obtained accurately froin the total 
energy density. 

'The long-range potential VI was assunied to be given 

by 

d2 V,(x) 
_I.._ - CY2 Yl(.Y) = 47rp n(x) , 

d X 2  

so that it is of  Yukawa type. We used ,!3 = -280 MeV 
and 01 = 2.1 fm'.'. The Yukawa potential produces an 
additional binding energy linear in ?I in the nuclear 
matter limit, which has to be subtracted from the linear 
term in E y .  (4) to preserve the limiting properties of 
W(n). A Coulomb potential was not included because of 
its sing-ldar behavior in the one-dimensional case. 

We used an explicit Eulerian flux-corrected transport 
algoi-ilhm,' which ensures stability in the presence of 
extreme density 01 velocity gradients or even discon- 
tinuities, such as occur in the neighborhood of shocks. 
AI though thus able to describe shock fronts only a few 
mesh-points wide, Eq. (3) does not then give the correct 
heating in the front because the derivation of Eq. (3) 
from tlie conservation equation for the total energy 
density assumes continuity of I I  and v. The resulting 
loss of total energy can be made rather small, however, 
by choosing the niesh sufficiently small, so that shocks 
extend over a larger number of mesh points. For the 
256 mesh points actually used, the energy loss was less 
than 10 MeV during a collision. 

Figure 5.1 shows a few sample results for the collision 
of two slabs with widths about equal to the diameter of  
"'Pb. 

In Fig. 5 la the initial lab energy is 18.8 MeV per 

1.7 times the velocity o f  sound in nuclear matter for 
the equation of state assumed, so that the collision is 
supersonic and conipression is expected to be impor- 
tant. The viscosity was set zero iri this case. A zone of 
strong conipression forms in the center with near-zero 
velocity; the remainder of the two slabs still stream in 
froin the side. The maximum density reached is large 
because of the low incompressibility assumed. At time 
125 finic a compressed composite system has been 
fornied with almost no internd motion. 'The high 
pressure in the compressed state then causes gradual 
expansion, and the density slowly goes down to the 
equilihriurn value at time -210 fm/c, but internal 
motion has been built up to such an extent that it 
cannot be stable and starts fissioning at 286 fin/c. 

Figure 5.lh shows a notiviscous collision with an 
initial energy o f  75.2 MeV per nucleon. 1-he main 
difference is the much stronger compression ratio of 
more than 2.5. Such strong compressions are not 
expected in a three-dimensional situation since then 
matter can flow out tu the sides. 'The density becomes 
more stretched out !)efore it stiirts to fission. Equation 
(4) favors fission as soon as ibe density goes below 0.1 I 
fni-" since then the lowering of the density becomes 
even more favorable energetically. 

At very low energies there is the possibility o f  fusion; 
this has also been observed in the calculations. Figures 
5 . 1 ~  and d show the effects of viscosity on a collision 
with an initial energy of 18.8 MeV per nucleon. 

Viscosity tends to smooth the density throughout the 
entire collision. The short-range oscillalions in the 
density liave vanished and the corresponding energy has 
been dissipated into heating. Viscosity also lowers the 
overall compression, because at the collision zone, 
kinetic energy is converted into heat as well as into 
compression, The third effect is a direct consequence of 
this heating: Because of the equation of state, 3 heated 
zone also has a higher pressure than the surroundings. 
Because we do noi yet include thermal conduciivity, 
tlie generated heat stays at the center of the collision 
(there is little convective tnoiion in this region). Thus 
the heated region must have il lower density t o  be in 
pressure equilibrium with the surroundings. This is the 
physical explanation for the pronounced central dip 
seen in Fig. 5 . 1 ~  and d. This dip later develops directly 
into the fission breakup in Fig. S.lc, which thus 
proceeds more rapidly than in the inviscid case. 

The collision in Fig. 5.1d, on the other hand, is so 
strongly damped that the central compression zone 
does not engulf the whole system, but the outer peaks 
survive and are puslied outward again, forming small 

nucleon. This corresponds to a relative speed of about fragments in the final breakup. 
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It is clear that merely by varying the one parameter of 
nuclear viscosity, $1 wide range of collision plierionizna 
can be obt‘iined. This could provide a means ofleaining 
about a ~ealistic nuclear viscosity coefficient by com- 
paring results of d full three-dimensional calculation 
with experinieni. 

1. J. P. Boris and 1). L.Book,.J. Lismpul. Pllys. 1 1 , 3 8  (1973). 

SPIN ANI) ISOSPIN DYNAMICS OF 
NUCLEAR FLUID 

C. Y. Wong T. A. Welton J .  A .  Maruhn 

We have considered the effects of the spin and isospin 
degrees of freedom on [he dynamics of the nuclear 
fluid; we expect them to allow new kinds of sound 
wave to occur. To investigate these we start with the 
the-dependen t Hartree-Fock (,TDHF) equation with 
spin- and isospin-dependent central interactions. We 
then cast the TDHF equation inio a set of conservation 
equations of i.be classical type, coupling the spin and  
isospin densities. With simple zero-range density- 
dependent interactions, we obtain the normal modes 
for  the propagation of density variations and the 
corresponding sound speeds. In  addition to the normal 
sound waves, in which the total density varies with 
space and time, there are the spin sound waves, in 
which the difference of the spin-up and spin-down 
densities varies with space and time; the isospin sound 
waves, in which the difference of neutron and prototi 
densities varies with space and t h e ;  a i d  finally, the 
spin-isospin sound waves, in which the difference of the 
“parallel” spin and isospin densities and the “antipar- 
allel” spin and isospin densities varies with space and 
time. 

A HAMlLTONIAN FORMULATION FOR 
EULERIAN HYDRODYNAMICS 

T. A. Welton C .  G. Trahern’ 

Current efforts to formalize a classical hydrodynam- 
ical description of heavy-ion collisions usually depend 
heavily on the use of the Eulerian description of the 
flow. The fixed coordinate mesh in this method is 
particularly convenient in view of the large deforma- 
tions to be expected. The Euleriaii equations, in spite of 
their apparent convenience, suffer from sortie serious 
disadvantages, among these being the problem of fluid 
surfaces. In order to achieve numerical stability, some 
artificial dissipation, explicit or implicit, must be 

introduced. In ihis way, a conservative theory is 
converted into a theory with uncontrolled dissipation, 
with considerable attendant difficulty of interpretation. 
From another viewpoint, w e  may regard nuclear hy- 
drodynamics as a considerable generalization of the 
familiar concept of collective motions. The Eulerian 
equations at best allow a purely classical description of 
these collectjve motions, but we may expect that a 
quantum treatment of the collective motions will, in 
fact, be required. Thus, a Hamiltonian theory that is 
equivalent to the Eulerian equations will permit such 
quantization by generally familiar methods. 

To proceed, we first restrict our attention to one- 
dimensional flows. Note that the Lagrangian (mesh 
moving with fhidj  description allows directly a 
Lagrangian (6 J L  dt = 0) formulation. We write 

(1) 
where 

x(Q7 r) =coordinate at the time t of the fluid element 
which was at position Q ai the starting time, 

po(Q) =mass of flutd per unit range of starting 
position, 

= fractional compression of the fluid element 
a t x ,  compared with ils starting density, 

U - = specific enthalpy of compression. (aa;) 
Isentropic flow has been assumed: othenvise the system 
is certainly not conservative. 

A Hamiltonian and appropriate canonical momenta 
can be derived from Eq. (1) by familiar manipulations, 
but the resulting formalism has current fluid position as 
a coordinate, whereas the independent integration 
variable Q is a label that iderrtifies a particular fluid 
element. We now make a transformation (which appears 
to be novel) in which label and coordinate are simply 
interchanged. That i s ,  we write 
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where we hold in abeyance the question of the meaning 
of the new coordinate Q(x, t). We complete the 
transformation by use of two familiar identities: 

promising formulation has been started, and some ideas 
for approximate quantization have been devised. 

Finally, 

where a = aQ/at and Q' = aQ/ax. 
Thus Lagrangian has precisely the form of a ionlinear 

field theory for a single field variable Q ,  which is a 
function of x and f. The resulting field equations are 
precisely equivalent to the desired Eulerian equations, 
but we now have a significant advantage. The above 
integral can be directly replaced by a sum over discrete 
cells. The Lagrangian foirn i s  fully retained, as is the 
positive definite character of the resulting Hamiltonian. 
Instability is then possible only if the method for 
numerical integration of the coupled equations of 
motion is a poor approximation, 

The extension to two dimensions is not completely 
trivial, because we now have Q1 and Qz,  which may 
each be differentiated with respect to x or y .  The 
correct formalism is 

where J = (aQ1 laxXaQ, DY) - @ Q ~  lay>(aQ, lax) = 
Jacobian of transformation Q,  &z -+ x, y. 

The Hamiltonian and the equations of notion are 
easily obtained, and the extension to three dimensions 
is now obvious. Extensive numerical testing of this 

1. Student irom Rice University, summer 1975, under the 
Exceptional Student Progam. 

DROPLET COLLISIONS 

C. Y. Wong J .  J .  Griffin' 

The motions of the nuclear fluid ill a heavy-ion 
reaction occur on a large spatial scale. The associated 
time scales can be made small or large, depending on 
the initial conditions. If the flow is mostly subsonic, a 
description based on the dynamics of an incompres- 
sible, sometimes viscous, fluid (hydrodynamics) can be 
used. We have initiated a programZp4 to study colli- 

DRNL-DLVG 75-16843 

c-- --> 0.59 
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Pig. 5.2. Motion of a chxpless d~roplet stretched to the 

the tinies, in units 
energy of a spherical drop of radius Ro with the same volume. 
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sions between droplets of  riuclear fluid in these terms. 
In our simple treatment? we represent the surface in 
ternis of spherical harmonics and assume a linearized 
hydrodynamics for which solutions are already known. 
Simple hydrodynamics reproduces inany experiniental 
features such as (1) the rapid formation of a neck, 
( 2 )  focusing of surface waves, (3) the formation of a 
toroidal-shaped droplet at the end point of  maximal 
compression, and 14) shape of the neck for a non-head- 
on collision. However, hydrodynamics linearized for 
expansion with respect to  a sphere cannot adequately 
describe the disintegration o f  a droplet. Accordingly, 
we investigated hydrodynamics linearized for a shape 
expanded with respect to spheroids of large aspect ratio 
and obtained the corresponding normal modes. This is 
particularly appropriate for the shape of the composite 
droplet a t  the end point of its maximal stretching in a 
head-on collision. We show in Fig. 5.2 the motion of 
SliCli  a droplet, which initially is a spheroid with an 
aspect ratio of  6. The droplet breaks into three pieces as 
it disintegrates. Instability of  this kind i s  conveniently 
called "necklace" instability because disintegration 
results in a line of drops of similar sizes. We find that 
the greater the aspzct ratio, the larger the number of 
drops created. For the collision o f  two equal drops of  
radius R and in the absence ofviscosity? the number of 
drops should increase with u f i ,  where ZI is the relative 
velocity. Because the presence of charge enhances 
necklace instability, experimental search for (lie occur- 
rence of such phenoniena with heavy nuclear projectiles 
will be of interest. 

1. University o f  Maryland? prrsetrtly on  leave at Justus Liebig 
IJniversit& Giessen, West Germany. 

2. J. J .  Griffin and K. K.  E m ,  Colliding Hrrw)? Ions: Nuclei as 
Dynamic-ul Fluids, OR04856-3. University of Maryland, C<d- 
I g r  Park, 1975. 

3. C. Y. Wong, Selected Topics in Heuvy-Ion Kewlions,  

4. 1.  J.  Griffin and C. Y. Wong, Bnll. Am. Phys. Suc. If 20, 
ORN1./7'M-5000. 1975. 

1158 (1975). 

MICROSCOPIC MODELS OF NUCLEI AND 
HEAVY-ION COLLISIONS 

J. P. Bondorf' S. E. Kuoniris 
R. Y. Cusson' S .  J .  Krieger6 
K.'T.K. Uav1es J .  A .  ivlartlhn 
H. T. l;eIdmeie13 v. h t a r u h n - R e ~ w d n i ~  
S. ~ a r p m a n ~  J .  W. Negele' 
E. C. Halbeit P J.Siemens' 

Recently there has been renewed interest in the 
derivation ;tnd application o f  microscopic theories o f  

nuclear collective motion. especially because of heavy- 
ion reaction experiments that probe previously un- 
explored areas of nuclear dynamics. New approaches 
are currently being examinttd; the :Urn is to ot)tain ii 

unified microscopic description of the statics and 
dynaniics of  a wide range of physical phenomena, 
including large-amplitude collective oscillalions, fission, 
fusion, compound-nucleus formation, deep-inelastic 
scattering, and fragmenial ion. A microscopic approach 
may describe just the siatics of the system, or it may 
aim to describe the h l l  dynamics of collective motion. 
Both aspects are being studied with independent-parti- 
cle tlzeories, based on some form of the €jartree-Fock 
:ipproxirnation. Static calculations use self-consistent 
constrained Hartree-Fock n~odels ,  f rom which one 
obtains qtiari tities appropriate to slow adiabatic motion. 
The dyrianiical calculations rely on tirne-dependent 
Hartree-Fock methods to provide detailed inforrnation 
on the time evolution of nuclear processes such as 
fission or heavy-ion reactions. In addition, a sinipllfied 
approach is being used which treats the individual 
nucleon-nucleon collisions classicdly. 

1 .  Niels Bohr Institute, Copenhagen, Derimark. 
2. Consultant to  ORNL from Duke University. L)urliam, N.C. 
3. Guest assignee from 'Tectinische Hochschule Darriistadt, 

4. Nordisk fnstitut for 7'eoretisk Atoinfpsik, Copenhagen, 

5 .  California Institute of Technology, Pasadena. 
6. University of llliriois a t  Chicago Circle. 
7. Guest assignee, presently consultant with Chemistry rm- 

8. Massachusetts Institute of Technology, CLimbridgc. 

Germany, under NA1'0 Fellowship. 

Denmark. 

sion . 

ADIABATIC MODEL 

R. Y. Cusson' 

'The density-dependent self-consistent single-particle 
poteniial developed recently2 has been used t o  give a 
microscopic description of several kinds of fission arid 
heavy.ioti properties. We have obtained heavy-ion in- 
teractiori pol.enlials for a number o f  systems:' For 
example, the case of "C + ' 'C is shown it] Fig. 5.3. 
'The calculated adiabatic cluster potential energy Vc1 i s  
plotted vs = d m  which is a nieasure of  the 
separation between the ions. 'The experirnental poten- 
tial was obtained from the analyses of ORNL data on  
12,  + 12c scattering described elsewhere io this 
report? ('The scattering is only sensitive to the poten- 
tial beyond 3 or 4 fm.) The calculated potential has too  
large a radius; thjs arises liecause thc radius of the 
density of I C is calculated to  be 0.4 fm larger than the 
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one obtained from electron scattering. This discrepancy 
could easily be remedied by readjusting the parameters 
of the calculation. In the internal region the potential 
has its minimum at a value of Q2',  the total mass 
quadrupole moment, that is consistent with the ground 
state properties of the compound system, 24Mg. The 
minimum is also in reasonable agreement with the 
experimental binding energy of 4Mg. Thus we see that 
there does seem to exist a single microscopic, albeit 
semiphenomenological, energy operator, L&, which can 
simultaneously give the correct potential in the asymp- 
totic limit of  large separation as well as in the fused 
compound-nuclear region. 

Further calculations were made for the heavy-ion- 
induced fission reaction 58Ni f "Ne + 78Sr + A l  +- 
A 2 ,  which is being studied experimentally at ORNL. 
Because the compound system, Sr ,  has a fissility 
below the Businaro-Gallone critical value of 0.396 for 
zero angular momentum, the pure liquid-drop model 
predicts asymrnetric fission. A cluster potential energy 
curve for 78Sr  --3 3 9 K  + 3 9 K ,  similar to  Fig. 5.3, was 
first obtained. From this curve it was possible to  
confirm that for such a light fissioning system, the top 
of the fission barrier still occurs in the strong absorp- 
tion region, as it does for other light syslems. This 
simplifies the calculation of the absolute energy of the 
fission barrier because the shell structure of the 
compound system does not contribute to the barriei 
energy. For such a light system, sections of the 
potential-energy surfaces along the fission and fusion 

i CLUSTER POTENTIAL FOR l2c+I2c vs R 
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Fig. 5.3. Ouster potential energy for *C + "C ions. 
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atomic number of one of the fragments. 

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 5.4 shows that the lowest 
barrier appears nearA G 26 (or 52), in agreement with 
preliminary experimental results showing a peak in the 
mass distribution nearA .- 29. Thus the shell structure 
of  the compound system does not appear t o  influence 
the fission systematics in this region of the periodic 
table as it does for heavy nuclei. 

....__-I__ ....- 

1. Consultant to ORNL from Duke University, Durham, N.C. 
2. R. Y.  Cusson et al., submitted to Physical Review. 
3. R. Y .  Cusson, R.  Hilko, and D. Kolb, submitted toNtlclear 

Physics. 
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~ Y ~ A ~ I ~ ~  AND THE TDHF THEORY 

R. u. eussotll 

H. 7'. Feldmeier2 V. Maruhn-Rezwani5 
S. E. ~ o r m i n ~  

S. J .  Krieger4 
K.T. R. 8:iavies J. A. Nd;lTl.lflli 

J. W. Negele6 

New expenmeti ta l  resu1i.s with lieavy ions have 
prompted inany questions concerning colliding drople1.s 
of nuclear fluid. For example, the simple process of 
coovertitig the wllective kinetic energy of a cluster into 
disordered heat energy might proceed, if i t  is analogous 
to its well .known classical counterpart, by particle- 
particle siattering due to the residual iriteracl ion. 
However, there are oiher possibilities. It is known that 
if' a set o f  particles move in a highly time-dependent 
sjrigle-particle potential. !he col3ective coherence of the 
motion may be converted into random motion. ?%is is 
but one example where nuclear fluid dynamics may 
exhibit degrees of freedom not encountered in other 
types of fluid flow. 

?'he ultimate explanafion of nuclear collective dy- 
namics must come from ;1 microscopic description 
based on a realistic nucleon-nucleor~ force. h i  obvious 
approach i s  the time-dependen t 1-fartree-Fock (TDHF) 
approximation, which was Brst proposed by Dirac 

ago and is now becoming feasible with 
large computers. 'There are many motivatiorw for 
applying TDIIF to nuclei. TDHF is a truly microscopic 
ttieoxy , which requires ;IS inpiit only the nucleon- 
nucleon f o m :  it is unnecessary to make an assumption 
as I E) the relevant collective coordinates. Moreover, 
although it is ii fully quantal theory: its intlependeri t- 
particle nature permits a semiclassical interpretation, 
which of1 en ptovides insights not obtainable in calcula- 
tions thzt make use of much more complicated wave 
functions. We are encouraged by the signil'icant suc- 
cesses that. the static Hartree-Fock theory has had in 
providing descriptions o f  the energies and charge 
densities of nuclei. Finally, TDHF studies are expected 
to lead to a better understanding of existing approxi- 
rnatiori methods that are based on it, such as the 
random-phase zpptoximation arid adiabatic TDHF. 

The nui-nerical feasibility of TDX-IF calculations has 
been demonstrated recently fur a one-dimensional 

These calculations. which describe collisions 
between slabs of nuclear matter in which the transverse 
degrees o f  freedom are frozen, resulted in a somewhat 

unexpected richness o f  solutions corresponding to 
compound-nucleus formation, resotiatices, deep-in- 
elastic processes, and fragmeniation. Encouraged by 
this, we are applying the theory to more realistic two- 
and three-Jiniensional systems, including collisions of 
ions w i t h  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 .  Consiiltant to ORNL from Duke University, Durham, N.C. 
2. Guest assignee from Technische Hochschule Ihmstadt ,  

3. Caljfornja Institute of Technology, Pasadena. 
4. University of Illiriois at Chicago Circle. 
5 "  Guest assigiee, presently corisultant with Chemistry Wvi- 

sion. 
6 .  Massachusetts Institute of 'I'echnology, Cambridge. 
7. 1'. Bonche, S .  E. Koonh, and 5 .  W. Ne.gelc, Phys. Rev. C, 

G a m a n y ,  under NATO Fellowship. 

ianuary 1916, in press. 

C + C AND THE TDHF MODEL 

K. Y. Cusson' J.  A. Maruhn 

The same realistic single-particle potential that was 
used with the adiabatic model described in the 
preceding ariicle was used to do a 'IDHF  calculation^ 
of the head-on collision of 2C on ' zC.  &4 harmonic 
oscillator basis was used. Figure 5.5 shows the resulting 
inass current distributions for several values of the time. 
Direct arid exchange Coulomb forces as well as spin- 
orbit forces were included, and neutrons and protons 
were t.reated separately. The first time frame, at t = 35 
fni/c, shows an early step i n  the collision where the 
systein develops a stationary compression region in the 
center. The tiext stage, at t = (14 fm/c, shows that, as a 
reaction to the compression. the matter begins to flow 
radially outwards and back toward the initial position. 
'This radial motion is short-lived, however, and quickly 
reverses itself. At t ,  = 85 fm/c lbe two l 2  C c~usters are 
moving away from each other and would permanently 
separate if a substantial aniount of collective kinetic 
energy had not already been lost to random motion. 
Thus at 1 110 fm/c the current distribution is in the 
process of reversing itself again. For this particular 
bonibarding energy, the energy loss has not been high 
enough to allow rhe system to fall back towards the 
2 4 M ~  compound state. Thus in the fifth frame at t = 
165 fm/e we can observe a metastable molecular state 
with a complicated internal oscillatory mode of the 
clusters. These oscillations continue while the system 
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Fig. 5.5. Current distributions for beadun collisions of 
12C + 12C at 6.4 MeV/A (c.m.) for the following times, from 
left to right, starting at the top and going down: 1 = 110, 35, 
165,44,321, and 85 fm/c. 

slowly drifts apart, as shown in the last frame, at f = 
321 fm/c. 

consists of zcro-range two- and three-body forces of the 
Skyinie type and a finite-range Yukawa force. Coulomb 
terms (except for exchange contributions) were in- 
cluded. 'This potential reproduces reasonably well the 
binding energies, radii, and densities of 6 O  and Oca. 
An effective charge was used in the calculations to 
avoid treating neutrons and protons separately, an 
approximation which should be valid for light systems. 
The head-on collision of 6 O  + ' 6 O  at a laboratory 
energy of 8.0 MeV per nucleon was studied previo~s ly .~  

However, in order to compare TDHF results with 
experimental data, nonzero angular momenta (or im- 
pact parameters) niust be studied. In a rigorous treat- 
ment, such systems would entail fully three-dimensional 
numerical calculations. While this is not impossible for 
the l60 + I 6 O  system, s11c11 an approach becomes 
increasingly prohibitive for larger systems in terms of 
computing costs. Therefore we must consider how the 
effects of finite impact parameters may be treated 
without sacrificing the numerical simplicity of two- 
dimensional coordinate-space calculations. Therefore 
we consider an approximation in which the effect of 
the relative orbital angular momentum is accounted for 
by imagining the collision to occur in a frame rotating 
about an axis perpendicular to the scattering plane, 
while the system is assumed to remain axially sym- 
metric about an axis in the scattering plane. The 
orientation of the z axis in real three-dimensional space 
is specified by the angle Q, whose time rate of change w 
is given by 

w = - M P )  , (1) 

where L is the relative orbital angular momentum and 1 
is the instantaneous moment of inertia about the 
rotation axis. 'The total energy of the system is then 
modified as follows: 

H + H + L 2 / 2 I ( p ) .  ( 2 )  
1. Consultant to ORNL from Duke University, Duiham, N.C. 
2. R. Y. Cusson and J .  A .  Maruhn, to be published in Physics 

Letters. 

TWO-DIMENSIONAL T F CALCULATIONS 

K.T.R. Davies S .  E. Koonin' 
H. 'r. Feldmeier' S .  J. Krieger3 

V. Maruhn-Rezwani4 

Time-dependent Hartree-Fock (TDHF) calculations 
have also been performed in a two-dimensional coordi- 
nate space where it is assumed that the nuclear system 
is axially symmetric. The effective interaction used 

The moment of inertia I(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 
0 + ' 0 at 8.0 MeV per nucleon. On the graph, r is 

the center-of-mass separation of the ions. Whereas the 
grazing partial waves (I 2- 35) suffer some small inward 
deflection due to the attractive tail of the nuclear 
potential, the influence of the strong interaction is most 
evident for I < 30. Head-on collisions ( I  = 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. r-0 trajectories for 1 6 ~  + I6o ai  a c.m. energy of 
8.0 MeV per nucleon. For each partial wave, wc list e,, [he 
scaltering angle for a iioninteractingpoirlt Coulomb trajectory; 
Off; thc scattering angle from the TDHF calculation; and thc 
final enter-of-mass reiative fragment kinetic cnergy, in MeV. 
Tick marks indic,ite t ime iritervals of 10 -22 aec; tire dots 
dzlineate times dming which the ions "cluich." The dashed 
circle at r = 2.8 fm i s  the sharp-surface liquid-drop value f o r  the 
compound system 3 2 ~ .  

skinirning characteristic under the influence of Cou.. 
lomb, centrifugal, arid nuclear forces. Because penetra- 
tion is not as ssrong, the energy loss is less severe. I n  
addition, the scission configuration becomes less elon- 
gated with increasing 1. The 1 = 30 trajectory is of an 
orbiting type, just at the top of the "fusion" barrier. 
This interpretation is supported by the change in the 
initial curvature of the trajectory at 1 = 30. 

In Fig. 5.7 we show the density a t  various t i m e s  t for 
a TDHF calculation of 40Ca + 40Ca at  12.0 MeV per 
nucleon arid I = 20. (The apparent defomiatiun per- 
pendicular t o  the direction of mot:ioti i s  simply due t o  ;I 
choice of unequal length scales for the plots.) The ions 
begin t o  clutch at t = 0.16, and at  t 0.32 they fomi a 
compound system. After various internal shape changes 
the system eventually begins to break apart, and 
scission occurs at t := 0.9. These qualitative picturcs give 

Fig. 5.7. Density distribution pictures for the reaction 
4DCa + 40Ca at 12.0 MeV per nucleon arid I = 20. The time is in 
units of sec. 

sonic idea o f  the richness of the structure involved in 
the shape changes obtained fiom a TDHF calculation. 

1. Guest assignee from 'l'echnische Nochschule Usrinstadt, 

2. California Institute of Technology, Pasadena. 
3 .  University of Illinois 31: Chicago Circle. 
4. Guest assignee, presently consultant with Chemistry s)ivi.- 

5. S. E. Koonin, to be published in P t i y ~ i c ~  Leftws. 

Germarry: under NATO Fellowship. 

sion. 

THREE-DIMENSIONAL TIPHF CALCULATIONS 

J. A. Maruhn R. Y Cusson' 

7 lie assumptions nude in the 1 wo-tlirnerisionaI model 
discussed m the preceding article must be tested by  
e u c t  cdlcul,itioris. With this in rriirid. we h v e  devel- 
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oped a fully three-dimensional TDP'II code. In the 
intei-cst of computing speed, we have incorporated 
further simplifications of the Skyrme interaction and a 
combined coordinate-momentum space basis. With the 
present budgetaiy limitations, we expect t o  be re- 
stricted t o  studying systems no heavier than. say, 
Ni t Ni. Preliminary calculations for cy -t a at  16 MeV 
per nucleon and impact parameters b = 1, 2: 3, 4, 4.5, 
and 5 fm have been made. We find: (1) in tlie region 
b = 2 to  4 fm, the collective kinetic energy loss i s  
considerably larger than for a head-on collision; this 
occiirs via the formation of a molecular state that may 
perform several rotations while losing collective 
kinetic energy by radial oscillations before coming 
apart; ( 2 )  the two clusters tend to inteipenetrate each 
other as in a two-fluid model with the result that  the 
moment of inertia shows large deviations I'-orn thc 
rigid-body value; and (3) for certain values of the 
impact parameter, the outgoing determinantal wave 
function factors, as it did before the collision, into two 
separate determinants representing the two clusters. 
Calculations for ' 0 t 0 and " Ca .{- Ca are under 
way. 

1. Consultant, D i k e  University, Durham, N.C. 

CLASSICAL MICROSCOPIC DESCRIPTION 
OF IIHAW-ION COL,I,ISiONS 

J .  P. Bondorf' H. T. Feldmeier' S. Garpman3 
E C. Halbert P. J .  Sirmens' 

In heavy-ion collisions, bornbarding energies of a few 
hundred MeV per nucleon seem most favorable for 
producing shock zones of compressed nuclear matter. 
As an alternative t o  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 t o  make qualitative, 
rapid (and therefore economical) calciilations of how 
the shock-zone characteristics and emergent-particle 
angular distributions depend upon the initial nuclear 
masses, the bombarding e n e r u ,  and the nucleus-nucleus 
impact parameter. 

Our present computer program, called SIMON, is a 
simple simulation code. Each run simulates one nucleus- 
iiucleus collision, involving many mcleon-nucleon scat- 
teiings. Monte Carlo methods are used to  determine the 
initial iiucleon positions and velocities within the two 
separated nuclei. Nucleon-nucleon interactions are 
taken into account via cross sections rather than via 
explicit forces. Each nucleon's motion is approximated 

as uniform in velocity, except for abrupt changes when 
nucleon-~iucleon scatterings occur. The occurrence of 
each scaiiering and its exact time are determined by 
simple geometric considerations such as cross section, 
nucleon-nucleon impact p m m e t e r ,  and: sometimes, 
nucleonic hard-core radius. (There are altcrnative 
options available in SIMON.) The two new nucleon 
velocities, after each scattering, are detei-mined by the 
impact parameter and/or by Monte Carlo methods. 
Within a iiml all nucleon positions and velocities are 
known as functions of time. This allows calculation of 
such gross features as the space- and time-dependent 
particle density during collision. tlie space- and timc- 
dependent mean-square nucleon velocity, and the angu- 
lar distribution of particles emerging after collision. 

There are two approximations basic to  the present 
SIMON code: (1) classical-particle kinematics and (2) 
abrupt cross-section-induced changes in velocity (rather 
than continuous accelerations induced by smoothly 
varying nucleon-nucleon forces). I hese two simplifica- 
tions are not  justified in detail, for a t  the kinetic 
enclgies we consider, the de Uroglie wavelength of a 
nucleon is of the samc order of m a p i t u d e  as the 
internucleon spacing. ~.vhich in lutr i  is of the same order 
as the mean frcc path for nucleon-nucleon scattering. 
Howevcr, we hope for some canccl!ation of detailed 
eriois when we use these approximations in calculating 
gruss features of the collision. We also make some other 
simplifications, reasonable enough at  this stage but not 
basic to the SIMON method. At present we use 
nonrelativistic kinematics; also, we start with zeto- 
temperature nuclei of spherical shape, and we neglect 
iiuclcar binding, Coulomb energy, nucleon spin, 
neutron-proton differences, and pion production. 
Furtliermore, we allow only elastic and isotropic 
nucleon-nucleon scattering, with energy-indepcndent 
density-independent cross section. These nonbasic sim- 
plifications may be modified in the future. 

Local particle densities p(r)  are obtained by averaging 
over small volume elements, and emergent-particle 
angular distributions !&'(cos 0) and X(@) are obtained by 
averaging over appropriate solid.-angle elements. Because 
of the Monte Carlo conditions defining each calculated 
nucleus-nucleus collision, there rilay be severe fluctua- 
tions of the local density (in time and space) and of the 
angular distributions. To reduce these fluctuations, we 
average over an ensemb!e of SIMON iilils, all identical 
except for their Monte Carlo numbers. Figures 5.8 ~- 

5.10 show some results obtained by averaging over nine 
head-on collisions between two mass 235 nuclei. For 
the nucleon-nucleon cross section we used u = 25 mb, 
aq suggested by experimental data in the energy regon 
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Fig. 5.8. Sketch of the cyljndrically symmetric density 
calculated for a sequence of times during the head-on collision 
of two mass 235 nuciei. 

of mterest. The results showti were obtained with 
nucleon-nucleon scattering tnodeled as liaid-sphere scat- 
teiing, so that the distance of closest approach was 
( U / ~ ) I / ~  = 0.9 fni. As Fig. 5. I O  shows, this hard-sphere 
model yields a maximum particle densiiy about twice 
that of normal nuclear mattei. When we use the sane  D, 
hut with scattering rriodels that allow nucleons to 
appioaclz each other morc closely than 0.9 fm, we find 
maxirnum densities 2 3  tirues normal. This semi tivity to 
the scattering meclianisin is being studied in more detail. 

1.  Niels Bohr Institute, Copenhagxi, Denmark. 
2. Cues& assignee from Technischr: Ilochvchule Darrristadt, 

3. Nordisk Inu titut for ‘L‘eoretisk Atomfysik, Copenhagen, 
Germany, under NATO Fellnwshlp. 
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Fig. 5.9. Angular &ishibutions of scattered emngent nu- 
clleons for head-on collisions between two m a s  235 nuclei. 
v(coa 0) is Y2W(cos 0)  + t / ,W(--cos O ) ,  where W(cos 0 )  is the 
number of nucleons with velocity vectors within  he solid-angle 
interval defined by cos 0 i 0.05. X(@) is the number with 
velocities in the solid-angle interval defined by 0 L 5”. 
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Fig. 5.10. The central density as a function d time fur the 
collision of two inass 235 nuciei, where p o  i s  the centrat density 
of each before are cullisian. At time r 1  the TWO first touch, at 
t 2  they would completely overlap If they did not interdict, and 

t 3  they would have completed passrrrg through each other. 

E. C .  flalbert 6;. K. Satcliler L D. Rickertsen 
L. W. Owen’ J. B. M~cGrory 

This section i s  coticerned with more coiivcii tiond 
nuclear reaction aicxkls: opticel model, coupled chan- 
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nels, distorted-wave Born approximation (DWBA), etc. 
Most of the applications have been t o  heavy-ion 
reactions, although light ions have not becn neglected 
entirely: work has continued on the excitation of giant 
multipole resonances by protons, alphas, and neu- 
trons2'3 a i d  on the role of two-step processes in 
charge-exchange  reaction^.^ ,5 This theoretical effort is 
usually pursued in close collaboration with the expcri- 
mentalists a t  ORNI,, and some of the rzsults appear in 
the experimental sections of this report; these we only 
touch upon briefly. 

Our activities have three broad motivations: (1) t o  
provide the most sophisticated tools for the analysis of 
experimental data obtained at ORNI., (2) t o  see what 
we can learn from various types of data and hence to 
guide future experiments, and (3) t o  achieve a better 
understanding of the basic nuclear reaction niecha- 
oisnis. Primarily our attention has been focused on 
direct or peripheral collisions; reactions of the fusion 
and deep-inelastic variety are better studied by the 
approaches described in the preceding articles. 

1. Computer Sciznces Division. 
2. E. C. Halbert et al.,NucL Phys. A245, 183 (1975). 
3. F. P. Brady e t  al.,Phys. RCV.  Lerr. 36, 15 (1976). 
4. L. D. Rickertsen et al.,Ph;vs. Let t .  59B, 129 (1975). 
5. L. D. Rickertsen et al.. Phyr. Lett.. in press. 

SECOND-ORDER DWBA FOR 
HEAVY-ION lNELASTIC SCATTERING 

L. D. Rickertsen 

The distorted-wave Rorn approxirnation (DWBA) 
requires much less computational effort than a coupled- 
channels (CC) calculation, and, in addition, the inter- 
pretation of the amplitudes leading t o  a given cross 
section is much simpler. Hence, it is of importance t o  
understand the degree to  which a DWBA analysis is 
adequate for a given reaction. The accurate data 
recently obtained at  OKNI, on  the inelastic scattering 
of 2 C  by neodymium isotopes at  70.4 MeV offered a 

good opportunity to investigate this questioli, since the 
excitation of  collective levels in both target and 
projectile, as well as the elastic scattering, was observed 
over a large range of angles. This energy is about 10 
MeV above the Coulomb barrier, where the sensitivity 
t o  Coulomb-nuclear interference is optimal. The quad- 
rupole coupling strength to  the lowest ?+ state of 
neodymium increases with mass number t o  values that 
are customarily thought to be so large that a CC 
treatment is necessary. 

In our analyses of these data, we find that, although a 
first-order DWBA treatment is not adequate, 3 sccond- 
order DWBA treatment is sufficient and that it is not 
necessary to  solve the coupled equations to all orders. 
In particular, we conclude that as long as the elastic 
scattering is reproduced well by a one-channel optical 
potential, the direct matrix element between any two 
channels is accurately given by the first-order DWBA 
term. To this must be added arxiplitudes corresponding 
to higher-order processes: self-coupling or reorientation 
and indirect transitions via other intermediate channels. 
Although these contributions are too complicated t o  be 
accounted for by simply modifying the optical poten- 
tials in the one-step DWBA calculation, we find it is 
sufficient to calculate them in a second-order DWBA, 
rather than solving the full coupled equations. 

Figurc 5.1 1 shows results for '"Nd. Two calcula- 
tions for the 3 -  excitation are shown in Fig. 5.11a: a 
CC calculation taking into account the coupling t o  the 
3 -  and the 2' and 4' menibers of the ground-state 
rotational band to all orders and a DWRA calculation 
for the 3 -  state where the 2+ and 4' states have bcen 
ignored. In each case the optical parameters that were 
used reproduce the. elastic scattering, and the inelastic 
results are indistinguishable; both are represented by 
the solid curve. 'The coupling strengths and optical 
parameters are given in Table 5.1. 'The quadrupole 
moment of the 3 -  state was not  included in either of 
these calculations. The dashed curve in Fig. 5.1 la shows 
the result of including the quadiupole self-coupling in a 
second-order DWBA calculation. The intrinsic quad- 
rupole'moment of the 3 - state was taken arbitrarily to 

Table 5.1. Optical parameters and coupling strengths for '*C + 144Nd 
.___ .... __.._ __._______ ..... __ ..... __ ___-__---__ .~ ...... ___. 

Calculation V 'V QV w 'w a W  O d 7  P3R P4R 
.~..-~....I_ .... ____ __ .... ~~-.~__..I_..-__...-__ 

cc" 20.0 1.32 0.562 10.9 1.34 0.414 0.72 0.83 0.37 
D W A b  20.0 1.32 0.562 12.1 1.34 0.433 0.72 0.83 0.37 

.. .... - -- __.__.__ ..... __. 

' T C  - -  parameters for the fully coupled-channels calculation. 
bf>WBA - one-channcl optical parameters and coupling strengths for the first- and second3,rder 

UWBA calculations. 
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Fig. 5.1 1.  Comparison of coupled-channel and second-order 
DWBA calculations for the inelastic smtteting of 70.4-MeV zC 
on 144Nd (see text for details). (a) Excitation of the lowest 3-  
date of 44Nd; (h )  excitation of the 2+ and 1+ rotatmu1 states 
of 144Md. 

be the same as for the 144Nd 2' state. Figure 5.118 
shows arialogous calculations for the excitation o f  the 
2+ and 4+ rotational states. The solid curve corresponds 
to the full CC calculatiori (including  reorient;^ lion 

couplings), and the dashed curve is the result of 
secoricl-order DWBA c.alculations where the quadrupole 
coupling is taken only to second order. En each case the 
observed elastic scatteriiig i s  reproduced. A major 
component of the 4' angular distribution is due to the 
two-step process by way of h e  2 +  state, and the dotted 
curve corresponds to the DWBA calculation neglec titig 
this contribution. 

The character of these results persists for even 
stronge I' coup1 ing. The quadrupole dei'orrn aticm for 

" Ntl is ricarly a fk'actor of 3 larger than Cor * 4 4  Nd, h i t  
calculations for the angular distributions taktng this 
strength to all orders and ti i  only secund order differ by 
less than 30'6. I t  ap.pears that when the experiinental 
data can be described by a GC analysis, a second-order 
DWBA wdl also be adequate for even the largest 
cuupliog strengths expe[imenlally obseived in this rnass 
region. Finally, bezausc there is riottliiig to distinguish 
the projectile froin the t;irge[ iu these reiictions except 
for the details oC the coupling, these conclusions are 
cxpected to be valid for projectile excitation ;is well. 

L. D. Kicker t stxi G. K. Satckler 

By "microscopic" we mean 21 description in ternis of 
nucleuu-tiucleon forces ;mi individual nucleon motions 
rather ihan the usual om-body p1iern~on~e~~ologic;il 
optical-potential and collective models. In practice, we 
have only corisiderzd simple folding models iii which an 
effective nucleon-nucleon interaction is folded into the 
density ( o r  the transition density for ineldstic scatter- 
ing) o f  each of the two ions. Our treatment of 
higher-order processes is lirnited so far to the use of 
such potentials in coupled-channel calculations. 

Previous studies o f  this folding r ~ ~ ~ l e l  for  elastic 
scattering, using whaf were then regarded as "reJist.ic" 
interactions, showed that the riiociel overpredicted the 
potential near {he strong-absorption radius as deduced 
from ineasurernents by as much as a factor of 2.' 
However, a new interaction derived by Bertsch et al.2>3 
from G-rnattix eletiienis based upon the Reid potential 
has an appreciably shorter range and does give resid ts in 
agreement with experiment (to within the uncertainties 
implicit in the derisity parameters) for a variety of 
heavy-ion scatterings ranging frorn ' C + ' C tts ' 0 + 
"'Pb. This interaction has also been applied to 

heavy-ion inelastic scattering ( I  2 C  + 2C, ''0 + 2 8 ~ i ,  
and '0 + '"Ni), using transitjon densities derived 
from electron scattering, thus leaving no adjustable 
parameters. We obtain ageement with measured cross 
sections. The validity of this interaction is being tested 
more widely, particularly or1 heavier system, together 
with the role of higher-order correctioris such as arise 
from the Pauli principle. Another forrn of the interac- 
tion, due to Eisen et ,5 and also derived from the 
Reid potential, i s  being tested; pre1irniri;iry results 
indicate that i t  is dso successful. 

A previous study was made of the inelastic scattering 
of 2 C  by 2081'b using detailed one-particle, one-hole 
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wave functions of thc random-phase-approximation 
iype and Gaussian nucleon-nucleon interactions nor- 
malized t o  fit the observed elastic scattering6 Again 
there were no free parameters, and agreement with the 
data was obtained. Soiue indication was found that the 
range required is shorter than that previously used. This 
appears to  be a useful tool for exploring the range of 
the effective force and will be studied further, particu- 
larly with lighter systems where the Coulomb excitation 
contribution is not so dominant. 

I t  has often been asserted that some data on 
heavy-ion elastic scattering demand shallow ion-ion 
potentials. We believe this question is far froin settled. 
The folded potentials just discussed are very deep in the 
nuclear interior, and. for example, fits are obtained to 

SI scattering over a wide range 
of energies which are as good as those using a shallow 
potential. The elastic data are sensitive only to  the 
surface region (although, for these light systems, they 
appear to probe the potential several fermis inside the 
strongabsorption radius); we hope that combining 
them with fusion measurements may provide more 
dcfiniiive information. 

C 1. ' C and I 6 O  + 

- ~ _ _  
1. G. R. Satrhler,Phys. Lett. 59B, 121 (1975). 
2. G. Rertsch e t  al., to be published. 
3 .  W. G. Love, private communication. 
4. Y .  Eisen, H. Day, and E. Fricdman, Fhys. Lett.  56B. 313 
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representation) has very 1iti.k effect on the angular 
distributions (iionc at  all for the proton transfer; the 
effects on the neutron transfer are shown in Fig. 5.12). 
T'he cross-section magnitudes are changcd by amounts 
52070. However. the extra terins are necessary to gve 
the post- -prior equivalence that is required of the 
DWBA. 

SINGLE-NUCLEON TRANSFER REACTIONS 

G. R. Satchler L. W. Owen' 

The work on singk-nucleon transfer reactions wa5 
primarily directed toward the analysis of ORNL data on 
the one-neu tron pickup and one-proton stripping reac- 
tions of I C t ' Pb, described elsewhere in this 
report. Two new theoretical features were involved: (1) 
the use of folding-model optical potciitials t o  describe 
the elastic scattering arid (2) inclusion of all the 
interaction terins that should properly appear in a 
first-order DWBA treatment.' T'he code LOLA3 was 
modified to accoininoda te these features. 

A1 though the folded potentials are several hrrndred 
MeV deep, their use has little effect on the predicted 
transfer cross sections in shape or magnitude. The cruss 
sections forward of the main peak tend t o  be slightly 
smaller; and those a t  larger angles somewhat larger, than 
those predicted using a ,4O-MeV-deep Wood- 1- S axon 
well. Including the other interaction terms3 (in the post 

1 .  Computer Sciences Division. 
2. R.  bl. DeVries, G. R .  Siitchler, and J .  G .  Cramcr, f'hys. 

3. R. M. OeViie~,Phys. Rev. C 8 ,  95 1 (1973). 
Rev. L c t t .  32, I311 (1974). 

COUPLED-CHANNEL ANALYSIS OF 
6Mg(1 0,' C)* ' S i  USING SHELL-MODEL 

SPECTROSCOPIC AMPEITgJDES 

E. C. Halbert' 

Calculations were made for the reaction * Mg(' ' 0, 
C ) 2  8Si at 45 MeV using the coupled-channcls Born 

approximation (CCBA). The new feature of the present 
work :va~ the use of two-proton spectroscopic ampli- 
tudes from many-particle (s,d) shell-model calculations 
for 2 6 M g  and 28Si. Our computed CC cross sections 
involve contributions from six separate form factors, 
cbaractcrized in obvious notation as: 0i6 + O;,  , 
O& + 2;8,  22+6 + O i 6 ,  2;6 -+ 218 (transferred L = 0, 
2, and 4). Care was taken to ensure that the six transfer 
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I,. D. Rickertsern 

For energies not too I>ir above the Conlomb hi~rrier~ 
heavy-ion scattering into a pavticailar angle can often be 
understood in terns of a srr~LI range of valiies of the 
relative angular momentum k between the target iind 
the projeclile. For exaiiple, the "quarter-point" angle 
(where d u / d ~ ~  ;r ?/,> corresponds closely to the orbit 
whose trarismi~ion coeffjcient TI, = '4 .  illthough 
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force remains one of the outstanding problems of 
nuclear theory. Work has continued on this difficult 
problem, iising thc Brueckner theory and its develop- 
ments to evaluate higher-order corrections. 

‘The shell model attempts to describe nuclear prop- 
erties in terms of thc motions of a few “valence” 
nucleons restricted to a relatively few independent- 
particle orbits. Thus one of its important functions 
continues to be to correlate experimental findings and 
to predict others of intercst. Our efforts in this area 
have often been made in close collaboration with 
experimental groups. 

In many cases i t  is difficult to separate structure and 
reaction theory ; for example, the structure calculations 
of transfer form factors were an essential pait of the 
two-nucleon transfer problem discussed in a preceding 
article. Similar intermingling occurs in the interpreta- 
tion of giant multipole resonances excited by inelastic 
scattering. 

_ _ . . _ _ . ~ _ _ . ~ . . _ _ _  

1 .  State University of New York, Stony Brook. 
2. Computer Scienczs Division. 
3 .  University of Kentucky, Lexington. 
4. Visitor from New College, Sarasota, Fla., partially sup- 

ported by a program administered by Oak Aidge Asociated 
Universities. Prescnt address: Department of Astronomy, Yale 
University, New Haven, Conn. 
5, University of Manitoba, Winnipeg, Manitoba, Canada. 
6 .  Michigan State Univerdty, East Lansing. 

PMOPAG~TUR-RENQKha ALIZEI) 
BRUECWER THEORY 

R. L. Becker N. M. karson’ A. PI. MacKellar’ 
J. A. Smith3 J. P. Svenne4 

For the past two years, motivated by a deficiency of 
the renormalized Brueckner-Hartree-Fock (WHF) 
approximation with respect to the saturation properties 
of nuclei, we have been attempting to  include nonlinear 
terms in the self-consistent field. The second-order 
terms are shown in colimn 3 of Fig. 5.13. Some 
preliminary results for ’ 60‘ were reported in last year’s 
annual report.’ Another aspect of the Briieckner 
calculations is the desire for self-consistency of the 
effective interaction with respect to the single-particle 
wave functions and energies. Ensuring this self-con- 
sistency involves making Pauli and spectral corrections 
to the reaction matrix. Preliminary reaction-matrix 
corrections also were reported last year for 16Q.5 The 
code was so slow, however, as to provide a major 
obstacle to extending the applications to heavier nuclei. 
The bulk of the computational effort this year has been 
involved in making the Pauli-spectral and SORB 

(second-order renorinalized Brueckner theory) codes 
very much faster. Some sample results for 40Ca, 
calculated with the Mamada-Johnston interaction, are 
shown in Table 5.2. In contrast to the case of 60, the 
residual Pau!i and spectral corrections did not increase 
the radius, and the saturation properties are only 
slightly improved relative to RBHF calculations with 
the uncorrected matrix elements. Both the Pauli- 
spectral corrections and the second-order particle-holc 
t e r m  are expected to increase in importance as one 
considers heavier nuclei. The codes now appear fdSt 
enough to liandle a n N  = 2 nucleus with -200 nucleons 
at reasonable expenie. Some additional programming 
will be needed to ensure complete self-consistency in 
the presence of a neutron excess, spin-uiisaturated 
shells, and a large Coulomb field; however, calculations 
in the lead and actinide regions now seem quite feasible 
at moderate cost. 

A continuing interest in trying to include tlrree-body 
contributions into the finite nuclear Brueckner calcula- 
tions led to an investigation of the validity of Day’s 
approximation for the Rethe-Goldstone defect func- 
tion. T h s  approximation neglects the dependence of 
the defect function on the energy of an interacting pair. 

ORNL-DWG 7 6 - 3 O O l  

)i, 
Fige 5.13. Diagrams included in the SOKB approximation for 

the self-consistent field. 
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Table 5.2. Effects of Pauli-spectral corrections of the reaction matrix and sccond-order terms 
in the self-consistent field to propaptor-renormalized Brueckner calculations of 4oCaa 

Pro p'ig'i t o r  SCFC (B&)calc/(Bfi)exP (%) '.chg/'.;& ca'c ' P (%I t71j &I ( M ~ v )  
....................... ... - ........................................ -. 

d 

...... .. . 
soc (' 6 c ) )  KB tl 1' 81 86 'f7/2 0.37 

soc RBI-l€ 61 87.5 'p31.3 I .06 
1.31 RBIIPC t4'caj KKIIF 66 87.4 

K H t l F  (4"Ca) SOKB 66 89 Of7/2 0.88 
1p I / 2  

'An oscikator basis with hw = 16.8 MeV and a well depth of  44 hlsV was used 
'For the propagator, SOC = single oscillator configuration and oscillator spectrum, and KBIII; = 

renori~ialized Urueckii~r-tIar~ree-r'ock configuration and spcctru 111. 
'SCF means self-consistent field. 
d d 2 )  2: second-order rearrangeinznt energy of "particle" state:;. 

Figure 5.14 s11.ows the energy dependence o i  relaiive 
s-state defect functions in 311 oscillator potentiaL6 ,7 

A level inversion usudly OCCUTS in self-consistent field 
cdculatioris wlien only one of' a pair oi symmetry- 
related levels is occupied. Ari interpretation is offered: 
the sin&-pariicle eiiergy of the level unoccupied iri  h e  
A-particlc system is its enetgy of iemoval from the 
(A -t l)-pacticle s y s t e n ~ . ~ ? ~  'The correction of tbis en- 
ergy to convert it to the corresponding energy in system 
A is simply given. When both syrnriietry-related levels 
are calculated in the same system, there is no level 
inversiori. The iisual prescription to occupy the lowest 
levels should be ainended t o  statc t h i  the eiicrgizs 
should ail correspond to removal eriergks from system 
A. Our interpretation a l s o  explains abnormal spin-orbit 
split tings. 

In seeking to  ascertain how good the body densities 
calculated from self-consisteii I field theories are, it  is 
important to know how reliable are tfw "expei-iincnt 31'' 

densities iiifcrred from elastic electron scat teriiig. I l i c  
U S L I ~ ~  analysis of the data is by fiiiding a charge density 
that yields a charge form factor that fits the tlata. We 
liave discovered, however, that the best einpirical charge 
densilks of light nuclei correspond IO body prc)bability 
deiisiiies with iiegative regions contairiirig a tor a1 nega- 
tive probability of about l%.' * Morcover, the tiegative 
porrions cannot be rcinoved by adding a sriiali positive 
exponential tail and subsequently renormalizing with- 
out seriously disrlrpting the f i t  to  the data. We propose 
the alternative procedure of dividing h e  experirrierital 
ckarge Corm factor by the nucleon form facior to yield 
an experimental body form factor arid then fitting this 
with ;I Cum f x t o r  obtained liorn a nonnegative body 
ckmit.y. We have found that the analytic body fortn 
factor 

which correqmids t o  a nonnegative body density, 
together with the Hofstadter-Wilson double-pole form 
factor of  the ploton, iields excellent fits t o  the data on 

0IiNl:VNL C Y  1'35i 
....................... ..... ................. 

1 
, 0 

I 

........... I ........... .I ........... I .......... 
0 2  0 3  0 4  0 5  n G  07 0.ii 99 

x = , l r  

R a d i a l  Dependence o f  t h e  Tr,pIet Relotive Gefect Fuinct*ons C,t# 
n ! ! j E ~ / ; * ) ,  k - j i 4 , f a r  ,v=e=O, j = l ,  n = 5 , O i v i d e d  by 1,(0,50 
1 E;;  x c ) ,  for  t h e  Hnrnoda-Johnston I n t e r a c t i o n ,  Ci=50, 0,-100, 
-200, and  -400 MeV, a=0.4 F - ' ,  and  pmoA = s .  

Fig. 5.14. Bethe-TMdstone defect functions. 
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3He ,  411e. and I6O.  Further applications of our 
I-clatively simple inetiiod of mapping out regions of 
uncertainty in the density also have been made.’ I 
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NUCLEAR SHELL MODEL 

J .  B. McGrory b. C .  Halbert T.I.S. Kuo’ 
R 11. Wildentha12 

In the past year. we have continued to  use the 
shell-model codes as an adjunct to the experimental 
progiam. A s  reported e l ~ e w h e r e , ~  74 there continuer to 
be interest in locating states of high spin in light nuclei, 
in both the (s, d )  shell arid u, p )  shell. 111 particular, 
lifetimes have been riicasured and tentative spin assign- 
ments proposed in 42Ca.  The spins are higher than 
allowed by the simple p)*  model for 4 2  Ca, so it is 
necessary to include othcr orbitals. A model space was 
chosen in which a 3 2 S  core is assumed: and the ten 
extra nucleons are distributed over the d 3 / 2  and f7/2 
orbits, with up  to  five f7,2 particles allowed. An 
effective residual interaction was chosen which leads to 
reasonable agreement for the kiiown spectrunn of states 
in 40Ca.  Within this model space for 42Ca, both 
negative- and positive-parity levels can be calculated, 
and therc is the potential for describing low-lying 
deformed 4p-2h states. The qualitative result of the 
calculation is that there are a number of high-spin states 
calculated to  be at about the same energy as the 
high-spin states suggested by the measured spectrum; in 
fact, there are iiiore states calculated than there are 
observed. N i e  calculated B(E2) values for transitions 
between these states indicate the existence of some sort 
of “rotational” band structure for these high-spin 

states. but there are not enough experimental data with 
which to  compare this prediction. 

Work was completed on an extensive study of nuclei 
near the 2 0 x P b  shell closure. The lead isotopes 

Rn were treated as systems of identical paitides (or  
holes) built on a ”*Pb core. I h e  Kuo-Herling intcrac- 
tion wah used, with some empirical renormalization. 
l h c  results wcrc generally in good a-gieement with 
expeririren t. I t  was found that a simple senioriiy- 
truncation scheme was very effective in reproducing the 
calculated shell-niotlel results in untruncated spaces. 
Such a scheme should be useful in exarnining the 
structure of much lighter lead isotopes, for which data 
are now being accumulated. 

‘l’here have been some investigations of more purely 
theoretical questions in the shell-model field this year. 
One concerned the infamous spurious state question. I t  
was suggested by Gloeckuer and Lawson’ that a useful 
prescription for “eliminating” such states would he t o  
add to the shell-model effective residual interaction the 
Hamiltonian for the motion of the ccnter of inass of the 
nucleus milltiplied by a large coefficient. This large 
coefficient would mean that if a state had a signifrc;iiit 
admixture of states with the center of i-tiass excited, 
that state would be pushed to a high energy. In  a very 
simple shell-model space, the prescription appeaied to  
be very useful. The approach was then applied to the 
Luker-Buck-McCrory (ZBM) calculation of 60. Their 
prescription for eliminaiing the spurious states also 
eliminated the zgreeinent between theory and experi- 
ment. We first tried to find an interaction that gave 
good agreement with experiment when the spurious 
states were projected out in this way, bu t  we had no 

success. Wc next studied in some detail what wa.s 
happening in the ZHM model when the spurious states 
were eliminated. We found that the Z’SM model space 
actually contained vej-y small admixtures of spiirious 
states. To eliminate these srnall admixtures, a large and 
significant part of the model space had to be eliminated 
along with them. We concluded that it was more useful 
to  accept the sniall spurious-state contamination than 
to throw away an important part of the modcl space. 
This analysis suggested that the Gloeckner-Lawson 
prescription was not generally useful. 
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INTRODUCTION 

Activities of the High-Encrgy Prograni at OWL 
included participation iii a r - p  experimer~t with 150- 
GeVlc pions at the Fermi National Accelerator Labora- 
tory (FNAL). The experiment was done with ;I hybrid 
system employing the 76.2-cm bubble chamber and 
wire proportional counters. New data were obtained 
with the same setup for positive-pion interactions at  the 
s m c  momentum. Further effort was put into the study 
o f  low-energy physics with higlr-energy tecliriiques by 
further analyLing data obtained a t  RNE o f  interactjon 
of and K -  in plates inserted in a 76.2-cia bubble 
chan~ber. Measurement of interaction of pions in t h e  
2(38.3-crn SLAC bubble chamber has continued, leadirig 
to coinpletioii of the measurement phase of a 71'- 

deuterium interact ion expe rirnen i and accu i n  u1a tion of 
data for a ii --pro ton experiment. 

VERY HIGH ENERGY PHYSICS 

The principal expriniental elfort of the Oak Ridge 
high-energy physics group continues to be the hybrid 
bubble-charnber--.proportional-wire-c~unter experiment 
a t  FNAL. During 1975, an additional experirneiital run 
yielded -200,000 pictures exposed to a beam of 
150-CeVlc positive pions. 'The tlata contained in this 
exposure are still in the nieasuririg and preanalysis 
phase. Work is also continuing at  OILNL in the design 
and construction ol' large drift chambers that will be 
inserted behind the bubble chamber to enhance the 
downstream capabilities, both in regard to the accuracy 
of momenta determinations and io the physical size of 
the angular acceptance of the region surveyed by the 
proportional-wire systems. 

E. L. Hart' 
FI. K. Erashear' 
T. H. 1 3 ~ ~ ~ s l 1 ~ ~ 3  

Work has also continued on the analysis of the initial 
expesinicnt perfornied with the hybrid system at 
FNAL, namely, an exposure of !he hydrogen bubble 
chamber to 147-GeVlc IT- 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 
?r--p and K - p  interactions. 'The latier particles were 
present in about 2% of the beam and were tagged by an 
upstrean1 Cerenkov counter. OUI rneasureinent s are, in 
the main, jii agreement with others that have been niiide 
at  these higher mocnenta. The most interesting feature 
of the data is that  the scaling betiavior of the ptlrtjal 
topological cross seci.ions, ;IS predicted by Koba, 
Neilson, and Oleson: is verified by the r - p  data over a 
broad range of pion momenta. In another paper, the 
inclusive arid semi-inclusive c m s  sectioiis for po p r o -  
duction from 147-GeV/c ri'p iriteractioris was dis- 
cussed. The total observed p" CJOSS section was 7.3 .t 
1.3 nib, most of which occurred in the lower topology 
events (less than ten outgoirrg prongs). This value is 
substantially slnaller than the 13.5 ir 1.3 nib value 
reported in n-p  interactions a t  205 GeV/c.' The 
principal difference in the two experiirients is in the 
large value for the p" cross section reported at 205 
GeV/c in thc events o f  lugher topology (310 prongs). 
The deterniination of partial resonance production 
cross sections i n  high-topology eveiits is quite sub- 
jective, arid the above dit'ferences are probably due to 
different assumed backgrounds and different paratn- 
eters employed for the Breit-Wiper resonance-fitting 
procedure. A third paper presented evidence for the 
so-called clustering emission model of particle produc- 
tion at high energies. The data support the hypothesis 
that charge and transverse momenta are locally con- 
served on the rapidity axis. 

6. High-Energy and Me ium- Energy Activities 
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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 ivN Interactions a t  
Syracuse University. This talk summarized the world 
sample of stopping 5 interactions with complex nuclei. 
Very few data exist concerning stopping f interactions 
in nuclei heavier than deuterium, except for nuclear- 
emulsion data where the identification of the target 
niicleus is a well-known difficulty. Our previous experi- 
ment, which suggested the existence of a neutron halo 
in heavier nuclei, is virtually the only systematic study 
of stopping interactions. 'lhis result was criticized by 
Gerace, Sternheim, and Walker6 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 5 capture in the 
nuclear periphei-y and used free-particle pion-nucleon 
charge-exchange cross sections t o  arrive at their con- 
clusion. In  a short note7 we challenged the use of 
free-particle cross sections to  infer secondary charge- 
exchange interactions following capture. K- .  meson 

capture is an entirely analogous physical situation with 
the added virtue that one can identify specific charge- 
exchange reactions from the charge states of the 
emitted pions and hyperons. The use of free-particle 71 

charge-exchange cross sections implies that charge 
exchange would be about an order of magnitude larger 
than is observed experimentally following K - capture. 

Work was also begun on an investigation of the 
various elastic and inelastic (annihilation and non- 
annihilation) scattering from the nuclei of carbon, 
titanium, tantalum, and lead. This work was initiated t o  
check the reliability of calculations made by Pilkuhn' 
based on a black-sphere model for the absorption of 
slow negative hadrons. It will also be the first ineasure- 
ment of low-momentum (-300- to -400-MeV/c) 
interactions with complex nuclei. 

n'-DEUTERON INTERACTIONS AT 15 &V/c 

We have completed the measurement phase of a 
15-GeVlc 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 for events with an identified stopping-proton 
track. A total of 55,000 events were measured at  OKNL 
with the spiral reader. About 905% of the events passed 
the filtering program and yielded data suitable for 
processing through the three-view geoinetrii-recon- 
struction program. After kinematic fitting of each event 

t o  hypotheses of interest, data sumnary  tapes were 
prepared. Analysis of the data has just begun, and the 
preliminary results are consistent with previous meas- 
urements at sirnilar energies. We will search for produc- 
tion of higher-mass bosons and compare the data t o  
predictions of theoretical models. 

n--PROTON INI'ERACTIONS AT 8 GeV/c 

We are continuing to scan and measure film obtained 
at S I A C  with the hydrogen-filled 208.3-cm bubble 
chenrber exposed to a beam of 8-GeVlc So far, 

75,000 events have been measured on the spiral reader. 
Considerable effort has been spent on improving the 
efficiency and reliability of the filtering program. Our 
share of the film is one-third of a larger exposure donc 
in collaboration with MIT  and Tohoku University, 
Japan. We are planning to pool our data to obtain high 
statistical results. Preliminary data based on early 
incasurements show the expected general features in the 
iwo- and three-pion mass distribution. We expect t o  
study in detail A 2  meson production in association with 
A(1236) production, which will enable us t o  effect a 
meaningful check of the hypothesis of charge inde- 
pen den ce. 

__..___ -~ 
I .  Consultant to ORNL from the University of Tenneswe, 

2.  Instrumentation and Controls Division. 
3. Guest asign-e to ORNL from the Univcrslty of l'ennessee, 

4. Z. Koba, H. B. Neilson, and P. Oleson, Nucl. Phys. B40, 

5. € .  C. Winkelinannet al.,Phys. Let t .  56B, 101 (1975). 
6 .  W. J .  Gerace, M .  51. Sterr theh,  and J .  P .  Walker, Phys. 

7. Vi. hl. B u g ,  G: T. Condo, and H.  0. Cohn, Pliys. Rev. 

8. 13. Pilkuhn,%. Phys. A273, 259 (1975). 

Knoxville. 

Knoxville. 
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THE T +  f d -+ p +- p REACTION AND 
THE DEU'I'EWON D STAlE 

E. E. Gross 
C. A. LudemJnn 
M. J. Saltmarsh 
B. M. Preedom' 
C. W. Darden' 
K. D. Edge' 
'I. Marks' 
M. Blecher' 
K. Gotow' 

R. L. ~ u r m a n ~  
K. P. Redwine3 
W. R. Gibbs3 
E. L.  omo on^ 
K. Gabathuler4 
P. Y. Bertins 
J .  Alster6 
J. P. Perroud7 
B. Goplen* 

The D-state probability, P D ,  of the deuteron has been 
the object of niuch study. The understanding of the 
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Fig. 6.1. Angular distribution for an incident plon energy of 

50 MeV. The curves are calculated using either Hnmadddohnston 
(HJ) or boundary-condition-niodel (HCM) wave function\ with 
the D-state permntages (Pg) indicated 

binding energy, the magnetic dipolc moment, and the 
quadrupole moment of the deuteron requires a varia- 
tion in Po from 4 to 7%. Deuteron wave functions 
determined f i o r n  a description of nucleon-nucleon 
scattering, deuteron electromagnetic form factors, and 
elastic r-d scattering contain a D-state admixture of 5 
to 7%. 

We have nieasured angular distributions for the IT' t d 
-+ p + p reaction at incident energies of 40, 50, atid 60 
MeV. These data were taken using the low-enera pion 
channel at  the Clinton P. Anderson Meson Physics 
Facility at the Los Alarms Scientific Laboratory. 
Because of the large momentum misinatch be tween the 
entrance and exit channels (i.e., pn - 100 MeV/c, p p  - 
400 MeV/c each), this reaction should bc sensitive to 
the high-momentum components of the deuteron wave 
function. Goplen, Gibbs, and Lornong arid Goplen' 
have shown that this reaction is sensitive to the D state 
of the deuteron. 

Figure 6.1 shows the angiilar-distribuiion datd meas- 
ured at 50 MeV and the results of calculatioris for the 
differential cross section. The form of the reaction 
niechanisni allows the pion to scatter from one nucleon 
to another before it is absorbed. The contributions 
from on- ar id  off-nionieritunl-shell terms are the same 
for each calculation. Only the forin of the deuteron 
wave function and the D-state percentage were changed. 
The calculation using the Hamada-Johnston (NJ) wave 
function (.Pn = 6.96%) and that using the boundary- 
condition-model (BCM) wave ftinction ( P D  = 7.57%1) 
are cssentidly parallel, but both have a different slope 
from the calculation using the BCM (U, = 4.5670j wave 
function. This is interpreted to m a n  that the IT+ t d --f 

p + p angular distribution is very sensitive to the 
magnitude of the .D-state wave function but that it is 
not sensitive t o  the exact form of the radial wave 
function. 

---__-___ 
I .  Uriiversity of South Carolina, Columbia. 
2. Virginia Polytechnic Institute and State University, Blacks- 

3. Los Alamos Scientific Laboratory, L.os Alatnos, N.M. 
4. Swiss lnsritu te for Nuclear Physics, Villigen, Switzerland. 
5 .  University of Clermont W, Clermont-Ferrand, France. 
6 .  University of Tel-Aviv, Tel-Aviv, Israel. 
7. University of Lausanne, Lausanne, Switzerland. 
8. Science Applications, lnc., Albuquerque, N.M. 
9. E.  Coplen, W. R. Gibbs, and E. L.  Lorrion,Phys. Rev. Lett. 

10. 8. Goplen, Ph.D. thesis, University of New Mexico, 1975. 
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7 .  Molecular and Matcrids Research 

Electron Spectroscopy 

INTRODUCTION 

T. A. Carlson W. B. DresT 

During 1975, the principal effort of the electron spectroscopy program has been the 
constiuction of a chamber where photoelectron spectroscopy can be carried out  under 
ultrahigh-vacuurn conditions. The main thrust of our future program will be directed 
toward the study of the electronic structure of niolecules adsorbed onto surfaces. In 
addition t o  clarifying the basic relationships between the photoelectron process and the 
electronic structure of molecules, these studies will provide new tools for research in 
heterogeneous catalysis. In particular, we have a strong interest in the nature of the 
angular dirtribution of ejected photoelectrons from a partially orientated molecule. TO 
this end, two photon sources have been constructed: an x-ray source with changeable 
anodes and an He 1 discharge lamp (21.22 eV) Miith a device for polarization. Different 
ports allow a change in angle betweexi the direction of the incoming photons and ejected 
ph:toelectrons, and the sample can rotate 360” about its axis. 

As a test of the new chamber, both photoelectron- and photon-induced Auger spectra 
have been taken on an Mg-MgO system. In addition, experiments were made on 
aluminum, silicon, and sulfur compounds before the new chamber was put into place. 
The primary intercst in these studies was the difference in chemical shifts of the core 
binding energies between measurements made using Auger data and x-ray photoelectron 
data. This difference has been called the “Auger parameter” and is related to  the 
relaxation energy or polarizability of rno1eciiles.l I t  will be particularly interesting to  
measure this important quantity for molecules adsorbed oil the surface, and studies o f  
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. ‘[he 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 n orbitals associated with double-bonded carbon. A more detailed report is 
gven in this section. 

Finally, plans were made with the help of F. A. Grimm,’ G. S .  Painter,3 D. l>iIl: 
and J. Dehmer’ to  set up  a program for calculating photoelectron cross sections as a 
function of the angle of the ejected photoelectrons, using molecular orbital methods 
employing x, scattering. These results will be used to compare our earlier results on 
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randornly oriented gas irioleculcs and to evaluate the anticipated results on molecules 
preCei-ent'lally oiieiitatcd on the surface. 

___ ____ ._._._ 
1. c. ut. Wager, Fdmduy Biscuss. Chem. Soc., in prers. 
2. Consultarit to ORNT, from the Univcxsjty of Tennessee, Knoxville. 
3. Metals arid Cerarnics Division. 
4. Boston University, Hosron, Mass. 
5 .  Argonne Natioriil Laboratory, Argonne, 111. 

~ ~ ~ ~ A ~ ~ G ~ - V ~ ~ U ~ ~ ~  C, AMBER AND DATA, 
SYSTEM FOR ELECTRON SPECTROSCOPY 

I;. 11. Ward' 
'T.  A. Carlson W. H. Ghms 

Major modifications were made last year to the 
elec!rosta tic mdyzer. These consisted of construction 
of an u l t r a k i ~ S v a c u L i ~ ~  ( u h )  chamber and photon 
sources and the developinen t of a new data-taking 
system. (See Fig. 7.1 for an overall schernatic of the 
spectroineter.) The new chamber is a stainless steel 
bakeable bell jar wj th 11 ports. 'The system is pumped 
with an NRC-4 ciiiffusion p~imp which is carefully 
LrappeJ wiih ; I  Cranvillc. Phillips double-wall nitrogen 
trap. The system is designed to operate in the low 
IO-'' torr region. An ion gun is employed for in-situ 
cleaning of the sample. 'Yhe sample holder is nianipu- 
lated in x, y ,  and z directions and may be rotated about 

Two types of photon sources have been designed iind 
built. They can he placed in different pcms t u  direct 

its =is by :36d'. 

/'1 

D d l A  AND CONTROL 

their beams at angles of 45', SS", 90", and 13.5" to the 
directioii iif the ejected photoelectrons. Both photon 
soi~rces can be iised in the source chamber simnul taw 
ously, One photon source produces cha racteristir, soft x 
I-ays. Its anode and thus the nature of the characteristic 
x rays can be varied. At present, a mixed silver- 
alurnirium anode is being used. '&e aluminum K ,  x rays 
ai-e used iri obtaining core-level photoelectron spectra, 
whereas the silver L x rays 311: useful for producing 
KLL Auger spectra of the third-row elemcnts. The 
second photon source produces 21.22-eV radiation by 
rneans of a helium ga:;ls-disi:harge lamp. 'Triple differen- 
tial pumping is used to reduce the ;~niount of helium in 
the chamber. A special feature is a rotatable retlection- 
type polarizer using three gold mirrors, which should 
yield 9(Y% polarization; lhe desigi is taker1 froin H-Jorton 
et aLz 

Ejected pho loelectrons are .transferred to the entrance 
slit of the arialyzzc by means of a three-element lens. 
This arrarigerixnt has several advantages. First, having 
h e  sample a t  a large distance froin the ~pectrometer slit 

HIGH VOICUUM p-- 
SOURCE CKAMBER 

L T 
DISK 

STOHAGL 

-.... 

.. . ....... .. . . . . 

LAMP 

L .............. __J 

Pig. 7.1. Experimental arrangement. 'The schematic sketch of the  sour^^ chamber shows thc photon sources (x my and uv), ion 
gun (G),  window (W), ion gxg (<;A), transfei lens ( r ) ,  md sample mluiipulator and source cagp (a. The electrostat,ii analyzer 
iridicates the rela w e  posilioii of the entrance slits and detector, with a typical electron orbit shown as a dotted line. A block diagram 
of the data-handling system depicts the major components of computer, detector electronics, disk storage, plotter, display scope, 
Fogrmimahle ~wwer  supply, and both Teletype tcrniinals. 
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minimizes contamination from the spectrometer, which 
is not bakeable and is maintained at a pressure from 

to torr. Becausc of the small slit, the 
pressure in the uhv chamber can be maintained by 
differential pumping at lo-’’ torr so long as direct 
line-of-sight contamination can be avoided. Second, the 
transfer lens also seiws to accelerate or decelerate 
electrons to a constant voltage, which is of advantage in 
opcrating a position-sensitive detector. Third, the triple 
lens allows for efficient transfer of electrons even 
though the sample is set some distance back from the 
entrance, thus offering more room to manipulate the 
sample and the different photon sources. 

Substantial improvement in data handling has also 
been achieved. A position-sensitive detector consisting 
of a channel-plate multiplier array3 and located at the 
focal plane of the electron spectrometer has been 
interfaced to a PDP-8/E minicomputer as shown in Fig. 
7.1. A programnia1)le 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 spectrornetcr are set to a predetermined voltage 
so that only electrons of a set energy are allowed to fall 
on the detector array, any portion of the spectrum may 
be selected, acquired, and stored for later analysis. The 
range in energy of each spectiurn is about 5% of the 
kinetic energy of an analyzed electron and is dis- 
tributed over 1024 data channels with a linearity of 
better than 2%. 

A software system for on-line data acquisition and 
real-time conti-ol of the spectrometer has been de- 
veloped, incorporating both direct experimeiiter control 
of the system as well as a “batch” capability that allows 
a set of instructions to be executed automatically 
without operator intervention. Various portions of the 
spectrum undcr study may be selected, counted for a 
predetermined live time, plotted on graph paper, 
displayed on the scope screen, and saved on the 
disk-storage device. A second Teletype terminal is 
devoted to any “background” tasks that will execute 
when the data system is momentarily idle. Such tasks 
could be the running of a Fortran program, develop- 
ment of other programs, and computing on previously 
acquired data. 

In  addition to the real-time system, a number of 
data-analysis program in Fortran iV, Basic, and 
machine language are available. ‘1-hese programs allow 
correction of the energy scale, correction for detector 
response, peak integration, and data display and plot- 
ting. The system of programs is versatile and written 
with the outside user in mind. Changes to the system 

are quick and easy to make, and a visiting worker could 
easily write his own special program using existing 
modules. 

The complete spectrometer system, including high- 
vacuum source and data acquisition, has been tested, 
and a number of Auger spectra of the Mg-MgC system 
have been acquired and examined. ‘Phe next phase is to 
explore surface orientation of adsorbed species using 
the polarized He II radiation. it is here that we expect 
the biggest benefit of our new data. system to make 
itself felt in its ease and rapidity of handling the high 
counting rates and the many spectra we hope to obtain. 
____ 

1. Plant and Equipment Division. 
2. V. G. Horton e t  al., Appl .  Opt. 8, 667 (1969). 
3.  C. D. Moak et a!., J. Electron Spectrosc. Rrlnt. Phenorrz. 6, 
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STUDY OF SATELLITE STRUC’TURE FOUND 
IN THE PHOTOELECTRON SPECTRA 

OF GASEOUS HYQROCARB 

T. A. Carlson 
W. B. Dress 

F. A. Grimm’ 
J. S. IIaggerty’ 

Electron shakeup can occur in a molecule when an 
electron is suddenly ejected from a core level. This is 
manifested in the photoelectron spectrum by the 
appearance of satellite structure which occurs at a 
photoelectron energy lower than the main photo- 
electron peak by exactly the amount of excitation 
present in the electron-shakeup process. Electron shake- 
up i s  defined as the transferring of an electron (most 
probably an electron from the valence shell) into an 
excited bound state as the resu1.t of a sudden change in 
core potential. 

It has been noted with unsalurated hydrocarbons in 
the solid phase that a rather sharp satellite peak is 
found at small energy separations from the main peak.3 
I t  has been postulated that these peaks are due to the 71 
+ n* transition involving the 7~ orbital that results from 
the carbon-carbon double bond. In addition, the be- 
havior of the low-excitation-energy peak with regard to 
relative excitation energy and intensity was correlated 
with properties of the carbon-carbon double bond. 
Because of the interest and importance of the solid- 
phase work, it is essential that the basic understanding 
of electron shakeup due to excitation of the T orbitals 
be examined with free molecules in the gas phase. 
Experimentally, photoelectron studies in the gas phase 
have a much better peak-to-background ratio, ind 
contributions from characteristic energy losses can be 
determined and corrected. Theoretically, electron 
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shakeup calculations can be made using molecular 
orbital theory and can be compared directly with 
experiment. 

We have carried out photoelectron studies using a 
magnesium K,  x-ray source on a group of unsaturated 
aliphatic hydrocarbotis: ethylene, propylene, I-butene, 
trurrs-2-butene, cis-2-butene, and butadiene, and for 
comparison, some saturated hydrocarbons: methane, 
propane, and cyclopropane. In each case, spectra were 
taken in the vicinity of the carbon Is photoelectron 
peak. Studies were also made on CF, and furan. In  each 
case, characteristic energy losses were deterniined by 
pressure studies and separate electron-impact measure- 
ments. During this work a similar investigation has beeri 
reported on @seous benzene and s(me or its deriva- 
t i v e ~ . ~  

Figure 7.2 shows two typical spectra of ethylene and 
propane. The dotted line gives the sniall contribution 
from inelas tic collisions of phot oelectroris passing 
through the gas. The satellite strucuire can be divided 
into two groups. One group is characterized by a 
datively sharp peak at low excitation e n e r a  (about 6 

to 8 eV) which is believed to result horn the T --f i ~ *  

transif:ion and is usually from the highest-occupied to 
the lowest-unoccupied molecular orbital. In addition, 
there is a broad complex band that pcaks at an 
excitation energy of about '20 eV and has a long tail. 
This satellite structure probably contains contributions 
Proin the excitation o f  o orbitals and may also include 
contributions from electron shakeoi" (transition to tlie 
continuurn). The absence of a low-energy peak in 
propane as compared to etliylene is striking and gives 
confidence to the ignnient of that peak to tlie 
carbon-carbon double bond. 

In Table 7.1 are listed results on the intensities of the 
satellite structure. 'The broad excitation band i s  similar 
in each case, atnountjtig to about :XY% of the main peak. 
The sharp, low-energy excitation peak is found in each 
of the unsaturated hydroc:trbons, and its intensity is 
roughly poportional to the ratio of the auniber of 
double bonds to the total number of carbon atoms in 
the molecule. 

Theoretical calculations or1 the interisity of the 
71 + T* transition were macle using the slidden approxi- 

(XiNL-aWG 16-3254 
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Fig. 7.2. Photoelectron spectra of ethylene and propane showing the satellite structure plotted as a function of kinetic energy 
relative to the main peak. Magnesirini KoI x rays (1254 eV) were used 3s a photon source. The dotted CUTVZS are a measurement of the 
small contribution from inelastic collisions of the ejected photoelectrons passing through the gas samples as determined fmrn 
electron-gun measurements. Regions I and 11 are as defiried in Tdbk 7.1. 
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[able 7.1. lntmsiiy of satelli’e structure obsemed in the photnelectmn 
sp~ctra of gasems hydrocarbons Telatke to main peak = 100 

~ _ _  Fxperimen __- tal 

Kegion 1‘ Repion 11’ K-’ X*  

I heory‘ 
Molecule 

Ethylene. H2C C H l  9.6 27.3 6.4 

Propylene. :I,C=CH CH3 6.7 31.4 4.1 

l-uutcne, H2C-CH CIla -C€Ij 4.2 35.5 2.9 

4.8 2.8 
,Cfb 

/ CH 

C H j  ,CHi 

i~aarrs-2-Butene, 

CHJ 

as-2-Bu tene. ‘CH CII 5.6 3.3 

Butadienc, C!12=CH CH=CI12 15.6 (4.4)d 31.7 14.9 (8.1)d 

Propane, CII3 4 1 1 2  CH3 33.7 
-~ ~ ~ 

‘Intensity of low-excitation-energy sate!lite peak. 
?ntensity of higherexcitation-energy satellite band. 
CCalcuIation of low-energy ir -+ ?i* transitions. using Eq. (1) with CNDO/2 

dShows two distinct peaks; intensity of lo,Nar..cxcitation.enerKy pcak siven in 
W ~ Y C  functions. 

parentheses. 

mation, from which the transition probability to a given 
final state. pl - j ,  is taken as 

where $ j  is the wavc function for the initial neutral 
molecule, or, specifically, the frozcn orbitals repre- 
sented by that molecule with the provision that one 
electron from the 1s carbon shell has been removed, 
and J / f  i s  the relaxed state of the ion with oile electron 
missing from the Is carbon s l id .  Equation (1) was 
solved by using CNL>3/2 molecular orbitals and 
assuming that the final states can be approximated by 
using a nuclear charge of 2 -1- 1. No provision was made 
for ccupling the unpaired spins. The comparison bc- 
tween theory and experiment in Table 7.1 is siirpris- 
ingly good? considering the crudeness of the wave 
functions used. Furthermore, the ca.lcillations have not 
bezn normalized, which, when done, should bring the 
calculated values up slightly to even better agreement 
with theory. Specifically, the calculations showed that 
the shakeup due to rr --’ ii* was substantial only when 
vacancies were created in thc carboii attached to the 
double bond aiid that the transition rates were fairly 
independent of the molecule, thus confirming the 
obsewaiions that the intensities of the first satellite 

carbons associated with the double bonds. Butadiene 
has two double bonds and, curiously, also has two 
distinct peaks at low excitation encrgy in its photo- 
electron spectia. Mowever, calculations show a much 
more complicated situation. Because, iil butadiene there 
are two occupied 71 orbitals and two unoccupied rr 
orbitals, a total of four different transitions are  OS- 
sibls. In addition, a fairly intense transition was found 
involving 0 orbitals which also appears in roughly the 
same energy range. 

In conclusion, the sharp distinct satellite peak found 
in x-ray photoelectron spectra of unsaturated hydro- 
carbons can usually be 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 frorii the Unhersiiy of Teimessec, 
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4. T. Ohial T. Fujikowa, and H. Kuroda, Cherri. Phys. Lett. 
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from Manhailan College, Bronx, N.Y. 
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peaks rvepe proportional to the relative number of 37, 569 (1975). 
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HYPERFINE INTERACTIONS IN SOLIDS 

F. E. Obenshain 
P. G. HUJay’ 6. Yettit2 

J.  0. TI homson’ 

C .  M. Tung3 

These investigaiims oC hyperfine interactions in solids 
use expdriinental technitlues of nuclear physics applied 
to solid-state physics and provide information about (lie 
enviconment of ttie atomic nucleus in metals, alloys, 
and compounds. Among these techniques are the 
Mossbauer effect, perturbed angular correlation (PAC), 
and time-differential perturbed angular correlation 
(TDPAC). These methods are cvinplementary and give 
information about riuclear physics as well as solid-stdte 
physics. Together, these masuiement techniques re- 
flect in three distinct ways the changes in local behavior 
of the material under investigatiori. The electric 
rnonopole interaction (isomer shift) shows changes in 
the electronic charge density at  the riucleus. The 
magnetic dipole iriteraction is a measure of the mag- 
netic properties of the material, and the electric 
quadrupole interaction reflects the charge synmetry of 
the crystalline structure. When t h s  information is 
combined with that from electron spectroscopy for 
chemical analysis (ESCA), neutxon diffraction arid 
inelastic scattering, magnetic susceptibility, and nuclear 
magnetic resonance data, a complete description of 
solids emeiges. 

Electron-Charge-Uensity Distributions 
Surrounding Impurity Atoms in Gold 

’Au for 
1-, 2-, and 4-at. % solid solutions of calcium, scandium, 
titanium, vanadium, chromium, manganese, iron, 
cobalt, nickel, copper, zinc, galliurn, germanium, silver, 
cadmium, indium, tin, and antimony with high-purity 
gold have been extrapolated to 0 at. Y, to deternilrie the 
influence of‘ single impurities upon the electronic 
conduction band of gold. The screening “cloud” of 
electrons distributed about the impurities has been 
interprsted tlrrough a phase-shift analysis of electron 
scatrering by a perturbation potential 

Mossbauer isomer-shift measurements of 

located at the impurity site tj. Following the classical 
nuclear physics technique we hwe  chosen to parain. 
eterize the impurity potential by assuming i t  to have 
the form of a square well of radrusa(0.5 of the gold 
near-neiglibot distance) and of variable depth depending 
on the angirlar momentum and spin of the incident 

scattered electron of the gold conduction band. r h i b  
technique has been used by t riedel atid others to show 
that the residual electrical iesistinty 1 /a brilught about 
by I a t  % of the inipuntie5 may be expressed in terms 
of the phase sliift 6&kp,) of the incident W J V ~  functiun 
when evaluated at the gold Fermi level ~hwugh  

The expression is modified slightly for spin-dependent 
61. It has also been demonstrated that preservation of 
electrical charge neutrality in a lxge sphere about the 
impurity requires that the various S#cF) salisfy the 
sum rule 

where N is the nominal charge differenc:: Az between 
the impurity and gold atoms. (We also correct for local 
lat lice sti aim.) 

We have extended these calculations to account for 
the ixrcreinental change in electron charge density a1 the 
12 near-neighbor gold nuclei, at the 6 secood-near- 
neighbor gold nuclem, etc. We ihen interpret cliaiiges in 
the Mossbauer Isomer shift of the 7 A ~  nuclei (after 
volume corrections) ;1s the average influence brought 
about by the presence of the impurity scattering 
“cloud.”4 Resitiud electrical resisttvity measurements, 
the excess nuclear charge Ne to be screened (the local 
magfietic momenl), and the Mossbauer scattering oleas- 
utements all extrapolated to 7‘ = 0°K thus provide an 
interpietation of three (four) unltriown phsse s h i h  that 
must satisfy three (four) sixnrittaaeous tr:mscendental 
equations. We have done this for all irnpuiities sttidied 
here and present the results iti terms of the total 
scattered charge surrounding rach impurity in terms of 
the vanous angular moirie~ita and spin. Figure 7.3 shuws 
the resultirrg variation of this frxllondl charge for the 
case of no local inagnnetic moment at T = O”K, that is. 
oidy S, p s  itrtd d types of  scattered charge. The results 
are given relaaive to +he electronic angularmuinen turn 
character of the conduction band of pure gold. (rf this 
band is assumed to have pure s character, one s electron 
should he added to !he values shown.) For comparison 
we have inlcuded in Fig. 7.3 the electronic states 
expected for a free atom of the impurity. 
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Valence States of BaFeO, 

Barium ferrate' 7 6  and strontium ferrate' are the only 
two known compounds of iron that exhibit ionic 
properties corresponding to Fe4' and Fe6+ as well as 
Fe3+. Samples of these compounds were prepared by a 
new technique8 here at OIINT,, and the hyperfine 
interactions were studied by the Mossbauer effect. The 
electronic charge densities for these three ionic states 
have been calculated, and they indicate increasing 
charge density with increasing valence. With respect to 
pure iron, the isomer shift should become more 
negative the higher the valence state. This is observed 
experimentally; however, the relative magnitudes of the 
isomer shifts show that there is considerable covalent 
mixing for the three valence states. 

The method of sainple preparation used here was to 
react barium hydroxide and iron oxide in a high- 

pressure-steam environment and to observe the hydro- 
gen released. From this information an estimate of Fe4' 
could be obtained. The use of the Mossbauer technique 
serves to identify the oxidation states present in the 
reacted sample. 

The Mossbauer spectra showed that the three ex- 
pected valence states were present in freshly prepared 
samples of BaFeO,. The most negative isonier shift is 
taken to be BaFeQ4 for Fe6+ and, for the most positive, 
2Ba0.Fe,O3 for Fe3+ and BaFe03 for the Fe4+ that 
appears in between. The relative amounts of three 
charge states assuming similar recoilless fractions are 
20% Fe5+, 40% Fe4+, and 40% Fe6'. This is rather 
surprising, considering the difficulty in preparing Fe6+ 

When exposed to the atmosphere, the samples used 
showed a slow transition to an almost pure BaFeO; 
Fe4+ state, which then appears to be stable. The 
transformation of thy Fe@' to i;e4* is to be expected 
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from eneigetics. However, the transformation of the 
Fe3+ to Fe"' i s  not to be expected. Any other 
interpretation of our results would require unrealtstic 
assumptions, for exaniplc, about the electric quad- 
rupole interaction. 

Electric Quadrupole Interaction 
at ~y in ~ d ~ 0 ~  

We have applied the time-differential perturbed angu- 
lar correlation ('ITUPAC) and Mossbauer tecliniques to 
iiieasiire the electric quadrupole interaction at l G  Dy in 
Cd, 0,. Two previous Fvl6ssbauer effect studies of 
1 6 1  Dy in C;d,O, have been reported. In  the first 
experirnen t a cornpiex emission spectrum was observed, 
and this was interpreted in ierrns of two electric-field.. 
gr;idient knsors, the larger having a11 interaction energy 
of -1000 MIIz.' In the second experinlent a unique 
electric field gradient was obtained with an electric 
quadrupole Frequency of 185 *l/lt+z.' O 

For the present tneasurenlents with the TDPAC 
method a distribu tioii of electric-field-gradient tensors 
was used to fit our data at both 20" arid 650°C. With 
this model an average value for rbe field :ind an 
associated width i s  obtained from the experimental 
data. At rootn teinperature (20°C) the average electric 
quadrupole frequency was -557 M H t  with a width of 
-180 MHz. Wieii the temperature was raised to 650°C 
the frequency decreased lo -235 MI-tz, whereas the 
width of the dislriburion increased to -582 Mllz. 

The &lijssbauer rneasurernent at room temperature 
yielded a result that is consistent wiih this distributiorr- 
of-fields model. The source for the Mdssbauer measure- 
ment is G d 2 0 3  that has been irradiakd in the reactor 
lo produce ' 6 1  Dy* :IS in the T'UPAC measureinent. For 
the absorber we have used an ordered 50-at. 9) DyCu 
intermetallic: compourrtl. The alloy has cubic symme tly, 

and no electric field gradients are expected. The 
Mossbauer speclra tend to substantiate but do not 
prove this conclusion. 

'The Gd ions iii Gd203 occupy two different types of 
lattice sites, arid a unique electric field gradient would 
not be expected. 
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RADIO-FREQUENCY SURFACE RESISTANCE OF 
LEAD NEAR THE CRITICAL TEMPERATURE 

J .  R. I'hompson' C .  M. Jones 

Introduc tio 11 

We are investigatmg the rf surface resistance. K,, of 
lead up to and beyond the superconducting criticd 
temperature, 2;: = 7.20"K. The work has been done 
using a lead-plaied, helically loaded cavity constructed 
largely of OFI-IC copper.2 The funtlamentai frequency 
of the cavity is f l  =- 137 MI-fi; most of the measure- 
inenls reported here were perfhrrned at the second 
harmonic, f2 := 229 MHz. To the best of o u r  knowledge, 
this is the fii-st detailetl exainiriatiou of  surface resisf - 
a i m  neal 2, for a high-quality lead surface, particnlarly 
ai  conpmtively low i~ieastire~nent frequencies. The 
objectives uf this work are (1 j to cxarnirie ihc criticill- 
point behavior of R, for superconducting lead, (2) to 
compare tlic results of theoretical calculations within 
the BCS framework with expcrinient fol- thc tempera- 
ture region where ?'/TL 5 0.5 2nd to obtain ilie 
resulting material parameters for lead, and ( 3 )  to 
examine I<,  in the anomalous resistsnce regime, T 1 T,. 

Previous experimental studies of K ,  have concetl- 
trated on the low-ternperat ure region. typically T/T(: .< 
0.5, wliei-e the experirnental values, Respt ,  can he 
described by 

Ifere R H ~ S  is ihe tetnperature-dependent theoretical 
surface resistance, calculable3 9' as a function of the 
electronic inem free path 1, thc 120ndon pciietration 
depth XI,. the superconducting gap A, arid the coher- 
ence length ( t , , ;  R,,, is an additional, temperature.- 
independent residual resistance wfiose inagriiiude de 
pends on the qualily of the surfact: being studied. To 
within an additive corislant, the agreernent with theory 
is satisfactory for the low-temperature region. 

A t  higher temperatures. however. i t  is important to 
establish the range of  validity for the theory. For 



example, as 1" + Y>, the superconducting energy- gap A 
is no longer constant bu t  decreases from its l o w  
temperature value and eventually vanishes at  1' = TC. 
L~xperimentnlly. this behavior makes it desirable to  
illeastil-e K ,  at  a comparaiively low frequency f as in 
this work, bccaiise direct absorption is caused by the 
breaking of Cooper pairs when hf> 2A. 

Experimental Measurenients 

Tlie rf cavity and transmission lines were situated in a 
well-insulated dewar constructed of fiberglass and alu- 
ininurn. To avoid the presence of significant external 
magnetic fields. the region iiear the cavity was shielded 
from the earth's magnetic field. 

The temperature o f  the cavity was deteimiined using a 
calihrated gernianium resistance theriiioriieter tnounted 
on the exterior surface of the cavity. Tlie resistance was 
incasured using a constant current supply arld a 
four-wire potentiori~etric technique. To verify that the 
resistor was calibrated accurately, it was checked where 
possible against the vapor pressure of He. that is. T < 
5 2 ° K .  Measurements of R,  below 5.2'K were per- 
formed by pressuiizing the dewar up to pressures of 
-1720 torr. Measurements above 5.2"K were per- 
formed by allowiiig the cavity to drift up in tempera- 
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Fig. 7.5. The Inw-telapcuahrre normal-state surface resistance 
of lead v? fseqrsency f. The line IS a ledst-square4 fit to ilie &ta, 
with R,  - A J ~ ,  a = 0.685 r 0.012 

ture \with only gaseour helium in thc dewar. Details of 
thc measurement technique have been described else- 
where.' 

Di,,ssion 

In Fig. 7.4.. thc surface resistance R, at f 2  = 229 MHz 
is plotted logaritlmically vs temperature 7: Just below 
2;. = 7.20°K, the variation is very rapid. Yhere, R ,  
increases by three orders of m a g n i h k  in an interval of 
-9.3"K and by one decade in an interval of  0.03% 
This region of extremely rapid change is being analyzed 
in teirns of the scaling laws and cfitical exponents as 
widely applied in critical phenomena.' For the entire 
temperature range, the BCS expressions are being 
numerically evaluated. 

At T, the surface resistance abruptly changes slope 
and becomes nearly temperature-independent. Just 
above T,, normal-state lead is in the anomalous 
resistance reyime where the electronic mean free path I 
is comparable with the rf skin depth 5 .  When 116 + 00 

the surface resistance approaches the extreme anoma- 
lous limit R,. 7 he normal-state surface resistance R ,  , 
which is within a factor of 2 t o  3 of R,, has been 
measwed as a furiction of freqwencyf This i s  plotted as 
a function of frequency in Fig. 7 . 5 .  The line is a 
least-squares fit t o  the data of the equation M, = Af (y 
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I n  the liope of' el itriinatjxig the high -voltage discharges 
thai led to destructioii of the field-emitter (FE) tips in 
the ?iri$rl..coherence rnierc~scnpe, the gun was rebuilt. 
'g?,,: bushing was replaced w i h  a ten-step accelerating 
tube and each of the 5.08-cm-long ariode I[---anode It 
insubztors was replaced with two 2.%-cm uniis. Coiidi- 
tioning ofthe entire gun to  200 kV wiis possible. 

To further protect tlie very delicate FE emitter:; and 
increase the reliability o f  the , p u n ,  a V ~ C U U I N  lock was 
added which permits exchange of enii tters without loss 
of the ultrahigh vacuum. In addition, the emitter may 
be wittidrawl rrom the guri into the Lock for protection 
during high-voltage conditionitig. A lock ch;imber pxes- 
sure of 10 -7 to triirr is adequate wjrii h e  I,S>))-cm 
opening into the gun chamber. 

Folluwitig tliese modifications to the gin,  the ctdurnti 
was p u t  Back in operation with specimen used, first of 
ail, to detertnine d ie  capability of the microscope. With 
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rahle 7.3. Isotopic shift observed in 
spectrum of S03F-  in KBr 

matxir at 7 7 O ~  

lsotope u z ( A i )  v4(E) 
-. . . . . . . . . . . . . . .. -. . . 

32s 737.0 1297.0 
33s 731.0 1288.0 
34s 726.5 1279.5 

~~ ~~~ 

rable in mass. We have considered the (0 -H- stretch 
and -(OI-I)- bend distinct from the vibrations of the 
S 0 3 X  group. The observed frequencies, shown in Table 
7.2, indicate that this is a good approximation. The 
solid-solution bands show the expected narrow half 
widths; which could only be estimated at room tem- 
perature because of the presence of bands from excited 
vibrational states. At 77"K, the half widths are 2 cm-' 
or less. At the lower temperature the vibrational bands 
involving isotopic sulfur atoms can be easily distin- 
guished with the intensity ratio of approximat.ely 
100:5:1. The frequencies observed for S03F . are giveii 
in Table 7.3. 

'The ions S 0 3 F  and S03(OI-I)-- readily form solid 
solutions in KBr and KI. Solution in XC1, NaUr, and 
NaCl is more difficult due to the size of the ion. Solid 
solutions were normally prepared by heating the appro- 
priate salt, in intimate contact with the alkali halide, at 
temperature? up to 150°C. At about 190"C,S03(OH)- 
decomposes in the matrix to gve SO2, SO3, and 1.1' 0. 
The ion S03F- is stable but above 2SOoC reacts with 
traces of moisture. 

Earlier spectroscopic work had been performed on 
alkali salts of these two ions; Raman studies were macle 
of aqueous solutions and infrared studies were made of 
the pure salt. Our work included laser Kaman spectra of 
the pure salt for comparison. We confirm the mssign- 
ments of Siebert' and disagree with the data of 
Walrafen, Irish, and Young,' while obtaining more 
precise frequencies and the first data on isotopic shifts. 

1. H. Siebert, Z. Anorg AZlg Chem. 289, 15 (1957). 
2. G.  E. Walrafen, D. E. Irish, and T. F. Young, J. Chem. 

Phys. 37,662 (1962). 

HELIUM lMPLANTATION IN POTENTIAL 
FIRST-WALL CTR MATERIALS 

J. A, Horak' 
M. J. Saltmarsh 

l<. L. Auhle 
J.  W. Woods] 

C. K. Thomas' 

Fusion-reactor first-wall materials will be subjected to 
intense fluxes of energetic neutrons (E,? 5 14 MeV) 

which will induce much higher nuclear transmutation 
rates than can normally be attained in fission-reactor 
irradiations. ?'he one exception occurs for nickel- 
containing alloys irradiated in a mixed fast-thermal-flux 
reactor [e.g-? the High-Flux Isotope Reactor (HFIR) or 
the Oak Ridge Research Reactor (ORR)] . In this case 
the two-step reaction ' N ~ ( ~ ~ ? , Y ) ' ~ N ~ ( ~ z , o ~ ) ' ~  Fe results 
in helium production rates similar to those expected for 
a fusion reactor. Fortunately, not only is helium 
regarded as the most important transmutation product 
from the radiation-damage standpoint, but early fusion 
reactors will almost certainly use stainless steel as a 
first-wall material. Fission irradiations will therefore 
provide the CTR program with information applicable 
to these early devices. Eventually, however, stainless 
steels may be superseded ' ~ J Y  one of the refractory 
metals, for which the helium generation rates in fission 
reactors are far too low. ;The effect of helium must be 
examined by preinjection of the samples before irradia- 
tion. For such a simulation pi-ocedure to be validated, 
correlation experiments are required to compare the 
postii-radiation properties of samples that have been 
preinjected with helium and then irradiated with those 
of samples in which the helium and displacement 
damage have been produced simultaneously. 

We are currcntly engaged in a program that includes 
both correlation experiments with stainless steels and 
the investigation of some refractory-metal alloys. For 
the preinjection of helium we have used the 60-MeV 
alpha beam from O R K ,  employing a rotating wedge 
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 spccimens, a few of which are shown 
in the foreground, i s  backed by a thin sheet of some 
other metal of interest behind which cooling water is 
flowing. Heliurrr is deposited both in the tensile 
specimens and in the backing sheet, from which an 
equal number of tensile specimens can be obtained. 

IIelium levels of 60 to 200 appm, which are relevant 
to those anticipated for early C'TRs such as EPR-1, have 
been implanted in 300 tensile samples of type 316 
stainless steel, Nimonic PE-16, V-20 wt 74 Ti, and 
V-15 wt "/o Cr-5 wt %Ti. Forty-seven of these samples 
combined with 27 samples containing no helium are 
currently under irradiation in EBR-I1 to produce the 
dpa (displacement per atom) levels relevant to early 
CTRs. An additional 115 tensile samples containing 
helium and 125 with no helium will be placed under 
irradiation in EER-I1 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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Fig. 7.6. Water-cooled specimen holder used to inject helium into tensile and sheet specimens of various alloys. 

not been studied in previous irradiations of these alloys. 
The postirradiation mechanical properties of the 316 
SS and the PE-16 samples will be compared with those 
of companion samples that have been irradiated at the 
same temperature and to the same helium and dpa 
levels in ORR. The correlation obtained by this 
comparison will provide valuable information on the 
use of helium preinjection followed by fast-neutron 
irradiation for studying the swelling and postirradiation 
mechanical properties of refractory-metal alloys that 
contain helium and dpa levels relevant to  CTR appli- 
cations. 

Twenty-six tube samples of these alloys have also 
been implanted with helium (up to 60 appm). The 
tubes will be pressurized to produce stresses of the 
magnitude anticipated in the first wall of early CTRs 
and then irradiated in EBR-11. 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 
deformation processes in these alloys du 
irradiation. 

1. Metals and Ceramics Division. 
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Tortora, E. D. Alyea, Jr., A .  Levy, A. Napier, 1. A. Pless, P. I‘repagnier, G. T. Contlo, K. J. Piano, T. 1,. 
Watts, P. Stamer, S. Taylor, M. Johnson, 14. Kraybill, D. Ljung, T. Lmllarn, and M. ‘raft, “Feynman-x arid 
Rapidity Distributions of 7 1 -  and n’ Mesons Produced by 147 GeV/c r.--p Interactions,” Bull. Am. Phys. SOC. 
20, 14 (1975). 

R .  Hamiatz, D. J. Horen, and Y. A. Ellis, “Aiioniahls Ground States i n  the Neutron..Deficient 1’71 G A 
g; 181 Region,” Bull. Am. Phys. SOC. 2 

P. Lucas, C .  Y. Chien, A. M. Sh goff, K. M. Robertson, H. A. Rubin, J. Tortom, E. I). 
Alyea, R. 1. Hdsizer, LJ. Karshon, V. Kistiakowsky, A. Levy, A. Napier, 1. A. Ress, G.  T. Condo, E. I,. Hart, 
T. L. Watts, E. 3. Brucker, S. ‘Taylor, M. Johnson, H. Kraybill., D. Ljung, T. I,udlarn, and H. Taft, 
“Dependence of the Leading Particles in the 2, 4, arid W r o n g  Final States Produced by 147 GeY/c ~ - - p  
Intei.iictions,” Buli. Am.  Phys. SOC. 20, 14 (1975). 

L. G. Multhauf, K. G. Tirseli, and S. Ranian. ’‘ 
D. V. Petersexi, R. A. Bumstein, R. M .  Roberiso IMler; A.  M.  Shapiro, C. U. Chien, A,. Pevsner, R. D. S x d ,  

E. D. Alyea, Jr., F. Bruyant, J. Gruilhaos, E. Hafen, M. 1. Ildsizer, U. Karshori, V. Mistiakwwsky, \ti. M. Bugg, H. 0. 
Cob, T. C. Ou, E. R. Brucker, E. I,. Koller, I). Bogext, W. Uarletta, D. Dauwe: and M, Menton, “‘Charged Rang 
Multiplicities Produced by 147 GeV/c K Incident on Protons,”Bull. Am. Phys. Soc. 20, 14 (,1975). 

A. E. Rainis, R. S. ‘I’oth, E. Newman, C.  K. Binglmn, Ed. K. Carter, and W. D. ScImjdt-Ott, "isomerism 
in the New -w = X I   soto ope, 1 4 7 ~ y , , ’  ~ u l l .  ~ n t .  Phys. XOC. 2 

R. S .  Thoe, I. A. Selliri, M. D. Brown, J .  P. Forester, P. M. Griffin, D. J. Peg,  and R. S.  Peterson, 
“Energy Deperrdence of the Directional Anisotropy Exhibited by @mirnolecuhr K X adiatjon,” Bull. Am. 
Phys. Soc. 20, 7 5  (8975). 

K. G. Tirrell, L. 6. Multhauf, and 3. Rarnan, ‘‘Decay of  20-min 49K,’’ Z d .  Am. Phys. ,Yoc. 2 
(1975). 

Symposium an Interaction Studies ixr Nuclei, Maim, Gennany, February 1975 

in ‘*F  an3 ”F.” 

Western Regional Nuclear Conference, Manitoba, Canada, Febsu 

@, R. Satchler (invited talk), ‘Microscopic Description of 
Resonances.*’ 

Conferexice on Nudear Crass Sections land ~~~~~o~~~ (Topic 

M. Gari, A. E. Huffman, J .  Is. McCrory, and R. Offemann, “Weak Interaction Theories and Parity Mixing 

g and the Excitation o f  Giant 

Caenferencc of thee Amedcan ~~~~~~~ S~~~~~~~ 

H. J .  Allen, J .  W. Boldernan, . I. Kenny, A. R. Musgrove, 11. Pe, and R. E. Macklin, “Neutron Capture 
echanism in Light and Closed S 1 Nuclides,” Bull. Am. Phys. SOC. 20, 150 (1975). 

J. A.  Coobon, M. Humin, C.  A. Uttley, J. L. Fowler, and It. 83. Schwartz, “Absolute Calibration of 

J.  W. T.  Dabbs, 6 .  E. Bemis, N. W. Hill, and S .  R m a n ,  “Fission Cross Section Measurements on 

‘36”. B. Ewbank, “‘Computer-Readable rVucleur Data Shcetx,” Bull. Am. Yhy. s’clc. 2 

1. E. Fowler (invited talk), ‘“Panel and Roundtable Dhcussion o f  the Conference,” Bull Am. Phys. Soc. 

Was%ningtun, D.C., March 3-7, 1975 

Neutron Detectors in the 10---30 MeV Energy Range,” Bull. .4m. Php.  Snc. 20, 137 (1975). 

Short-Lived Alpha dmitters,” Bukl. Am. Phys. Suc. 20, 137 (1975). 

20, 175 (1975). 
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J. A. Harvey and N. W. Hill, “Neutron Total Cross Section of 6Li from 100 eV to 3 MeV,” Bull. Am. 

G. A .  Keyworth, C. E. Olsen, J. D. Moses, J .  W. T. Dabbs, and N. W. IIIII, “Spin Determination of 

M. S. Pandey, J .  B. Garg, J. A. IIarvey, and W. M.  Good, “High Resolution Total Cross Section in 5 4 F e  

S. Raman, C. W. Nestor, Jr., and J. W. T. Dabbs, “The 233U-232Th Reactor as a Burner for Actinide 

Phys. SOC. 20, 145 (1975). 

Resonances in 

and 56Fe,”  Bull. Am. Phys. SOC. 20, 166 (1975). 

Wastes,” Bull. Am. Phys. Sac. 20, 144 (19’73). 

1975 Particle Accelerator Conference (‘Topical Conference of the American Physical Society), Washington, 
D.C., March 12-14, 1975 

G. D. Alton, C .  M. Jones, P. D. Miller, B. Wehring, J. A. Biggerstaff, C. II.Uoak, Q. C. Kessel, and L. Biidwell, 
“Absolute Charge State Yields of 20 MeV Fe and I Ions Scattered from Xenon,” Bull. Am. Phys. Sac. 20, 195 
(1 975). 

J. K. Bair, J .  A .  Biggeistaff, C. M. Jones, J .  D. Larson, and W. T. Milner, “Design Considerations for the 
ORNI.. 25 MV Tandem Accelerator,” Bull. Am. Phys. SOC. 20, 202 (1975). 

J. A. Biggerstaff, N. F. Ziegler, and J .  W. NcConnell, ‘&Digital Control System for the ORNL 25 MV Tandem 
Accelerator,”Bull. -4m. Phys. Sac. 20, 185 (19’75). 

E. D. Hudson, R. S .  Lord, M. L. Mallory, and J. E. Mann, “Increased Intensity I-Ieavy Ion Beams at OKlC with 
Cryopumping,” Bull. Am. Phys. SOC. 20, 216 (19‘75). 

R. S. Lord, J. 13. Ball, E. D. Hudson, M. L. Mallory, J .  A.  Martin, G. S. McNeilly: S.  W. Mosko, R. M. Beckers, 
and J. D. Rylander? “Energy Boosting of a Tandem Beam with th.e Oak Ridge Isochronous Cyclotron,” Bull. Am. 
Phys. SOC. 20, 195 (1975). 

M. I,. Mallory and E. D. Hudson, “A Rotatable Cold Cathode Penning Ion Source,”Bull. Am. Phys. SOC. 20,  195 

M.  L. Mallory, E. D. Hudson, and R. S. Lord, “lsorhronous Cyclotron Harmonic Beam Experiment,”Bull. Am. 

W. ‘T. Milner, G.  D. Alton, D. C .  I-lensley, C. M .  Jones, R. F. I h g ,  J. D. Larson, and C. D. Moak, “Transport of 

M. J. Saltmarsh (invited talk), “Uses of Accelerators in Energy Research and Development,” Bull. Anr. P/iys. 

N. F. Ziegler, “An Improved Van de Graaff Belt Charge Regulator,” Bull. Am. Phys. SOC. 20, 204 (1975). 

U , ” Bull. Am.  Phys. Sac. 20, 159 (1975). 

(1975). 

Phys. SOC. 20, 196 (1975). 

PX: and Bunched Beams through a 25 MV Folded Tandem Accelerator,”Bull. Am. Phys. Sac. 20, 196 (1975). 

Sac. 20,180 (1975). 

Eijrophysics Conference can Nuclear Interactions at Medium and Low Energies, Harwell, England, March 24-26, 
1975 

K. Eagle, N. M. Clarkz, R. J. Griffiths, C .  B. Fulmer, and D. C. Hensley, “Inelastic Scattering of 3He from 
Samarium Isotopes at 53 MeV.” 

Conference on Deep Inelastic Precesses and Compound NMCB~US Formation, Stony Brook, New Yo&, April 3---5, 
1975 

R. G. Stokstad (invited talk), “Limits on Fusion Cross Sections for Light Nuclei.” 

American Chemical Society Meeting, Philadelphia, Pennsylvania, April 6-1 I ,  1975 

R. G. Srokstad (invited talk), “Limits 011 Flusion Cross Sections for Light Nuclei.” 

G. A .  Vernon, G. D. Stucky, and T. A .  Carlson, “The Characterization of the 2 p  X-Ray Photoelectron Spectia of 
‘Transition Metal Compounds.” 
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NNV-DPG Spring Meeting on Nuclear Physics, The Hague, Netherlands, April 7 -1 1, 1975 

Electron Capture Decay.” 

American Physical Society Meeting, Washington, D.C., April 28---May I ,  1975 

Self-Consistent Field,” Bull. Am. Phys. Sue. 20, 554 (1975). 

(1975). 

X-Ray Production for Collisions of Ni (-1 MeV/nuc.) with SiH4 ,”Bull. Am. Phys. Soc. 20,639 (1075). 

736 (1975). 

Scattering and Single-Nucleon Transfer Reactions Induced by 98-MeV 
576 (1975). 

W. D. Schmidt-Ott and K.  S .  Totli; “Decay Rates for Even-Even N 1 84 Alpha-Emitters: Search for 148Gd 

K. L. Becker (invited talk), “The Saturation Probleni and Developments in the Many-Body Theory of the 

R. F. Carltori, C. G. Slaughter, and S. Kaman, “The ‘2*Sn(n,yj’21S~~ Reaction,”BulZ. Am. Phys. Soc. 20,687 

S. Datz, M .  D. Brown, P. M. Griffin, K. S. Peterson, R. S. Thoe, and 1. A. Sellin, “Charge State Dependence of 

Y .  A. Ellis, B. 1-iarmatz, and D. J. Horen, “Some Aspects of Nilsson Orbital Properties,” Bull. Am. Phy.s. Soc. 20, 

J. L. C. Ford, Jr., K. S. Toth, E. E. Gross, D. C. I-iensley, D. E. Gustafson, arid S. T. Thornton, “Inelastic 
C loris on O 8  Pb,” Bull. Am. Phys. Soc. 20, 

J .  P. Forester, P. M. Griffin, H. H. Haselton, K. H. Liao, J. R. Mowat, D. J. Pegg? R. S. Petersoil, I .  A.  Sellin, and 
R. S. Thoe, “Auimionizing States in Lithium-Like Silicon and Sodium-Like Chlorine,” Bull. Am. Phys. Soc. 20, 679 
(1975). 

D. L. Hillis, E. E. Gross, D. C. Hensley, C. R. Bingham, A. Scott, F. T. Baker, and 0. Martin, “Coulomb-Nuclear 
Interference Effech in the Elastic and lnelasiic Scattering of 70 MeV ’ C Ions from ’ 4 4 N d ,  ’ 6Nd,  and *Nd,” 
Bull. Am. Phys. SOC. 20, 575 (1975). 

D. J .  Horeri, W. B. Ewbank, and S. Raman, ”Neutron Separation Energy for 75Se,”Btdl .  Am. Phys. SOC. 20, 566 
(1975). 

P. C. Huray, F. E. Obenshain, and J. 0.  Thomson, “Temperature Dependence of the Mijssbauer Isomer Shift and 
Recoilless Fraction for ’ 9 7 A ~ ~ , ’ ’  Bid!. Am. Phys. Soc. 20, GO? (1’375). 

M. A .  I j u ,  K. S. Toth, W. D. Schmidt-Ott, and C. K. Binghani, “Investigation of‘Tungsten A41plrut-Emitters; New 
Isotopes 1 6 s ~ ’ 6 6 W p r ’ B u 1 1 .  Am. Phys. Soc. 20,715 (1975). 

C .  H. Johrisoti, “Ring Lens to Focus Ion Beams to Uniform Density,” Bull. A m .  PIiys. Soc. 20, 562 ( 1  975). 

E. T. Jurney, J. A. Harvey, S. Raman, and N. W. Hill, “Thermal Neutron Capture and Absorption Cross Sections 
for ”Ni,”Bull. Am. Phys. Silt. 20, 560 (1975). 

H. J .  Kim, R. Bdlini, B. Dclauaay, J .  P. Fouan, and M .  Pichevar, “High-Spin States of 60Ni:” Bull. Am. f’hys. 
SOC. 20, 565 (1975). 

P. D. Kunz and L. D.  Rickertsen, “Effects of Deuteron Continuum States in the Multi-Step (p-d, LE-n) Reactions 
to Analogue States,”Bull. Am. Phys. SOC. 20, 666 (1975). 

V. Mamhn-Rezwani and J. A.  Maruhn, “Collective g-Factors and E2/M1 -Mixing Ratios in Even-Even Nuclei,” 
Bull. Am. Ptiys. Soc. 20, 735 (197.5). 

A. I .  Namenson, A. Stolovy, and J .  A. Harvey, “Neutron Resonances in Re Isotopes,”Bzrll. Arn. Phys. Soc. 20, 
561 (1975). 

M. S. Pandey, J. B.  Carg, J. A .  Harvey, and W. M .  Good, “High Resolution ‘Total Cross Section in 6 3 C u  and 
65Cu,’’Bull. Am. Phys. Soc. 20, 561 (1975). 

D. J. Pegg, H. H. Haselton, M. D. Brown, R. S .  Thoe, P. M .  Griffin, and I .  A .  Sellin, “Electron Spectra from the 
Autoionizing Decay of Collisionally Excited Mg’ and K”  Beams,” Bull. Am. Phys. Soc. 20, 674 (L975). 

R. S. Peterson, J. P. Forester, P. M. Griffin, H. H. Haselton, K. Ii. Liao, J .  R. Mowat, D. J .  Pegg, 1. A.  Sellin, and 
K. S. Thoe, “Electron Spectra from Autoionizing States of Highly Stripped Oxygen and Fluorine,” Bull. Am. Phys. 
SOC. 20,679 (1275). 
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G. A. Petitt and F. E,. Qbenshain, “‘IDPAC Study of I6’Dy in Gd203  and Gd Metal,”Bull. Am. Phys. SOC. 20, 

A .  E. Rainis, K.  S. Toth, C. K. Binghnam, and W. D. Schmidt-Ott, “Observation of 1 + (nh, , 1 2 ,  h 9 / 2 )  States in 

L. D. Rickertscii, “A:ialy-sls o f  ’C: + ’ * C Elastic and Inelastic Scattering,” Bull. Am. Phys. SOC. 20, 664 (1 975). 

R. I... Robinson. II. J .  Kim, J .  L .  C. Ford, Jr., and J .  C. Wclls, Jr.? “Absolute Cross Sections for 6 3 C ~ 1 ( ’ 6 0 , X )  

M. Schmorak, “Nuclear Structure Properties ofA = 182,”RulZ. An2. Pt3ys. SOC. 20, 669 (1945). 

G. G. Slaughter and S. Karnari, “Neutron Separation Energies of Tin Isotopis,” Bull. Am.  Phys. SOC. 20, 560 

K. ti. Stokstad. C.  B. Fulrner, M .  L. Halbert, D. C. Henslcy, S. Raman, A.  R. Snell, and P. !-I. Stelson, “Angular 
+ 1 2 C  Elastic and Inelastic Scattering (Elab - 7 0 -  117 MeV),” Bull, Am. Phys. SOC. 20, 664 

R. Thoe (invited talk), “Directional Anisotropies in Non-Characteristic X-Ray Emission,” Bull. Am. Phys. SOC. 
20,607 (1 975). 

R.  S .  Thoe, I. A .  Sellin, D. J. P e s ,  J .  P. Forester, K.  H. Liao, W. S.  Peterson, and P. M. Griffin? 
“Noli-Characteristic Spectra from Symrnetric and Asyninnetric Collision Systems,” BUM Am. Phys. SOC. 20, 675 
(1975). 

W. K. Tuttle 111, P. H. Stelson, F. K. McCowan, W. T. Milmr, S. Raman, arid R.  L. Robinson, “Coulomb 
Excitatioii of 

J. I.. Weil. B. D. Kern, E. I:. Zganjar, J. L. Wood, R.  V I .  Fink, C. R. Hinghani, L. I,. Riedinger, J .  H .  Hamilton, 
A. Y. Ramayya, E. H. Spejcwski, tV. D. Schmidt-Ott, H. K. Carter, R. I,. Mlekodaj, and J .  Lin, “The Positron Decay 
of Ix9TI,  l a g H g ,  and 109Au,7’Bull. Am. Phys. SOC. 20,715 (1975). 

J .  C. Wells, Jr., S. Raman, G. G. Slaughter, and E. T. Jurney, “Energy Levels and Level Density in 144Nd,” Bull. 
Ani. Phys. SOC. 20,624 (1975). 

C. Y. Wong, J .  A .  Marul-rn, and T. A. Welton, “Hydrodynamics in Heavy-Ion Collisions,” Bull. Am. Phys. Soc. 
28,666 (1975). 

Fourth Inleriaationd Symposium on lalaicleaR-Axaeinuclleax Interactions, Syracuse, New Yo&, May 2 - 4 ,  1975 

Antiprotons.” 

American Chemical Society Meeting, Erie, Pennsylvmia, May 7, 1975 

615 (1975). 

1 4 8 3 1  52Tb  Populated in the Decay of Their Dysprosiuiii Paients,”Rull. Am. Phys. SOC. 20, 624 (1975). 

Reactions,” Bull. Am. Ph,vs. SOC. 20, 665 (1975). 

(1975). 

Distributions for 
(1975). 

31n,”Bull. Am. Phys. SOC. 20,686 (1975). 

G. T. Condo, W. M .  Rugg, E. L. Hart, H. 0. Cohn, and R. TI. McCulloch, “Neutron Absorption of Slow 

B. W. Morgan (invited talk), “Coherent Light and Holography.” 

Anaericaai Chemical Society Meeting? Painnesvillc, Ohio, May 8, 1975 

M. Vi. Morgan (invited talk), “Coherent Light and Holography..” 

Americaan Chemical Society Mecting, Sharon, Pennsylvania, May 9,  1975 

M. W. Morgan (invited talk), “Coherent Light and Ilolography.” 

American Chemical Society hleetiag, Youngstown, Ohio, May P, 1975 

H. W. Morgan (invited talk), “Coherent Ligh.t and Holography.” 

Workshop on Deep Inelastic Cdlisi~ns and Fusion in Heavy Ion Reactions, Sacby, France, May 12-30, 1975 
C. Y .  Wong (invited talk - series of six lectures), “Hydrociynamical Theory of Heavy-[on Collisions.” 
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1975 lEEE lnteniatioilal Conference on Plasma Science, Ann Arbor, Michigan, May 14-14, 1975 

High-Z Ion Source ’’ 

I.aboratory.” 

1. Alexeff, H. Tarnagawa, C. M. Jones, and P. D. Milier, “Use of the Hot-Electron Minor Machloe XNTJEKEM as a 

G. I). Alton, “‘Review of the Heavy Ion Source Research and Development Program at the Oak Ridge National 

eavy-Ion Reactions, &say, France, May 19--23,1975 

C .  Y. Wong (invited talk), “Hydrodynamical Calculations.” 

Meeting 0p1 M ~ c r i ~ ~ ~ ~ ~ ~  Aspects of Heavy-ion Reactions, Orsay, France, May 20-22, 1975 

C .  Y .  Wong (invited talk), “‘Iiydrodynamical Calculations.” 

‘Third National Soviet Conference on Neutron Physics, Kiev, U.S.S.R., June 1975 

Efce‘ectr in Neutron Capture near Closed Shells.” 

l[nternational Conference on Efketive Interactions and Operators in Nuclei, Tucson, Arizona, June 2 4 , 1 9 7 5  

J. W. Boldeman, R. J. M e n ,  M. J. Kenny, A. R. de L./Musgrove, and R. L. Macklin, ‘Valence and Doorway State 

It. L. Ezecker (invited talk), “Computation of the Reaction Matrix G.” 

Meeting on Atomic Masses and Fundamental Constants, Paris, France, June 2 4 , 1 9 7 5  

€%. D. Kern, 9. L. Weil, J. H. Hamilton, A. V. Ramayya, C. R. Binghm, L. L. Riedinger, E. F. Zganjar, J. I,. 
Wood, 6. M. Gowdy, R. W. Fink, E. H .  Spejewski, H. K. Carter, R. L. Mlekodaj, and J .  Lin, “Mass Bfferences of 
Prolm-Rich Atoms nearA = 116 andA = 190.” 

Sixth I n t ~ r i ~ ~ o n ~  Conference on High Energy Physics and Nuclear Structure, Santa Fe, New Mexico, June 9-13, 
1975 

W. B. Dress:lJr. (invited talkj, “Observation of Two Photons in n-p Capture.” 

Amedcan Physical. Society ~ ~ e ~ ~ n g , ~ i ~ ~ ~ ~ i i ~ e ,  Tennessee, June 14-1 8, 1975 

J. B. Ball (invited l:alk), “Status Report on the Heavy Ion Accelerator Project,” Bull. Ant. P h p .  SOC. 2 
(1975). 

L. L. Collitis, I,, L. Kiedinger, C .  R. Bingham, G .  I). O’Kelley, J .  W. Wood, R. W .  Fink, ‘ E .  F. Zganjar, 
A. G. Schtiiidt, E. H. Spejewski, H. K. Carter, R. L. Mlekodaj, and J. H. Hamilton, “Decay o f  ”Pb, ’ ’  BuU. Am. 
Plrys. SOC. 20,830 (3975). 

13. L. Crowell, 9. 1-1. Hamilton, R. L. Robinson, A. V. Ramayya, W. E. Collins, W. T. Pinkston, K 
W. @. Singhid: H. J .  Rim, and R. 8. Sayer, “Lifetime Me:isurements of High Spin States in 7 2 S ~ , ”  

SOC. 20,830 (1975). _. . 
E. E. Gross, “Calibration of an Analyzing Magnet Using an Alpha-Source and Heavy Itsn Beams,” Bull. Am.’Phya 

SOG. 20,829 (1975). 

D. E. Gustafsoti, -I‘. C. Schweizer, S .  ‘7’. X%ornton, J. 1,. C.  Ford, Jr., P. D. iller, R. L. Robinson, P. H. Stelson, 
and J. W. McGrory, “Selective Population of Nigh Spin States in 23Na,”Bull. Am. Phyx SOC” 20,829 (1975). 

J. H. Hamilton, .I. D. ...~ Cole,\ . .~. A. V. Ramayya, W. Lourens, B. N. Subba Rao, E. L. Boswoxdi, B .  Martin, I,. I.,. 
Riedirager, G .  R. Binphanz, E, F. Zganjar, E. H. Spejewski, H. K .  Carter, K. t. Mlekodaj, W. Fink, J. I,, Wood, 
4;. W. Gowdy, B. D. Kern, and J. Weil, “On-Line Conversion Electron Measurernerils in the Decay o f ’  aa‘l’I,”Bu&l: 

R. @. Hunter, L. L. Riedinpr, D. L. Ellis, C. K. Binghani, and K.  S.’Toth,\,“’Decay of 64Lu,’’ Rubl. Am. Phys. 

J . A. Maruhn (invited talk), ‘Some Aspects of Collective Dynamics in Fission,” Bull. Am. Phys. SOC. 2 

I 

Am. Phys. Sor. 20,830 (19751. 

si7c. m , a ~  (iwsj. 

(1975). 

. .  
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D. J. P e g  (invited talk)> “Projectile Electron Spectroscopy of Autoionizing States in the Alkalis,” Bull. Am. 
P~YS. SOC. 20, 826 (1975j. 

Thirtieth Annhaal Symposium on Molecular Structure and Spectroscopy, Columbus, Ohio, June 16-20, 1975 

H. W. Morgan: P. A.  Staats, and E. Silbernian, “Vibrational Spectra of No’ and No”,’’ 

Faraday Society Discussions on Electron Spectroscopy of Solids and Surfaces, Vancouver, B.C.,  July 15-17, 1975 

T. .4. Carlson, “Satellite Structure in the Photoelectron Spectra of Transition Metal Compounds Ionized in the K 
Shell of the Metal Ion.” 

International Conference on Radiation Test Facilities for the CTR Surface and Materials Programs, Argonne, Illinois, 
July 15-18,1975 

M. J.  Saltmarsh, A .  P. Fraas, and J .  A .  I-Iorak (invited talk), “A Large-Volume Intense Neutron Source for CTR 
Materials Studies.” 

Syi-nposiwm on Intermediate Etiergy Heavy Ion Physics, Berkeley, California, Jdy 17-19 ,  1975 

J. B.  Ball (invited talk), “Oak Ridge Plans for a Booster Cyclotron.” 

C. Y. Wong (invited talk), “Foundation of Nuclear Fluid Dynamics.” 

Ninth Imternationd Conference on Physics of Electronic and Atomic Collisions, Seattle, Washington, July 24 .- 30, 
1975 

C. F. Rarnett (invited talk), “Atomic Physics in the CTR Program.” 

D. J .  Pegg, 11. H. Haselton, R. S. Thoe, P. M. Griffin, M. D. Brown, and I. A. Sellin, “Autoionizing States Formed 

K. S. Thoe, I .  A. Sellin, R. S. Peterson, I). J .  Pegg, P. ha. Griffin, and J. P. Forester, “Photon Energy Dependence 

in Na’ + He and Mg’ + He Collisions at 70 keV’.” 

of the Asymmetry of Non-Characteristic X-Radiation in Si-AI and AI-GI Collisions.” 

Sixth Topical Conference on Particle Physics, Manoa, Hawaii, August 6-19, 1975 

H. 0. Cohn, “Nuclear Structure with High Energy Physics .--  The Neutron Halo.” 

Thirty-third Annual Meeting, Electron Microscopy Society of America, Lis Veps, Nevada, Paagust 11  -15, 1975 

Processing.” 

1375 Nijenrode Summer School on Nuclear Spectroscopy, Nijenrode, Netherlands, August I1 -23,1975 

T. A. Welton, “Practical Resolution Enhancement in Bright Field Electron Microscopy by Computer 

G. R.  Satchler (invited lecture series), “Direct Nuclear Reactions.” 

Seventh International Conference on Cyclotrons and Their Applications, Zurich, Switaedand, August 19---22, 2975 

E. D. Hudson, J. A. Martin, F. E. McDaniel, and F. Irwin, “Magnetic Field Trimming Studies for a 
Separated-Sector Cyclotron.” 

E. D. Hudson, R.  S. Lord, L. L. Riedinger, J. A. Martin, 9. K .  Bair, I,. N. Howell, J .  W. Johnson, G. S. McNeilly, 
F. E. McDaniel, and S. W. Mosko, “’Magnet Model Studies for Separated-Sector Heavy Ion Cyclotrons.” 

R. S. Lord, E. D. Hudson, G.  S. McNeilly, R. 0. Sayer, J .  f3. Mall, M. L” M a l l ~ l ) i ,  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 a 
25 MV Tandem .” 

J. A. Martin (invited talk), “Accelerators for Heavy Ions.” 

G. S. McNeilly, E. D. Hudson, R. S .  Lord, M. L. 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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S. W. Mosko, E. D. Hudson, R. S. Lotd, M. L. Mallory. J. E. Mann, J. A. Martm, G. S .  McNzdly, J .  B Bail, K. N. 
Fischer, and R. L. Robinson, “A Sepataled-Sector Cyclotron Post-Accelerator f o ~  the Oak Kdge Nlttionai 
i,dboratory.” 

Fourth International Symposium on Polarization Phenomena in Nuclear Reactions, Zurich, Switzerland, Aupat 
25 -29,1975 

R. de Swiniarski, 6. Ragieu, M. Bedjicliam, C. B. Fulmer, J. Y. Giossiord, M .  Massaad, 5 .  K.Pissi, and M. Gusakow, 
“Inelastic Scattering of 30 MeVPolarized Protons from 80392Zt and 92iWo.” 

NATO Advanced Study Institute on Photoionization arid Other Probes of Many Electron Interactions, 
Carry-le-Rouet, France, August 31-September 13, 1975 

‘r. A, Garlson (invited talk), “Multiple Excitation in Free Molecules.” 

Symposium on Target Techniques for OnCine Isotope Separators, Aarhus, Denmark, September 4- 5 ,  1975 

B e a m  at UNISOR.” 
R. L. MLekodaj, E. 1-1. Spejewski, 13. K. Carter, and A. G.  Schmidt, “‘Target-Ion Source Techniques for ITeavy-Ion 

Fourth Internatioiial Conference on Beam Foil Spectroscopy and Heavy ton Atomic Physics, Gatlinburg, Tennessee, 
Septemher 15-19, 1975 

L. R. Bridwell, J .  A. Biggerstaff, C. D. Alton, e. M. Jones, P. D. Miller, Q. Kessel, and 13. W. Wehring, “Multiple 
Elccl ron LOSS Cross Sections for 60 MeV I +’ 

9. P. Forester, K. S. Peterson, P. M. Griffin, H. Haselton, K. ti. Liao, J. R. Mowat, U. J. Pegg, I. A. Sellin, and 

P. M. Griffin, D. J .  Pegg, I. A. Sellin, K. W. Jones, 1). Pismo, T. €3. K.ruse? and S. Bashkin, “Extreme IJltraviolet 

I>. J. Pegg (invited talk), “Autoionizing States in the Alkalis.” 

R. S. Peterson, R. Laubert, R. S. Thoe, €3. Hayden, S. Elston, J .  Forester, K. H. Ldao, P. M. Griffin, D. J. Pegg, 

P. 11. Stelson (invited (:ilk), “The Atomic Physics Potential of New Accelerators.” 

R. S. ’Thoe, I .  A .  Sellin, K. I-I. Liao, K. S .  Peterson, D. J. Pegg, 3. P. Forester, and P. M. Griffin> “Angular 

in Single Collisions with Xenon.” 

R. S. Thoe, “Autoionizing States in J3igldy.lonized 0, F, and Si.” 

Spectxa of Highly Stripped Si Ions.” 

and 1. A. Sellin, “Differences in the Production of Non-Characteristic Radidon in Solid and Gas Targets.” 

Distribution Stiidies of NoriCliaracteristic X-Radiation .” 

British Physical Society Meeting, Daresbury, England, September 17, 1975 

G. K. Satchler (invited talk), “Scattering of Heavy Ions.” 

Sixth International Conference on Atomic Collisions in Solids, Amsterdam, Netherlands, September 22-25, 1975 

InnerShell Ionization by Heavy Ions.” 

Charge State Selected 2‘7.5 MeV Oxygen Ions in Ag.” 

Velocity Dependence o f  the Stopping Power o f  Channeled [ons from 0.4 to 60 MeV.” 

Symposium on Highly Excited States in Nuclei, Jdich, West Germany, September 23-26, 1975 

J. I.J. Andersen, E. Laegsgaard, M. Lund, and C.  D. Moak, ‘21 Scaling for Impact-Parameter Dependence of 

S. Datz, C. D. Moak, B .  R. Appleton; 3 .  A. Biggerstaff, and T. S. Noggle, “Hyper- arid Planar-Ctianneling of 

C. D. Moak, B. R. Appleton, J. A .  Biggerstaff, M. E). Brown, S .  Datz, T.  S. Noggle, and H. Verbeek, “The 

F. E. Bertrdnd, ”Excitation of Giant Resonances via Inelastic Hadron Scattering.” 

E. C. flalbert, 1. I?. McGrory, 6. R. Satchler, and J. Speth, “Hadronic Excitation of the Giant Kesonince Region 

C. R. Satcliler (invited talk), “Hadronic Excitation of the Giant Resonance Region of “Pb.” 

of208pb i) 
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Syrnposiiinr 011 Experhentd Metha& for Charged-Particle hadiations, Gatllnbeq, Teimessee, September 30, 1875 

C .  H. Johnson, “A Ring Lens for Producing Uniform Density Ion Beams.” 

M. B. Lewis, F. K .  McCowan, C .  H. Johnson, and M. J .  Saltmarsh, ‘“The Oak Ridge CN Van de Graaff Fadlity 
for Heavy Ion Radiation Damage Studies.” 

Conferernce on Radiation Effects and rritiam Technology for Fusion Reactors, GatBinburg, Tennessee, October 1 .- 3 ,  
1945 

J .  B. Roberto, J .  Narayan, and M. J. Saltmarsh, “15 MeV Netitron Damage in Cu and Nb.” 

Anaerieam Chemical Society (Bonlder Dam Section), &as Yegas, Nevada, October 9,  1975 
E. \Fb. Morgan (invited talk), “Coherent Light and Holography.” 

American Chemical Society (Siema Nevada Section), Reno, Nevada, October 18, 1975 
H. W. Morgan (invited talk), “Coherent Light and Holography ” 

American Chemical Society (Samamento Section), Davis, CJifomia, October 13, 1975 

M. W. Morgan (invited talk), “Coherent Light and Ilolography.” 

American Chemical Society (Fresno Section), Frcsno, California, October 14, 1975 

I-I. W. Morgan (invited talk), “Coherent Light and Holography.” 

Amcxican Chemical Society (Mojave Desert Section), Chins Lake7 California: October 1 5 ,  5975 

H. W. Morgan (invited talk), “Coherent Light and Holography.” 

American Chemied Society (Bakersfield Section), October 16, 1975 

3. W. Morgan (invited talk), “Coherent Light and Holography.” 

American Chemical Society Mcetiiy (Hawaiian Section), Honolnh, EImwS, October 19, 9975 

H. W. Morgan (invited talk), “Coherent Light and Holography.” 

Optical Society of America, Boston, Massachusetts, October 21 -24, B??5 

K. Id.. Vander Sluis, “Stark Structure on Hydrogen Spectra in ORhaAM Plasma.” 

International Conference on Heavy Ion Sources7 Gatlinburg, Tennessee, October 27-30,1975 

Source Test Fadity.” 
G .  D. Alton, “Preliminary Evaluation of a Modified Hortig-Geometry Negative-Ion Source Using a Negative-lon- 

E. D. IHudson, ha. L. Mallory, and R. S.  Lord, “Production of Positive Ion Beams from Solids.” 

C. ha. Jones (invited talk), “Large Tandem Accelerators.” 

M. I,. Malloiy and D. 3. Crandall, ‘‘A Penning Heavy Ion Source Test Facility.” 

C. D. Moak (invited talk), “Stripping in Foils and Gases.” 

1. 1-1. Stelson (invited paper), “Future of Physics with Heavy Ions.” 

I%. Iamagawa, I .  Alexeff, C. M. Jones, N. H. Lazar, and P. I). Miller, “Use of the Hot-Electron Mirror Machine 
IWTEREM as a High2 Ion Source.” 

A m ~ i ~ 3 x p  Bhgisid S ~ ~ i e t j ~  Meeting, Ar?stin, Texas, Cktober 30 ---NsVeimber 1, 1975 
G. Bagieu, A .  J.  Cole, K. de Swiniarski: C .  E. Fulmer, D. H. Kong, and G. Mmriolopoulos, “41 MeV 

Alpha-Particle Scattering froli? 7 A l , 1 2 8 F 2 9 0 3 0  Si,” Bull. Am. Phys. Soc. 20, 1156 (19’75). 

F. T. baker, A. Scott, E. E. Gross, D. C. Hensley, and D. E. Hillis, “The Nuclear Reorientation Effect for 2 C  
Scattering from 2aSi  and 26Mg7’’Bull. Am.  Phys. SOC. 20, 1190 (1975). 
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W. R. Dagenhart, P. H. Stelson, F. K. McGowan, W. T. Milner, S .  Karnan, and R. L. Robinson, “Coulomb 

B J. Dalton, “Flxed 3, Fixed 2’ Shell Model Level Densities f o ~  Arbitiary Orbitals,” Null. Am. Php .  Soc. 20, 

c‘. D. Goodman, F. b. Bertrand, B. e. Kocher, and R. C .  Auble, ‘c(3We,t)  on SeveralN=Z Targets.”BuEl. AFn. 

R. S .  Grantham, R. PA Ronningen, J. H. Hamilton, A. V. Rarriayya, B. van Nooijen, H. Kawakami, R. E. Piercey, 
and isayb,” 

J. J. Griffin and G.  Y. Wong, “Vibrational Instabilily in D~oplets (and Nuclei?),”Bt111. Am. Phys. Soc. 20, 1158 

E. E. Gross, M. t.. Halbert, D. C. Nensley, D. L. Hillis, G. Bingham, A. Scott, F. T. Baker, and T. A. Slaman, 
‘“Elastic Scattering of 70.4 MeV ‘ 2C from Even Nd IsoLopes,”Bull. Am Phys. Soc. 20, I102 (197s). 

R1. L. Halbert, P. 0. Tjhm, G. B. Hagemann, IB. Merjkind, M. Neiman, and H. Oeschler, “High Spin States in 
74Se,” Bull. Am. Phys. Soc. 20, 1172 (1975). 

J A. Wdrvey, J .  Halperin, N. W. Hill, R. L. Macklin, S .  Rimman, and E. T. Jumey, “Totd and Capture Cross 
Sections o fS9Ni  foi eV and keV Neutrons,”Bull. A F ~ .  Phys. Sot.. 241, 1195 (1975). 

L). L. Hillis, E. E. Gross, D. 6.  Hensley, C .  R. Bingham, A. Scott, F. T. Baker, and T. A. Slaman, ‘‘§Shape Effects 
in the inelastic Scattering of 70 MeV I 2 C  Iorls from 1 4 2 , 1 4 4 ~ 1 4 6 ~ 1 4 8 ~ i 5 0 N d , ’ y  Bull. Am. Plzys. Soc. 20, 1192 
(1975). 

D. J. Horen (invited talk), “Information Systems of the Nuclear Data Project,”BuZl. Am. Phys. Soc 20, 1153 
(1975). 

R, C. Hunter, L. k. Riedinger, D. 1.. Hillis, 6. R. Bingham, and K. S .  Toth, ‘-Vibrational ’Bands in “Yb,”Rult. 
Am. P ~ . Y s .  Sac. 28, 1154 (1975). 

. A. Ijaz, E. L. Robinson, K . Toth, G. R. Bingham, and J Lm, “Search for Alpha Decay of Thallium 185,186 
I[sotopes,”Bull. Am. Phys. soc  2 

C. H. Johnson, J .  Halperin, R. L. Macklin, and R R. Winters, “Neutron Total and Capture Cross Sections for 

R. L. Macklin, ‘The i65Mo(n,y) Standard Cross Seczion from 3 to 450 keV,” Bull. Ani. Phys. Soe. 20, 1196 

J. A. Maruhti, e. Y. Wong, and T. A. Welton, “‘Fluid Dynamic Description of Heavy-lon Collisions,”Bu11. Am. 

J. B. McGrory and 13. H. Wildenthal, “A Gornnient on the Projection of Spurious Center-of-Mass States in 
Truncated Shell-Model I:alculatjons,”Bull. Ant. ,Bahys SOC. 20, 1184 ( 1975). 

R. 13. Piercey, A. V. Rmayya, R. M. Ronrung and 3 .  H. Wamdton, “In-Beam Gamma-Ray Spectroscopy 
Following ‘*Ni(l 0 , 2 p ) 7 4 ~ , ”  Bull. Arrz. Php. Sac. 

A, V, Raniayya, J ,  H. H;uniaton, J.  D. Cole, B. van Nooijen, H. Kawakmi, L. L. Riedinger, C. R. Bbgharn, 
K. S .  R. Sastry, 11. K. Carter, and I?. T. Avignone, “Near Spherical and Deformed Bands in 86Wg,” 

Excitation of 

1135 (‘19’75)” 

Phys. Suc 20, 1 156 (1075). 

R. S. Lee, L. 1;. Riedmger, and W. K. Dagenhart, “B(E2) Values of2;, 2;, and 2; States tn 6 2  

&dl. A ?N. php .  SOC. 20, 1 190 (1 975). 

5Sn,”Bull. Am. Phys. Soc. 28, 1187 (19’75). 

( 1975). 

”S,”Bzdl. Am. Phys. Soc 20, I195 (1975). 

(1975). 

Phys. SOC. 20,1158 (1975). 

SOC. 20,1154 (1975). 

I,. D. Rickertsen and D L. Miilis, “Second-Order Coupling Effects in Heavy-Ion Inelastic Scattering,” Bull. Am. 
Yh-ys. Soc 20, 1167 (1975). 

R. M. Ronniiigen, J, H. Ii[aniifton, R. S .  Grantham, A. V. Ranlayya, B. van Nooijen, R, B.  Piexcey, R. S. Lee, 
H. Kaw;rkmi, L. L. Rledinger, and W. K. Dagenhart, “Coulomb Excitation of 2’ Ground and 5-  Octupole Levels in 
’ ti 3 Dy , ti ‘ Er , cdnd ti a 3% ,” Bull. A m. Phys. Sue. 20,1 I 89 { 1 975). 

M. i. Sdtmarsh (invited talk), “Accelerators md Energy,”H)d/. Am. Pghys. SOC. 20, I153 (1975). 
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W. K. Tuttle 111, R. L. Robinson, 1-1. J. Kim, R. 8. Sayer, W. T. Milner, G. J .  Smith, and R. M. Ronningen, 

C. Y .  LYong, J .  A.  Maruhn, and ‘T. A. Welton, “Normal Sound, Spin Sound, Isospin Soundl and Spin-Isospin 

“Levels in l 1  31n Populated by the 1*Pd(6Li,3n) Reaction,”Bult. Am. Plzys. SOC. 20, 1173 (1973). 

Sound in Nuclear Fluid,”Bull. Am. Phy.  SOC. 20, 1158 (1975). 

l n ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ l  Atomic Energy Agency Advisory Group Meeting on Trmsactinium Isotope Nuclear Data, Karlsruhe, 
West Germany, November 3-7, 1975 

S. Raman (invited talk), “Some Activities in the United States Concerning the Physics Aspects of Actinide Waste 
Recycling.” 

S. Raman (invited talk), “General Survey of Applications Which Require Nuclear Data.” 

American Physical Society Meeting (Division of Plasma hysics), St. Petemburg, Florida, November 10-14,1975 

(1975). 

Materials Science Symposium (American Society for Metals), Cincinnati, Ohio, November 11 -13, 1975 

K.  L. Vander Sluis, “Stark Structure on Hydrogen Spectra in ORMAK Plasma,” Bull. Am. Phys. SOC. 20, 1227 

T. A. Carlson (invited talk), “Use of Photoelectron Spectroscopy for Surface Analysis.’’ 

American Physical Society M ~ t i i i g  (Southeastern Section), Auburn, Alabama, November 13 ---15,1975 

Vi. E. Collins, A .  Ashley, J. H. Hamilton, H. L. Crowell, and R. I.. Robinson, “‘The Level Structure of 69As.” 

H. L. Crowell, J .  H. Hamilton, A. V. Ramayya, R. M .  Ronningen, N. C. Singhal, R. L. Robinson, and R .  0. 

T. Magee, L. C. Whitlock, M. L. Crowell, J. H. Singhal, R. L. Robinson, and R .  0. Sayer, “Mean Life of the 4+ 

F. E. Obenshain (invited talk), “Heavy Ion Induced Fission nearA := 100.” 

E. J.,~ Robinson, B .  0 .  Hmnah, B .  PI. Ketelle, G. Schuster, and J. 1,. Weil, “Decay of 194pb.” 

I .  .4. Sellin (invited talk), “Highly Ionized Ions.” 

F. E. Turner, L. L. Riedinger, C. K. Bingham, E. H. Spejewski, R. k. Mlekodaj, H. K. Carter, B. D. Kern, J .  L.  
92Pb -+ 92Tl -+ ’ 92Mg.” 

Sayer, “Angular Distribution Measurements in ’ Se .” 

State in 72Se.” 

Weil, E. L,. Robinson, and J .  H .  Hamilton, 

American Nuclear Society Meeting, §an Francisco, Cdifortl.ja, November 16--21, 18’75 

C. F. Barnett and E. Ricci (invited talk), “Plasma-Wall Interface Studies for TOKAMAK Type Plasmas.” 

Splposium on En neering Problems of Firsi n Research, §an Diego, Califomin, November 18-21,1945 
S .  W. Mosko, D. D. Bates, R. R .  Bigelow, E. K. Cottongim, E. W. Pipes, and K. Sueker, “A 120 kA Pulsed dc 

Power System with Computerized Thyristor ‘Triggering.” 

A m e d ~ i n  Physical Society Meeting (Division of Electron an Atomic Physics), Tarcson, Arizona, December 3 - - 4 ,  
1975 

D. H. Crandall, D. C.  Kocher, and T. J. Morgan, ‘‘Single and Double Charge Transfer of C9+ in Helium,” Bull. 
Am. Phys. SOC. 20, 1456 (1975). 

R. S. Peterson, 1. ,4. Sellin, H. Hayden, S.  B. Elston, J .  P. Forester, K. M. kiao, P. M. Griffin, D. J. Pegg, and K. 
Laubert, “Non-Characteristic X-Radiation Production in Solid and Gas Targets,” Bull, Am. Phys. SOC. 20, 1450 
(1975). 

American Physim?II Society Meeting, Pasadena, California, December 29-31, 1975 

A. Gizon, 3 .  Gizon, and D. J .  Horen, “Band Structure in 32Ba,” Bull. Am. Phys. SOC. 20, 1496 (1975). 
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Prepaied by M. L. Halbert, Christine K. Wallace, arid Wilnia L. St,iir 

ANNOUNCEMENTS 

‘ h e  Controlled Fusion A t o m i c  Data Center was transferred from the ‘I’herrnonuclzar Division io the Physics 
Division in July 1975. At the same time, several other people wzre transferred from Thermonuclear, which ir;.creased 
the technical staff of the Physics Division by four permanent and two temporary members. 

nixing November, W. B. Ewbank was appointed. Director of the Nuclear Data Project, ;]rid F. E. Hertrarid was 
appointed Deputy Director. 

PERSONNEL ASSIGNMENTS 

During 1975 the Physics Division was host to at least 37 guests from the United States and abroad. Some of 
these were short-term assignments, variously sponsored by different organizations and irisi.itutiorts. Seven Physics 
Division staff members have been the guests of laboratories located outside the TJiiited States. A list of guests, staff 
assignmenis, and pe[soii.nel changes Pol li>w:j: 

Guest Assignees from Abroad 

B. J. M e n ,  Austrd ian h tomic Energy Connnission, 
Lucas Heights, New South Wales, Australia -- -  Oak 
Ridge Electron hnear iiccelerator Program (com- 
pleted one-morith assignment in March 1975) 

E. I. Andrade, Universidad Nacional h tor ionia  de 
Mexico, Mexico - Van de Graaff Program (completed 
one-month assigiriient in July 1975) 

Michel Barre, Commissariat ;i 1’Energie Atoiniqw, 
Croup GANIL, Iiistitut de Physique Nucleaire, Orsay, 
France -- Heavy-loii Project (completed two-rnontli 
assigrirrierit iri June 1975) 

Marie-Paule Bourgarel, Commissariat a 1’Energie Atom- 
iquc, Croup CANIL, Instimt de Physique Nucleaire, 
Orsay, France --. Heavy-Ion Projec t (cuinpleted two- 
inoiith assigiiinent in June 1975) 

A. A. Dacal, Universidad Naciord  Autonoma de Mexi- 
co, Mexico ... Van de Graaff Program (completed 
one-rrionth assignment in July 1 P75) 

E. D. Earle, Atoinic Energy of Canada Limited, Chalk 
River, Cariada - - -  C)ak Ridge Electron Linear Accelera- 
tor Prograin (completed two-week assignnient in 
January J 975). 

H. W. Feldmeier, NATO Fellowship from Techriisclie 
Piochsclule, Dartnstadt, West Germany -- Theoreti- 
cal Physics Program (began one-yenr iissigninent in 
September 1975) 

Ttianh-Tarn I.,uong, Cortiniissariat ;I I’Exiergje Atoniique, 
Group GANIL, Institiit de Physique Nucleaire, Orsay, 
France - Heavy-Ion Project (ccmpleted two-niouth 
assignment. in June 1975) 

Vida Maruhn-Rezwani, University of Frankfurt, Frank- 
furt, West Germany - Theoretical Physics Prog-r:irn 
(continued assignrnen t begun Novenrber 1974) 

P. S. Murty, Bkiabha Atomic Research Centre, Troni- 
bay, India - - -  Electron Spectroscopy Program (,began 
one-year assignment in May 197 5 )  

Maria E. S .  OrtiL, IJniversidad Nacional Autonoma de 
Mexico, Mexico .-- Van de Graaff Program (completed 
oiie-1~1011 th assigiinierit in July 1975) 
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Hermann Weigmann, Central Bureau for Nuclear Meas- 
iirernents (CBNM), EURATOM, Geel, Bclgum - Oak 
Ridge blectron Linear Accelerator Program (began 
eight-month awgiilnent in July 1975) 

Guest Assignees from the Unitsd States 

U. J. Dalton, summer research participant (ORAU) 
from Fort Valley State College, Fort Valley, Georgia 

~ Theoretical Physics Program (completed threc- 
month assignment in September 1975) 

Stuart Elston, University of Tennessee ~ Accelerator 
Atomic Physics Prograin (began oiie-year assignment 
in January 1975) 

J. P. telvinci, Columbia University - Oak Ridge 
Electron J.,inear Accelerator Program (coinpleted six- 
week assignment in July 1975) 

J. Y. Forester, IJniversity of Teriilessee - -  Accelerator 
Atomic Physics Program (continued assignment begun 
in September 1974) 

L. D. Gardner, Yale University - Charge Exchange 
Cross Section Meaaurerncnts Program (completed 
one-month assignment in December 1975) 

J. R. Garg, State IJniversity of New York at Albany - 
Oak Ridge Electron Liiicar Accelerator Program 
(coiilpleted six-week assignment in August 1975) 

Thomas Handler, University of Tennessee .- High 
Ei1ei-m Physics Program (continued assignment begun 
in November 1974-1 

E. L. Mart, University of Tennessee .- High Energy 
Physics Program (completed six-year assignment in 
August 1975 - now consultant with ORNL Physics 
Division) 

Howard Hayden, University of Tennessee - Accelerator 
Atcmic ?hysics Program (began one-year assignment 
in June 1975) 

D. I,. Hillis, University of ‘Tennessee - Oak Ridge 
Isochronous Cyclotron Program (began one-year as- 
signment in January 1975) 

A. C. Kahler 111, University of Tennessee - Qak Ridgi: 
Isochronous Cyclotron Program (began one-year as- 
signment in October 1975) 

P. M. Koch, Yale University - Oak Kidge Isochronous 
Cyclotron Program (completed two-week assignment 
in December 19’75) 

Kuo-Wen Liao, Columbia University - Accelerator 
Atomic Physics Program (completed ten-month as- 
signment in October 1975) 

B. R. Luers, Columbia University - Oak Ridge Electron 
Linear Accelerator P r o p i n  (completed six-week as- 
signment in July 1975) 

Edwad Melkorrian, Columbia University - Oak Ridge 
Fkctron Linear Accelerator Program (completed six- 

‘r. 9. Morgan, surrmcr research participant (ORNL) 
from Wesleyan Univcrsity - Atomic Physics Program 
(completed two-month assignment in August 1975) 

T. E. Nichols, University of Tennessee - Hyperfine 
Interactions PTograiu (completed ten-month assign - 
ment in February 1975) 

M. S. Pandey, State University of New Yoik at Albany 
- Oak Ridge Electron Lineax Accelerator Program 
(completed six-wcek assignment in August 1975) 

R. S. Peterson, University of Tennessee - Accelerator 
Atomic Physics Progi-am (con tintled assi<pment begin 
in Jtily 1972) 

ignment in July 1975) 

P. 0. Taylor, Joint Institute for Laboratory Astro- 
physics, University of Colorado .-- Controlled Fusion 
Atomic Data Center (began one-year assignment in 
October 1975) 

R. Thac, University of Tennessee - - -  Accelerator Atomic 
Physics Program (completed two-year assigiiment in 
June 1915 - now coiisultant with ORNI, Physics 
Division) 

Cheng-May Tung, University of Tennessee - Electron 
Spectroscopy Program (began one-year assignment in 
August 1975) 

R. R. Tuitlej University of Tennessee - Accelerator 
Atornic Physics Program (completed seven-month 
assignment in May 1975) 

W. K. Tuttle 111, University of Tennessee - Van de 
Graaff Program (completed eleven-month assignment 
in Novcniber 1975) 

J. Waldman, University of Lowell - Plasma Diagnostics 
Program (completed three-month assignment in Sep- 
tember 1975) 

8. M. Weland, summer research participant (ORAU) 
from Franklin and Marshall Collegc, Lancaster, Pcnn- 
sylvania - - -  Oak Ridge Isochronous Cyclotron Program 
(completed threc-month assipment in August 1975) 

University Isotope Sepemtor 
at Oak Ridge ( W I S O R )  

G. M. Chwdp, Laboratory Graduate Participant Fellow 
- Oak Ridge Associated Universities (began one..year 
assignment in January 19’75) 
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ti. K. Cartcr, Oak Ridge Associated Universities (in- 
definite assigiiinent) 

13. L. Mlekodaj, Oak Ridge Associated i-Jniversities 
(indefinite assignanen t) 

A. V-. Ramayya, Varicterbilt IJniveisity jcornpl 
one-month assignment July B 975) 

E. L. Robinson, Univcrsi~y of Mabarna (completed 
oxre-year assigmrient in September 1975) 

’4. G. Sclmidt, Oak Ridge Associated Uiiiversities 
(conuriued psttdoctoral appuinl.tneo t begriri io Sep- 
tember 1974) 

E. H. Spejewski, Oak Ridge Associated Universities 
(ill d e h i  te :mi gtnient) 

Siaff A ~ ~ ~ ~ ~ e ~ ~ s  

C. 43. Fulmer Oak Ridge 1sochrunous Cyclotron 
P~ogiarm. Completed m Septeinber 1975 ;? one-yedr 
asstgnmriil w [ lh  the Jastntul (le$ Scietices NuclkairP3, 
Unnver si@ of Cxenoblc, Grenoble, France 

E E. Gross hk &&e I!,ochconwi~ C y d o l r o n  
Program Cumplckd in Mdy 1975 a tour-week assign- 
ment at the Gicnoble Cyclu tmi  Laboiatury, Gre- 
tioblz, Fr;m:e 

Fdith G I l a lk r t  Theoreticd Physics Program Com- 
pleted m August 1975 a one-year assignment with the 
Nizls 50hi Iiistitute, Copenhagen, Denmark 

M. k. Halbert - Oak Ridge ~sochronous Gyclotroai 
Program. C‘ompleted UI August I975 a one-year 
:issignmen1 with the Niels Bohr Institute, Copenhagen, 
Dcnmark 

J, B McCroiy - h m e s i c a l  Physics Program Began in 
October L375 a one-year assignnient wth the ORNL 
Piogrm Plaunitig and Analysis Oftice 

@. D Monk Vat1  de Gzaaff Propmi. Begaiat,. in 
February 1975 a sur-month assignment with the 
universiiy of harhus, karbu\, Denmark, hegdti in 

October 1975 a svt-month assignment with the 

F. Plnsil Physics of Fission Piogram Completed in 
September 1075 a one-year assignment with the 
Laboratvile de Physique NucI&e, Universiiy of 
Paris, Orsay, France 

K. 3. Toth - Oak Ridg  Isocllronous Cyclotrun 
Program. Conipleted m October 1975 a five-inontb 
miginlent a t  the Iaboratory foi Nuclear Mzact ions, 
Joint Institute for Nuclear Research, Thibna, U.S.S.R. 

aresbury Laboratory, Daresbury, England 

C. F. Barrie1.t - - -  Controlled Fusion Atomic Data Center. 
Transferred from ‘Thermoriuclear Division to t’h ysics 
Division in July I975 

I Crandall - - -  Atomic Physics. Program. Transferred 
fcom Thermonuclear Division to Physics Division in 
July 1975 

R. A. Dayras - - -  Oak Ridge lsochxomous Cyclotrcjn 
Prograiia. Began two-year posidoctoral appointment 
io December 1975 

J. Gornez del Campo - f la i l  dc Graaff Program. Began 
four-month appoiartrnent in October 1975 

13. P. I-iutchinson ..- Hasma Diagnostics Program. 
‘Transfer red froin Thermonuclear Divisicm to Physics 
Divisio17 in July 197s 

J. W. Soh.~isou ..- Van de Graaff Rogr:ram. Tradel-red 
from Instx.rumentation and Cui) t.rcjls Division to I’hys- 
k s  Division in September 1!U5 

M. 8. Leviis ..- Wm de Graaff Program. Tr:msfi:rred 
From Physics IXV~S~QII to Metals arid CeIarnics .Division 
in July 19’75 

E, Neumm --- Oak Ridge Jsochroaoms Cyclotrorl 
Program. Transferred from Physics Divisiirn 1.0 Chemi- 
cal Techohgy Division in July :I975 

R. A. Ptianeuf .- Atomic Physics Puogatn. Began 
one-yew appoiintriient with the ‘Thermionuclear Divi- 
sion in October 1975 (m loan to the k%ysics 
Division) 

J. A. ~ a y  - ,4tomic’,Physics Program. Transferred fiorri 
Therrrnvnuclear Division 1.0 Physics Division in July 
1975 

E, Ricci .-- Surface Studies Progmm. Begail loan 
assignment with the Physics Division frorri Analytical 
Chemistry it1 July 1975 

L. L. %iiedinger .-- Heavy Ioii Project. Completed 
eight-month assignmerit in August 1975 

K. L. finder Shis - Plasma Diagnostics Program. 
Transferred from Thermonuclear Division to Physics 
Division in July 1375 

C. K. Werner .-- Infrared Spectroscopy Program. Trms- 
ferred from fhysics Division -to Oak Ridge Gaseous 
Diffusion Plant in March 1875 
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ADJUNCT RESEARCH PARl'KIPAN'I S IJNDEW SUBCONTRACT WITH 
UNION CARBIDE COWORATION NUCLEAR DPWSION - ORNL 

Faculty members of colleges and universities who were under subcontract with OMNI.. and who participated in 
the activities of the Physics Division during 1975 are listed as follows: 

P. ha. Bakshi, Boston College - Controlled Fusion 

C. R. Bingham, University of Tennessee - Oak Ridge 

H. G. Slosser, Michigan State University - Ileawy Ion 

D. A. Rroinley, Yale university - Nuclear Physics 

W. ha. Bugg University of Tennessee - High Energy 

J. ani. Burton, Carson-Newman College - - -  Hyperfine 

K. F .  Carlton, Middle Tennessee State University - Oak 

'Y. P. Clcary, University of Tennessee - Oak Ridge 

G. T. Condo, University of Tennessee - High Energy 

R. Y. Cusson, Duke University - Theoretical Physics 

Brian Gilbody, Queen's Universiiy, Belfast, Ireland - 

J.  Gomez del Campo, National University of Mexico 

Atomic Data Center 

Isochronous Cyclotron Program 

Projec t 

Program 

Physics Progx a 111 

Interactions Program 

Ridge Electron Linear Accelerator Program 

Isochronous Cyclotron Program 

Physics Program 

Program 

Controlled Fusion Atomic Data Center 

Van de Graaff Program (contract closed September 
1975) 

F. A. Grirnm, University of Tennessee - Electron 
Spectroscopy Program 

E. 1," Hart, University of 'Tennessee High Energy 
Physics Program 

PMippe Hubert, Centre d'Etudes Nucliaires, Bordeaux, 
France - Oak Ridge Isochronous Cyclotron Program 
(contract closed September 1975) 

P. G. Huray, University of 'l'ennessee - Hyperfine 
Interactions Program 

Constance Kalbach, University of 'Tennessee - Oak 
Ridge Isochronous Cyclotron and Theoretical Physics 
Programs 

Donald Malbrough, University of South Carolina - ~ Oak 
Ridge Isochronous Cyclotron Frogam at LAMPF 

Earl McDaniels, Georgia Institute of Technology - 
Controlled Fusion Atomic Data Center 

I). J. Pegg, University of Tennessee - Accelerator 
Atomic Physics Program 

G. A. Petitt, Georgia State University - Hyperfine 
lnteractions Program (contract closcd August 1375) 

L. L. Riedinger, University of 'Tennessee - Heavy Ion 
Project 

A. H. Ritchie, university of Alabama -- Electron 
Spectroscopy Program 

Reginald Konningen, Vanderbilt Univer-sity -- Van de 
Graaff Frogram 

L\rnold Russek, University of Connecticut - Controlled 
Fusion Atomic Data Center 

I. A. Sellin, University of rennessee - Accelerator 
Atomic Physics Program 

'4. J. Sierk, California Institute of Technology - 
Theoretical Physics Program (contract closed Decem 
bei 1375) 

R. M. 'Tate, University of Tennessec ~- Van de Graaff 
Program 

Robert Thoe, University of Tennessee - Accelerator 
Atoinic Physics Program 

E. W. Thomas, Georgia Institute of Technology - 
Controlled Fusion Atomic Data Center 

J.  R. Thompson, University of Tennessee -~ Van de 
Graaff Program 

J.  0. Thomson, University of Tennessee - Hyperfine 
Interact ions Program 

S. T. l'hornton, University of Virginia - Van de Graaff 
Program 

W. Verheul, Free University, Amsterdam, Netherlands ~ 

Nuclear Data Project (contract closed April 1975) 

Lawrence Wilets, University of Washington - Theorct- 
ical Physics Program 

R. R. Winters, Denison University - Oak Ridge 
Electron Linear Accelerator Program (contract closed 

Additionally in 1975, the Physics Division had the 
participation of the following nonfaculty ORNL sub- 
contract holders: 

F. '1. Howard, ORNL retiree ~ Accelerator Information 

August 1975) 

Project (contract closed November 1975) 
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n. 1). Klema, undergraduate student froin Princeton 
Ilniversity - - ~  Van de Graaff and Oak Ridge Isochro- 
nous Cyclotron Prog-iams 

A. ti. Snell, OKNL retiree -~ Oak Ridge Isochrorious 

G. J. Smith, ORAU postdoctoral appointee - Oak 
R. F. King, OKNL retiree -- Van de Graaff Program Ridge 1 sochron ous Cy clo t ro  t i  Pro grain (con t r a i t  

J.  D. I..ai-son, representing self ~- Heavy Ion Project 

1,. ‘A. Slover, OKNL retiree .-- Oak Ridge Isoclironous 

Cyclotroi1 Program 

closed September 1975) 

Cyclotron Program 

ADJUNCT RESEARCH PARTICIPANTS UNDER CONTRACT 
ARRANGEMENT WITH OAK RIDGE ASSOCIATED UNlVERSiTlES 

?.Jnder arrangernerits with Oak Ridge Associated Universities (“S” contracts aiid “U” contracts), S 1 univcrsity 0 1  

college fxulty members and students visited the Physics Division for consultation and collaboration duririg 1975. 
Tliese individuals and their  affiliation are listed below: 

1:. r. Avigiione 111, University of South carolill3 

F. ‘1-. Baker, Ilniversi(y of Georgia 

J. 11. Barker, Sainl Louis University 

S. Bashkiri, University o f  Arimna 

J. E. Bayfield, Yale CJniversity 

R. A. Bragda, Georgia Institute of Tecliiiology 

W. H. 8rantley, Furniaii liriiversity 

I.. 10. Britlwell, Murray Stare University 

K. P. Chatuivedi, State IJiiiversity of New York a t  

S. J .  Cipolla, Creighton Uiiivei sily 

P. W. Coultei-, llniversity of Alabama, Tuscaloosa 

K. H. Davis. Florida State CJniversity 

J .  P. Draayer, Louisiana State IJ. and A. & M. C. 

J.  I.,. Ihggan ,  North Texas State University 

K. kv. Fink, Georgia Institute ol’rl’echnology 

It.. M. Gaedke, Trinity Ilriiversity 

K. S. Gi-mtliaiii, Vaiiderbilt IJriiversiiy 

‘T. J .  Gray, Kansas State 1Jiiiversity 

M. R.  Greenfield, Florida A. & M. University 

hil. A .  Gi-iiiiiii, Jr., Georgia Institutc o f  ‘Teclinolopy 

S. A. Gi-onerneyer, Washington University 

D. ti Gusta fson,  University o P  Virginia 

J.  €1. t1ar1iiif011, Vaiiderbilt [Jniversity 

R. 0. Hannah, University of Alabama in Birminghani 

E. V. Hungerford, Uiiiversity of Housion 

M. A. IjxL, Virgnia Polytcchiiic lristitute a r i d  State 

Cor tlaiid 

Univo-sity 

D. E. Joluison, North Texas State LJniversity 

1-1. Kawakanii, Vaii derbil t University 

G. Kegel, Lowell Technological Institute 

K. W. Kernper, Florida State Univeisity 

13. D. Kern, University of Kentucky 

Q. C. Kosscl, liiiiversity o f  Coiiiiecticut 

S .  E. Koonint California I i i s ~ i t u t e  of Te~liriology 

S. J .  Kriegci-, University o f  Illinois a t  Chic;igo Circle 

T. El. Kruse, Kutgcrs - the State Uriiversity 

K. A. Kuenhdd, Universiiy of TuIsa 

K. Kumir ,  Variderbilt Uiiivcrsity 

W. S. Lewis, Georgia Insl i tute of Tccliiiology 

T. K. Linr. rhcxel University 

J.  Liri, ‘Ieririessee ‘1cclinologic:il Univcrsity 

W. G. Love, 1Jniversity of Georgia 

A. I). MacKellar, University of Kentucky- 

M. S. klcC.’ay, IJniversity of Tennessee 31 Chattanooga 

L). A. McClure, Georgia tiistitutc 0 1  Technology 

F. 2). McDaoicl, North 7‘ex;is State University 

G. C. Monigold, Nor th  Texas State IJniversity 

J. R. Mowat, City University of New York 

J. W. Negele, Massxhusetts Instilute of Technology 

R. B. Pieiccy, Vanderbilt llriiversity 

8. M. Preedorn, Uriivzrsity of South Carolina 

A. R. Qiiinton, IJniversity of Massachusetts 

A. E. Rainis, West Virgnia University 

A. V. Ramayya, Vaiiderbilt University 
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P. V. Kao, Emory University 

M. S. Kapdport. Georgia Institute of rechnology 

K. B .  Raphael, Oglethorpc” University 

A. D. Ray, Nurth Texas State Utiiversity 

1‘. A. Walkicwicz, Edinboro State College 

J .  L. Wcil, University of Kentucky 

J. C. Wells. Jr . ,  Tennessee Technological University 

W. l<. Wlia rton, Ca ii?e gie-Me llon University 

L. A. Rayburn. University of Texas at  Arlington 

A. C. Kester. Emory University 

R. K. Rice. North Texas State University 

E. L. Robinson, University of Alabartia in Riiininpham 

J. IC. Rowe, Nor th  Texas State University 

K.S.K. Sastry. University of Massachusetts 

‘i’. C. Schweizer, University of Virginia 

A. Scott. University of Georgia 

J .  Tricoini, North .Iexas State Univcrsity 

B. Van Nooijen, Vandcrbilt University 

G. Vout-vopoulos, Florida A. Rr M. University 

K. M. Wheeler. Statc University of New York at 

K. M. Wicland, Franklin and Marshall College 

B. M. Wildenthal. Michigan State University 

S. R .  Wilson. North Texas State University 

R. K. Winters, Denison University 

J .  L. Wood. Georgia lnstilute of Technology 

S. W. Yates, University of Kentucky 

A. R. %andel-, East Texas State University 

E. I:. Zganjar, Louisiana State U. and A. & M. C. 

Cor ti and 

PHYSICS DIMSlQN SEMINARS 

Physics Division seminars were held once a week on the average. The seminar cochaimicn during most of the 
year were J .  B. McCrory and W. 5. Dress. On October 1.  E. Eiclder (Chemistry Division) replaced McGrory. The 
seminars listed below are announced to  the entire Laboratol-y by being l istcd in the ORNI, Technical Calendar. In 
addition, groups within the Division hold meetings of more spccializ,ed interest, such as the Niiclear Research Coffee 
meetings on alternate Wednesday afternoons and the Theoretical Circus on Fridays. 

January 15 - David Nagcl. US. Naval Research March 4 ~ Igor Alexeff, University of ‘I’ennessce, 
La  bora t oi-y , “X- Rays fr 011 1 PI a stiias a11 d l’r oj c c t iles” “Plasma Containmeini &vices as Sources of Multiply- 

Charged lons” January 20 - G .  Goldring. Weizniann Institute of 
Science, k h o v o t ,  Israel, “I’iyperfine Interactions and 
Gyromagnetic Raliix of Excited States of Light 

Nuclei” of Fission” 

p+iarch 6 - K. ~ 1 , ~ ~ ~ ~ ~ ~  R. I)avies, pjiysics Division, 
~ ~ , ~ l ~ ~ ~  Viscosity on the Dynamics OXNL, “Effect 

January 24 - J .  R. Comfort, University of Groningen. 
Netherlands, “Particle-Mole Multiplets and Reaction 
Mechanisms in tlie Mass-90 Region” 

January 30 ~ .I. L. Fowler, Physics Division. OKNL, 
“Neutrons and Energy; the Mystery of the Missing 
Ninth” 

March 20 -~ B. L. Cohen. ‘The Institute for Energy 
Analysis, Oak Ridge, “Environmental Irnpacts of 
Plutonium Dispersal and Radioactive Waste Storage” 

March 24 ~ M. C. Pauli, Max-Planck-lnstitut fur 
Kernphysik. Heidelberg, Germany, “Dynamic Excita- 
tion in Fission” 

February 12 - Charles Flauin. University of Rochester, 
“ ~ ~ ~ ~ ~ , ~ ~ ~ ~ ~ ~ ~ l  and Theoretical ~ ~ ~ ~ ~ ~ i ~ ~ ~ i ~ ~ ~ ~  of 
~~~~~l~~~ ~ ~ h ~ ~ ~ ~ ~ .  of x ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ J  stales a t  i-1iglrt 
Spin” 

‘“Statistical Mechanical Approach t o  Nuclear Sti-uc- 
ture” 

April 1 - M. K. Mottleson, Niels Bohr Institutet, 
Copenhagen, Denmark, “What Can Angular Moirien- 
turn Do to the Nucleus‘?” 

Februar-y 24 J. N. Ginocchio, Yale University. April 24 ~ Ole Hanseil, Los Alamos Scientific Labora- 
tory, “Rcsoriances in the ’ C(’ c,p) Reaction: A 
New Rotational Band in 24Mg’’ 
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May 2 -. Klaus Eberhartl, University of Washington, 
“Correlated Structiife in ”C t z~: ~nduced ~ e a c -  
tions” 

K i y  S - - -  Charles Lewis, (:ERN, “Some Expcrimenrs io 
Nuclear 71 Absorption” 

May X ’-- 1-1. Schrader, Iristitut 1-aue-Larigevin, Grenoble, 
Fraiice, “‘Fission Yklds w i t h  Mass Separator Ixolien- 
grin” 

May 1 2  - Mikkel R. Johnsoii, Lo3 Alarms Scientific 
Laboratory, ‘-Nuclear Matter Tlieory for  Pion Scatter- 
ing fLom Nuclei” 

May 15 - D. ?I. Youngblood, Texas A. PC M. 1Jiiiversity, 
“Purticle Decay from {lie Giant Ilesooaiice Kcgioii of 
4 0 ( T 1 =  

May 22 ’-- Marlan Scully, Optical Sciences Center. 
University of Arisona, “An Ion Beam X-Kay Laser: 
Superradiance in Action” 

May 28 - E. Salzborn, Kansas State Urijversity, 
b’fElectrtm Capture Processes of Multiply Chiirgetl 
Argon ions in Gas Targets at Energies liom L0---90 
]<e V’ 

May 29 .-- M. Mirnura, Tohoku Uiiiversiiy, Setic!;ii, 
Japan, “lblsed NeUlroiJ. Sources for [Jtilizatioii for 
Condensed Matier Research” 

May 29 .-- I. Bergstr6in, Research Instituf:: for Physics, 
Stockholm, Sweden, “On Effective Two- aiid Tliree- 
Body Interactions: A Lesson f r o m  High-Spin States in 
the Lead Kegion” 

June 5 -- W. B. Dress, Physics Division, ORNL, ‘“2’4 
Years of Measurerneiits w i h  and on French Neil- 
trons” 

June 17  --. A. K. Edwards, University of Georgia, 
“‘Collisional Excitation of Negative tom and Neutral 
Atoms” 

June 10 -- Terrance Clear-y, Univessity of Wisconsin, 
-‘Nuclear Structure in the A = 90 Region from Rcac- 
tions Induced by Vector Pohrized Deuterons” 

June 24 ..- L. e. Fcldman, Bcll Laboratories, Murray 
Hill, N.J., “X-Kay Yields from Ar-Al Collisions: 
L.ifetirne Effects” 

June 26 -- G.  S. Hurst, “Resonance Ionization Spec- 
iroscopy on He (21,Y)” 

July 9 -- R. de Swiniarski, University of Grenoble, 
France, “Sortie Recenf. Experiments Done at  the 
Grenoble Cyclotron” 

July 14 -- S. G. Nilsson, University of Luod, Sweden, 
“Nuclei at High Arigular Monientuni States” 

Jiily 14 - Cuiiter Kegcl, Lowell I’echrivlu$cal Insti- 
tiite, “Fast Neutron Scatienng fro111 0 238” 

August S .-- V. S. Nikolayev, Moscow St; t tc University, 
U.S.S.R., ‘‘Atomic Ci oss Seclioiis for Multi-Cl-iaI-ged 
Ions” 

Aiigist 7 --- C. K. Cclbke, h;Zax-Y-’lancl;-liIslilut, Heidel- 
berg, Germany, “Exchange Synimetries in I-ieavy-Jon 
React.ions” 

August 14 --. J. A. Maiulin, P h y s k ~  Division, ORNL, 
“Collective Flfects ori Mass Distributions in Fission” 

September 2 Jiri Xopecky> Reactor Ceotruin, Petten, 
Netherlands, ‘-(n,r) Experitncnts at the High Flux 
Reactor a1 Petten” 

Septerriber 4 Bill hilton, O&W, “Statistical 
Methods for Fintling Shell blodel Level Denhitles” 

Septembcr I 1  - M. L. I-ialbert, Physics Division, 
r)KNL, “Darrish Photons Suf‘t and Mard” 

Qciober 9 --’ Franz: Plasil, Physics Division, ORNL, 
Frericii Connec- “Physics with i he  Very Heavy l o n s  

tion” 

Oclober 20 - - -  W. F. van Gucisteren, Free Uriiversity, 
Ainsterdarn, ”Relationship betweeii Odd and Even 
Single Closed Shell Nuclei in a Low Seniority Approx- 
iniatiori” 

Cktobcr 27 ~~ S. M. Lee, Institute for. Nucle;ir Physics, 
University of Cologe ,  W e s t  Ccrinany, “Role of 
Kesonanczs and Critical Arrguular Monientn in Heavy 
ton Rc;ictions” 

October 26 M. A. Nag,mjan, ihes tx i ly  Nuclear 
Physics I;tboratol y, Daresbury, England, ‘‘Generator 
C‘o-ut (litlate Method f o r  Nuclear Collisions” 

October 3 1 --- H. 1-1. Aiidersen, Aarhus, Dellmark, 
“Sputtering as LI Tool for the Investigation of  Atomic 
Collision Chscades in Solids” 

Novernber 6 IIerinann Weigmann, CBNM, Ceel, 
Belgium, “‘Neutron nata Measureinents at the Gee1 
I,mac” 



November 13 - Peter Wurm, Max Planck Institute for December 10 - R. K. Adair, Yale University, “Prompt 

Nuclear Physics, Heidelberg, aiid SUNY, Stony Leptons: Leptons Produced by the Direct Interaction 
Brook, “Friction in Deep lnzlastic Scattering” 

November 17 ~~ R. F. Casten, Brookhaven National 
Laboratoiy, “Nuclear Structure Research Using the 
( 1 1 , ~ )  Reaction” 

of Hadrons” 

COLLOQUIA AND SEMlNAWS PRESENTED AT OTHER INSTALLATIONS 

Staff members of the Physics Division and other scientists associated with the Division frequently receive 
invitations to present serninars and colloquia at institutions both in the United States and abroad. Partial support for 
some of the rcqucsts was provided tlirough the Traveling Lecture Fiogram (TLP) administered by Oak Ridge 
Associated Universities. A number of lecture-dcinonstrations were supported by the local-section lecture program of 
the American Chcmical Society. 

Following is a list of seminars and colloquia presented in 1975: 

J .  R .  Ball - University of Melbourne, Austialia, 
February 29, 1975. “Plans for a New Heavy lon 
iZccelerator at Oak Ridge”; Florida State University, 
April 10, and Texas A. & M. University, May 29, “The 
NCW fleavy Ion Laboratory at  Oak Ridge” (TLP); 
University of Tennessee, December 2, “Status Rcport 
on the lleavy Ion Accelerator Facility at  Oak Ridge” 

C. F. Barnett ~ National Bureau of Standards Work- 
shop, Marcli 3 -4 ,  “Atomic Data for CTR, Particu- 
larly on Heavy I o n  Impurities”; National Bureau of 
Standards. Gaithersburg, Maryland. March 3, “Atomic 
I%ysics Research at ORNL” and “Con~rolled Fusion 
Atomic Data Center” 

F. E. Bertrand - University of Georgia, April 17, 
itation of Giant Resonances via Direct Keac- 

tions”; Texas A. & M. University. November 4, 
“Giant Resonances and the Nuclear Continuum” 

C. R. Bingliain ~ KVI, Groningen, Netherlands, Novem- 
bel- 1 1 ,  “Initial Research with the On-Line Isotope 
Separator. UNISOR”; Free University, Amsterdam, 
Netherlands, December 4, “Structure of Light Mer- 
cury Isotopes with an Isotope Separator” 

T. A. Carlson -~ University of Missouri, April 25, 
“Electron Spectroscopy for Surface Studies”; Uni- 
versity of Illinois, November 12, “Use of Electron 
Spectroscopy for Surface Studies” (APS Visiting 
Scientist Program) 

W. B. Ewbank ~- lnstituut voor  Kernphysisch Onder- 
zoek, Amsterdam, Jalluaiy 24, “ENSDF (Evaluated 
Nuclear Structurc Data File)” 

J. L. Fowler - Universily of Tennessec, February 1 I ,  
“The Neutron as a Probc for Nuclear Structure 
around Closed Shell Nuclei” 

C. B. Fulincr -- lnstitut des Sciences Nucleaires, 
Grenoble, France, January 24. “Heavy-lon Scattering 
Studies a t  Oak Ridge”; Centre de Kecherchcs Nucle- 
aires de Strasbourg, Strasbourg, France, April 24, 
“Heavy-lon Scattering Studies at Oak Ridge”; Kern- 
fysisch Vcrsneller Institut, Groningen, Netherlands, 
September 2, “Sonic lixperiences in the French 
Alps”; Natuurkundig Laboratorium der Vrije Uni- 
versiteit, Amsterdam, Netherlands, September 4, 
“Some a-Particle and Heavy-lon Scattering Expcri- 
ments”: Wheatstone Physics Laboratory, King’s Col- 
lege, London, U.K., September 26, “Some Experi- 
ences in tlic French Alps” 

C. D. Goodman ~ Kent State University, Kent, Ohio, 
Scptembcr 17. “The Nuclear Reaction ( 6  Li,‘ WC) as a 
Tool f o r  Studying Nuclear Transitions Related to  
Camow-Teller Beta Decays” 

E. E. Cross ~ University of Texas a t  Arlington: 
February 5. and North Texas State University. Febru- 
ary 6, “Heavy-Ion Research at  Oak Ridge” (‘YLP); 
Cleinson University, February 27, “Tebcing Time 
I<evcrsal Invariance in Nuclear Physics” (TLP); Niels 
Bohr Instilute, Copenhagen, Deninark, May 2. “70 
MeV ’ ? C  Scatter-ing from ’ 4 4 N d ” ;  University of‘ 
Groningen, Netherlands, May 6, “Heavy-lon Research 
at ORIC”: Institut des Sciences Nucldaii-es. Grenoble, 
France, May 9, “Coulomb-Nuclear Inierference 
Effects in 70 MeV ’ ’C + ’ 4 4 N d  Scattering” 

K. L. I-lahn ~ Randolph-Macon Wome11’s C o l l ~ g ~ ,  
January 23; Uavidsoll College, March 2 I : Union 
College, April 19; Huntingdon College, April 31 and 

‘luskegee Institute, April 21. “The Quest for New 
El erne 11 t s” ( T LP) ; Lawrence Be r kc ley Labor a tory , 
December 16, “Reactions of 40Ar with 16’Dy, and 
I 64Dy and 174yb”  
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E C Ilalbeit - k l s  Bohr Institute. Fehrtrdry 5, 
“Renvitnali/dlic,n to  C‘ell Ftlechve hitciaitions fol 
T‘tuncated Mmy-Body Shell Models” 

M. I .  tialbeit Hrilm-hfeimer lnstltut, West Berlin, 
lanudry 3 1, “I-IeaVy-Ion blastic Sc:ttteririg f l o ~ n ~  

ORIC, ’The Heavy-Ion Accelerator Projec i ,it Odk 
Kl@” 

J. €3 McGrory North Carolina State University, 
Jmuary  24, Vdnderbilt Ilniveruty, Mdrch 14, “Suc- 
Lesm ‘ind Fallules of the Nuclear Shell Model” 
(T‘LP), Creorgd Stdte University, April 16, ‘*MiLro-  

s c o p i ~  Description of Cvllectivz Nuclear Motion in  
Terms of the Nucleai Shell Model” 

h/I I _ .  Mdllory Michqpn Slate Uii~verslly, November 
17, “Metal Ion Source arid I3armonic Bern1 Space 
Clidi ge Effect” 

hx?llschdft f i l l  Schweriorienforschung, J. A. Martin 

J 

Darmstadt, Septenlber 2, “Heavy Ion Accelerators a t  
Oak Ridge” 

A. Maruhn - Vandcrhilt University, February 6, 
“Dynamic Theory of Mass Distributions in Fission”; 
Ai-gmne National Laboratory, April 2, “Dyriarnic 
Theory of Mass Distributions i i i  Fission”; Lawreiice 
Berkcley Laboratory, July 15, “Sonit: Practical 
Aspects of Iiniple~nenting a Fluicl-Dynamical Code for 
Heavy-lon Reactions”; Los Alamos Scientific Laboi-a- 
tory, October 14, “Fluid-1C)ynatnical Description of 
Heavy-Ion R e x  tions”; Calii‘ornia lnstitutc ( i t ‘  Tech- 
nology9 October 24, “Flui~l-l)yrcandc~l Description of 
1le.ivy-lori Reactions”: Duke (Jniversity, November 
20, “FFJuid-Dynamic;d l~escr ipt ion of Heavy-Ion Kcac- 
tions”; North Carolina State University, Noveii-rber 
21, “Collective Thcory of M;iss Distributions in 
Fission” 

F. D. Miller ~ - -  State University o f  New York ai 
COI tlaiid, Fcbruary 4; University of Alabama, Feliru- 
a-y 27; Auburri University, February 28;  University 
of Kentucky, October : 3 ,  “Sear-cb for the Electric 
Dipole Mornent or the Neutron” (T’LP) 

R. 1,. Mlekotl:ij - Cescllscliaft fur Sc1iweriu1ict1- 
hi-schung, I)artnst;idt, Septeinbcr 1.5, ‘ T h e  Status or 
the UNlSOR Project” 

C. D. MoA - - -  Kutgcrs .~ the State University, Novein- 
ber 7, “Large ‘Tandem Acccleraturs”; LJnivcrsity of 
Oxlhr-cl. England, Novenlber 17, “Physics with Heavy 
Ions’’ 

H. W. Morgan . - ~  (lectures sporisored by tht: Anierican 
Chcniical Society local-sec~.ioii lcciure pi-ogrlirn are 
marked with an asterisk) lrtdiana University ai  South 

Bend, January 13; St. Joseph Valley Section. ACS,* 
.lanuary 13; Kalamamo College?” January 14; Grand 
Valley State College, January 1 S :  Hope College,* 
January 15; University of Michigan. Ann Arbor,* 
J a n u x y  16; Wayne State University, January 17; 
Caniion C‘ollegc, May 7; Villa Maria College,” May 7; 
Northeastern Ohio Section, ACS,” May 8 ;  Penn- 
sylvania Slate University, May 9; Penn -Ohio Border 
Section, ACS,* May 9;  Ball State University, Julie 23; 
liriiversity of Nevada a i  Las Vegas,” October 9;  
University of Nevada a t  Keno.” Octol>eI IO;  lioi- 
versity of California at  Davis, October 13; Sacrarnento 
Slate University,” October 13; California State Uni- 
versity a t  Fresno.” October 14; Naval Weapons Center 
at China Lake,” October 15; California State College 
at Bakersfield,* October 16; University of Hawaii ii t  

Manoa,* October 17, “(hheren t Light and I-folog- 
raphy ” 

F. E. Obensliain - IJnivcrsity o f  Georgia. February 4, 
“Soinc Applications of the Mossbauer Effect” 

F. P h i l  .-- I-lahn-Meitner lrrstitut, Berlin, February 21, 
“Hcavy-Ion Induced Fission and Fusion”; University 
of Vienna, June 13; IJnivcrsity of Marburg, June 16; 
Max-PI anc k - h s  ti tu t ~ I-le idelberg, June 1 8;  linivcrsity 
of Municli, June 20; University of Liverpool, .luly 9; 
University of klanchester, July 10: University of 
Lyon, July 18, ’“Fission et Fusion Induite piu Ions 
I~.ourds” 

S. Karrian ~ University of ‘I’erinossee, Nuclcar Engineer- 
i ng  Ucpartrncnt, May 27, “I’he Acliriidc Wastc Prob- 
Jcm” 

L. L. Riedjriger - Notrc Dame Univcrsity, December 
10. “New Acccleiator at Oak Ridge; Recent (H1;xn) 
Mcasu rcn1ents” 

M. J .  Saltmarsh ~ liniversify of Virginia, Marcli 19, 
“Some Practical Applications of Accelerators, Past, 
Prescrit and Future” 

G. R. Satch1t.r -~ Texas A. & hii. University, Aptil 3, 
“Microscopic Description of the lnclas tic Scatteririg 
arid the New Giant Rcsoiiances”; Oxford IJnivcrsity, 
F.nglartd, Cktober- 2, “Giaiil Kesonaiices” 

University of Terincssce, April 16. 
“Multiple Multipole Mixtures in the Dccay of ’ 82‘ra’’ 

E. 1-1. Spejewski - -  ‘Tennessee Techiiolugical University, 
Janu;iry 27, “The lJN1SC)K Project” 

A. G. Sclmiidt 

1’. 14. Stelsun -- ’  Instituto de Fisica, Mexico City, Maich 
18, “Heavy Ion Facility at Oak Ridge”; March 19, 
“Backbending I’henorncna in Nuclei” 



204 

R. G. Stokstad - State (Jniversity a t  New York, April 
4, “Limits on Fusion Cross Sections for Li&t Nuclei” 

K. S. Toth ~- University o f  Tennessee, March 5 ,  
“cu-I>ecay in the Cis-Polonium Region”: Institute for 
Nuclear Research. Kiev, U.S.S.R., July 3, “Heavy-Ion 
Research at  ihe Oak Ridge Isochronous Cyclotron”; 
Institute for Nuclear Physics, Gatchina. U.S.S.R., 
August 6, “Heavy-Ion Research at the Oak Ridge 
Isochronous Cyclotron” 

University of Alabama, September 26; Clark College. 
October 15; University of Kentucky, November 21, 
“What IS Life?” ( ILP)  

C. Y .  Wong - University of Puerto Rico, Mayaguez, 
Fcbruary 4; University of Puerto Rico, Rio Piedras, 
February 8; Clemson LJniversity, South Carolilla, 
March 13> “Toroidal Galaxies” (TLP); Texas A. & M. 
University, March 25, “Nuclear Hydrodynamics”; 
University of Maryland, April 17, “Foundation of 
Nuclear IIydrodynamics”; Centre d’8tudes Nucle- 
aires, Saclay, France, May 12-30, series of five 
lectures on “Selected Topics in I-Ieavy-Ion Reactions” 

X, A. Welton - Virgnia Polytechnic Institute sild State 
University, June 2, “Coherence Effects in Optics”; 

MISCELLANEOUS PROFESSIONAL ACTIVITIES OF DIVISIONAL PERSONNEL 

Staff members are frequently involved in professional activities which are incidental to  their primary 
responsibilities. During 1975 60% of the members of the Division acted as referees for 25 journals, principally The 
Physical Review, Physical Review Letters, and Nuclear Physics. Other activities during 1975 included those listed 
below. A listing as a member o f a  Users Group implies active participation in experiments a t  other laboratories. 

G .  D. hl ton - local arrangement committee for J.L.C. Ford - member, National Heavy-Ion Labora- 
International Conference on Heavy Ion Sources; guest tory Users Group Executive Cornillittee; nieinber, 
co-editor for Proceedings of International Conference Supcrhilac and Brookhaven National Laboratory 
on Heavy Ion Sources Usel s Groups 

C .  F. Barnett - Research Advisory Committee for 
EKDA-UCTR: panel mernber, National Academy of 
Science for Atomic Physics in the Energy Program: 
panel member. ERDA -DC’i !< fusion research plasma 
facility; proposal reviewei-. ERUA- -DCTR, ERDA. 
DPK, NSF. National Research Corporation: consul- 
tant to  IAEA on atomic data; organi7.ed symposium 
for APS annual meeting, Anaheim, California, Janu- 
ary 29, 1975; organized workshop - ‘Theoretical 
Atomic Physics in the CTK Program,” Oak Ridgc, 
September 8, 1975 

R. L. Becker - reviewer for Division of Physical 
Research (EKDA) and National Science Foundation; 
lecturer, University of ‘Tennessee 

F. E. Bertrarid - chairman-elect, Indiana University 
Cyclotroil Users Group: membcr, LAMPF Users 
Group 

T. A. Carlson ~ joint editor-in-chief of the Journal of 
Electron Spectroscopy; chairman of 1 976 Gordon 
Conference on Electron Spectroscopy; lecturer a t  the 
NATO Advanced Study Institute on Photoionization 
and Other Problcms of  Many Electron Interactions, 
September 1975 

E. Eichler (Chemistry Division) - ~ Physics Division 
Seminar Chairman since October 1: lleavy-Ion Lab- 
oratory Users Group Liaison Officer: member of 
Organizing Commit tee, Heavy-Ion Workshop 

J .  L. Fowler -~ part-time profcssor, University of 
‘Tennessee; secretary for Nuclear Physics Commission 
of IUPAP: member of  Fcllowship Committee of 
Council of APS 

C. B. Fulnier -- safety officer and radiation control 
officer for Physics Division; instructor for OKNL 
Personnel Development Programs 

C. D. Goodman ~ chairman of the OKNL Science and 
Technology Colloquium; Physics Division Quality 
Assurance Coordinator; representative from Nuclear 
Physics Ilivision of APS to advise on Physics ant1 
Astronomy Classification Schetnc (PACS): member of 
lndiana University Cyclotron Users Group 

E. E. Gross - UNlSOR Executive Committee; ORlC 
Progiain Cornmittee; reviewer for NSF and Research 
Corpoi-:I tiun Proposals 

J .  A. Ilarvey - laboi- coordinator for the Physics 
Division : Physics Division coordinator for ORNL 
Asvar-ds Committee; secretary -treasurer of the Divi- 
sion of Nuclear Physics of the Arncrican Physical 
Society ( I  967-1 976): illember, organizing committee 
of the 1976 International Conference on the Interac- 
tions of Neutrons with Nuclei; member of the 
editorial board of the Atomic and Nuclear Data 
iahles 

Coiiipu tcr Microfiche Printout Coininittee 
D. P. Hutchinson -~ Physics Division coordinator for 
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C. 14. J ihnso i i  - i-nc~iibcr of Accelerators arid IMiat ion 
Sources Review I h i i n i t t e e  

N. K. Johnson (Chemistry LXvisiun) -. ~nertibcr of’ ihe 
OKIIC‘ Progritin Conmittre; iiiei-riber of It-leasy-Ion 
Facility Users Or ganizatioii; ORIC‘ Schediiling Coordi- 
na tor 

C. M JOJXS - -  nictnbcr, I’rograrri C:onirriittzc, 1975 
P;jr t i ck  Acczlera t o r  Coli ference; txieni her, local ar- 
rarigemt:nts cotnmittec, International (~onferetice on 
I-leavy Ion Sources 

C. A. L1.ldt.riiit1Itl - - reviewer of I’liysics Division ADP 
facil itics; Physics Divisiori represciitative, Union  Car- 
bide Nuclear Division Affirmative Actioii Program; 
member, 1,AMPF Users Group 

F. K. McC;ow;ir~ - nieinl~cr,  editorial board of Aforvlic 
Duta and iV~.lCk’u~ Dum Tables, journal p b l i r h c d  by 
Ac;tdemir: PKSS 

J .  B. McGrory - - ~  ORNL A d  I-loc Ccmrni1.tee a i  Long 
Rai-igi: ADP Acquisition ; Physics Division OKlC 
Sclieduling Conimitlee; on leave t o  Program Planning 
and Aiialysis Croup 

R. 1.. Macklin --. Physics Divisim Industrial Cooperation 
Oii’icer; Criiicali1,y Safety Approvals Conlnlittee 
OKGIIP 

co-editor. hirernational Conference on M. L. Mnlloi y 
Hewy lon Sources 

J.  A. Illartin -. chainrim, Mectings Committee of 
‘Tecbiijca1 Acrivities Board o f  IEEE; member, hdrtiiri- 
istrative Conimiitee o f  the IEEE Nuclear ;ind Plasma 
Scieiices Socieiy ; member, Editorial Advisory Board 
o t‘ Particle Accdeem tors; consul tan t , Na t.im a1 Science 
Foundation Pliysics Section as rriernber of Visiting 
C:vmmiitzes for rridiana Ilrttversity Cyclotron Project 
and Coltmbia Uni~ei-sity Synclirotron Impoverneait 
PI ojecr; member, Organizing Chnmittee f o r  the 19’75 
Particle Accelemtor Conierence, Washington, 1I.C.; 
ineltibtlr, Internati~.maI Organizing Committee f o r  
VII ih Interriaiiviial Confereirce ot i  Cyclotrons and 
‘Their Applicalioris, Zurich, Swit;.erlaod, August 1975 

J.  A. M;iruhn ~ - -  lecturer, Urriversily of Ttmnesset: 

S. W. ILiosko .- member, EKDA Eleclrical Safcty 
Criteria Coniniif tee; nicrnbcr, Program Cornmittee of 
I975 Parlick Accelerator Confcreiice 

F Plasii --. chairman. ORNL, Graduate Fellow Selection 
Panel : tnember, ORNL. Ph.D. Kxrui t ing Team; rneni- 
ber, litwrcnce Berkeley Labora tory Superhilac Users 
Executive Cornmittes 

F. Pleasonton .-- rnernber, Review Committee for Phase 
1 I (separated-sector cyclotron) of Hemy-Ion Facility 

E. Ricci -- teciznical chairirian. International Atc~niic 
;wid Nuclear ,4ctiva tion Aniilysis Coiifcrence, Cahin- 
burg. October 14--16, 1975; member, Executive 
Cornnrittee o f  American Nuclear Society Jsiitopes an3 
Radiation Division; chairman, Committee Analytical 
Applications of A.111etica11 Nuclear Society Isotopes 
and Radiation Division 

M. J. Sttltinarsti - inerrher, Techiiical Advisory Panel, 
l.hMPF; n i e m b e ~ ~  American Society for Testing 
Materials Subcommittee El 0.08 (Procedures f.or Radi- 
ation 1)amage Simulaf.icm); member, OIILNL Prtqiosal 
Review Coltitnittee (Seed Money Committee) 

G. K. SatcNer - member: Executive Committee, 
Division of Nucleai. Physics, ilniericxi Physical Soci- 
e t y ;  member, Program Commit tee, Divisiiori of Nu- 
clear Physics, American Physical Society; member, 
editorial board of Atomic Data and ilirtcleur Data 
Tuhles; mentbcr, Organizing Conirriittee for Con- 
ference on Highly Excited States in Nuclei, Jiilicb, 
Germany, Sepkmber 22---26, 1975 

P. A. Staats staff member, Fisk University Infrared 
Spectroscopy Inslitute; pal ticipatetl in organizatiori 
of and directed laboratory portion of Twenty-Sixth 
Annual Fisk Infrared Lnstituk, Fisk IJoivcrsity, Nash- 
ville, ‘Tennessee, Auaust I I - - -  15, 1975 

P. H. Stelsoii -. part-time f x u l t y  member, Department 
of Physics, University o f  Tennessee ; ;issociace editor 
of Nucleur Phyxits; member, executive committee of 
Southeastern Section of the American Physical Soci- 
e ty;  member, American Physical Society Ilivision of 
Nuclea,r Physics Coriiriiittce on Nuclc;ir I h t a  Coinpila- 
tions; member, nilvisory coniniittee lor the ORNL 
Ztistxurnentation arid Cotitrols Division; member, 
iiominating committee fo r  Nuclear Division of the 
American Physical Society 

R. G. Stokstad --- meniber, Ad Hoc Panel on The Future 
of Naclear Science (CNS - -  NAS); member, National 
Heavy-loci Facility Users Croup Charter Committee; 
reviewer of research proposals for the National 
Science Foundation atid Brooklyn College 

K. S. Tolh --_ chairman, llNISOK Scheduling Coniriiit- 
tee; member, Major Nuclear Chemistry Fxilities 
Committee of the American Cheniical Society; helped 
arrange two sessions of invited speakers for the 
Aiizericao Physical Society meeting held i n  Knoxville, 
Tennessee 
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T. A. Welton - completed three-year term on Council 
of Electron Microscopy Society of America; program 
chairman for 1975 annual meeting of above society; 
reviewed research proposals for EKDA and NSF; 

part-time consultant to  the ORGDP Gas Centrifuge 
Program; part-time professor and col loqui~~in chair- 
man, University of Tennessee Physics Department 

GRADUATE THESIS RESEARCH 

During 1975, Physics Division staff and associates served as advisors or supervisors for 16 students engaged in  
thesis research. All projects listed below were carried out with facilities operated at  least j n  part by the Division. I n  
1975, four doctoral theses and one bachelor’s thesis were completed. 

Ph.D. Thesis Research 

Candidate 

W. K. K)agenhart, 

J. P. Forester, 

L. D. Gardner, 

G. M. Gowdy, 

D. L. Gustafson, 

University of Tennessee 

University of Tennenee 

Yale University 

Georgia Institute of Technology 

University of Virginia 

D. L. Hillis, 
University of Tennessee 

A. C. Kahler 111, 
University of Tennessee 

M. S. Pandy, 
State University of New York 
at  Albany 

K. S. Peterson, 

R. Piercey, 

Universj ty of Tennessee 

Vanderbilt University 

Cheng-May Tung, 

W. K. Tuttle 111, 

liniversity of Tennessee 

University of  Tennessee 

Advisor(s) 

P. H. Stelson 

1. Sellin, 

M. L. Mallory 

University of Tennessee 

E. H. Spejewski, 

S. T. Thornton, 

E. Eichler 

University of Virginia; 
J.L.C. Ford, Jr., 
K. E. Robinson. K. S .  Toth 

E. E. Gross; 
C. R. Binghani, L. L. Riedinger, 
University of Tennessee; 
M. L. Halbert. P. H. Stelson 

L. L. Kiedinger, 
IJniversity of Tennessee; 
UNISOK Staff 

J .  A. Harvey, R. L. Macklin 

I. Sellin, 

J .  1-1. Hamilton, 

University of Tennessee 

Vanderbilt University; 
R. L. Robinson 

F. Obenshain 

P. H. Stelson, R. L. Robinson 

’Thesis ’Title or Field of Research 

Coulomb Excitation of ’Sn 

I-Ieavy-Ion Atomic Collisions 

Charge Exchange Cross Sections 

Systematics of the Levels of Neutron- 

“High Spin States in * Mg and 

Deficient Odd-Mass Hg Isotopes 

Populated by Heavy Ion Reactions” 
(degree to be conferred in 1976) 

Na 

“Shape Effects in the Elastic and 
Inelastic Scattering of 70.4- MeV 2 C  
Ions from the Even Neodymiunl 
Isotopes” (degree t o  be conferred in 
1976) 

Rotational Bands in TI and Au Nuclei 

“Study of IIigh Resolution Neutron 
Total and Capture Cross Sections in 
Separated Isotopes of Copper” 
(degree conferred in 1975) 

Heavy-Ion Atomic Collisions 

IPigh Spin States in 7 4  Se 

Isomer Shift Studies in Dilute Au 

“Levels in I , 1  In as Seen b y  Coulomb 

Alloys 

Excitation and (H.I. ,xn) Reactions” 
(degree conferred December 1975) 
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Candidate 

B. 0. Hatinah, 
University of Alabama, 
Birmingham 

K. C. Huater, 
Ihiversity of Tennessee 

F. E. l‘urner , 
University of ‘Tennessee 

Candidate 

J. A.  Smith, 
New College, Sarasota 

Master’s Thesis Research 

Advisor(s) 

E. L. Robinson, 
University of Alabama; 
E. 1-1. Spejewski 

L,. L. Riedinger, 
IJniversity of Tennessee; 
K. S. ‘I‘oth 

L. L. Rieditiger, 
IJniversity of Tennessee; 
IJNLSOR Staff 

Bachelor’s ‘Thesis Research 

Advisor(s) 

R. I.,. Recker 

Thesis Title ot Field of ReSeiid 

Decay of 194Pb and 34Tl 

Decay of i 64Lu to 164Yb 

Study of the A = 192 Chaiii: Pb-TLHg 

Thesis Title or Field of Research 

“On the Kadial Proton Distributions of 
Light Nuclei” 
(degree confeyred June 1975) 

UNDERGRADUATE STUDENI- GUESTS AND EMPLOYEES rmKtivG 197s 

A. K. Hogdan,’ student at Haverford College .-- Heavy- 
Iori Project (completed ten-week assigrinient in 
Au g.1 s t j 

ti. E. Doughty 11, employee of lhe LJniverrity of 
Tennessee --- High Energy Pliysics Progr:im 

sally Fairman,’ student at  Carrolton College - - -  Plasma 
Diagnostics Program (completed threc-inontti assign- 
rncnt in September) 

J. I,. Gray,’ student at IJniversity of Wisconsin .-- Oak 
Ridge Electron Linear Accelerator Program (corn- 
plekd ten-week assignment in August) 

J .  S .  Haggerty,’ student at Manhattan (hllegc - - -  

Electron Spectroscopy Program (completed ten-week 
assignment in August) 

J.  A. McDonald: student at Princeton IJriiversity --- 

Theoretical Physics Program (completed three-rtionth 
assignment in September) 

T. I,. Nichols, employee of lliiiversity of Tennessee ’-- 

Hyperfine Interactions Program (cornpleted ten- 
month assign men t in February) 

Terry B. S e ~ a u e r , ~  student at Center College - Ion 
Source llevelopment Prograrn (completed fivc-rnon th 
assignment in May) 

T. A. Slamotl,‘ student :3 t Pennsylvania State University 
-.. Oak Ridge Isochrorious Cyclotron Program (coin- 
pleted ten-week assignment in August) 

D. M. Tanner,’ student a t  University o f  Southwest 
Louidana - - -  Ion Source ikvelopnnen t Prop a n n  (com- 
pleted ten-week assigtirnerit in August) 

C. 6.  ‘l‘rahern.2 student at Uice University ~ Theoreti- 
cal Physics Prograni (cornplcted three-rnonili assigti- 
nrent in August) 

Vickie D. Vandergrilf, employee of lrriiversity of 
Tennessee - IJniversily of Tennessee High Energy 
Physics Program 

1. Oak Ridge Associated Universities Trainee, 
2. Oak Ridge National Laboratory Exceptiortal Student 

3. Southern Colleges a n d  1Jniversitics Union, 

Program. 
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ANNUAL INFORMATION MEETING 

l'he 1975 E%ysics Division Inforinatlon Meeting was held on May 19 and 20. Members of the hdvlsory 
Committee were. 

K. M. Diamond, Lawrence Berkeley Laboratory 

R. K. Middieton, University of Pennsylvania 

J. K. Nix, Los Alamos Scientific Laboratoiy 

H. E. Wegner, Brookhaven National Laboratory 

VI. Whaling, California Institute of Technology 
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ORNL-5137 
uc-24 - Physics 

INTER NA L U I STRl BU TI ON 

1. G. 1). hi ton 
2. R. I,. Auble 
3 .  S. 1. Aui.rbaC:h 
4. J. A. Auxicr 
5. J. K. R n i r  
4. J .  X. Bail 
7. C. F. 13;irne t t  

8. s. E. 13call 
9. K. L. Beckel. 

10. I-'. K. Hcll 
11. C. E. Bcmis 
12. F. E. Bcrtraiid 
13. . I .  A. Biggcrst;iff 
14. Biology Library 
15. A. L,. Boch 
16. C. E;. Bockelrriali (Coiisiiltant) 
17. C. J .  Borkowslti 
18. D. N.  Braski 
13. 'T. A. Carison 
30. 1-1. P. Carter 

1 I .- 23.  Ceritral Kesearch Library 
24. K. E. Chricn (Consultau t) 
35. J. F. Clarke 
26. 1-1. 0. Coh11 

27. w. c. Colwell 
28. I). FT. Crandall 
29. It;. L. Culler 
30. J.W.T. Dabhs 
3 I .  hlexandcr Daigarno (C:onsul talt) 
32. S, Datz 
31. K.T.R. Uavies 
34. K. A. Duyras 
35. G. 1)esaussurz 
36.  H. I.. Dickersol1 
37. M'. B. Dress 
38. E. Eicl-der 
39. Y .  A. Ellis 
40. ii. A. E t I g  (Coilaultarrt) 
41. W. B. Ewlxiiik 

43. R. L,. Ferguson 
44. J.L.C. Ford,  Jr. 
45. J. I.,. Fciwlcr 
46. C. B. Fulirier 
47. J .  1-1. Gillette 
48. J. Gome/ del Cam~:o 

42. 1:). E. Ferguson 

49. C. E). (;oodrriarr 
50. P. $1. Griffin 
51. E. E. Gross 
52. K. L. Hdhll 
5.3. E. C. I-lalbprt 
54. M. 1.. FInlbert 
55. B. Fiiarrnatz 
56. J. A. Harvey 
57. I). C:. Herisley 
58. K. F. Hibbs 
59. D. J. fiorerk 
60. F,. D. Fludsvri 
6 1. D. P. Hutch itison 
62.  C. H. Johnsoii 
63. J.  w. Johllson 
64. N. l i .  Johnsoil 
65. C. Vl. Jones 
66.  0. L. Keller 
67. G. 6. Kclley 
68. 13. J. Kim 

70. M. 0. K1-3ust: 
7 1 - - -  8 0. Labor a t  (1 ry ICeco r ds De p a r i  inen t 

81. I..aboratory Kccords, OKNL r<,c, 
82.  J. 0. Larson 
83. K. S. Liviiigston 
84. K. S. L.ord 
35. C. A. h&:iTi;iriri 

86. K. I,. Macklin 
87. F. c'. Maienschein 
88. M. L. MalloIy 
80. J .  E. Mann 
90. M.  B. Marsliali 
91. .1. A. Martill 
92. iW J. Mart in 
93. J .  A. Maiuhn 
94. F'. K. hllz(;iiwai) 
9s. J .  B. McCrory 
96. C. J. McHarpue 
37. 1'. D. hliller 
98. w. 'r. Mil11er 
99. R. E. Mititurn 

100. C:. 0. Moak 
101. tI. W. Morgii  
102. S. W. Mosko 
103. J .  Ray Nix (C2onsult;mt) 

69. r). c:. 
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104. F. E. Obenshaiii 
105. ORXL ~~ Y-12 Technical Library 

106. R. u'. Pcclle 
107. F. G .  Percy 
108. J .  J .  Pinajian 
109. F. P1;isiI 
I I O .  F. Pleasontoll 
1 1 1 .  H. Postina 
112. S. Kainaii 
113. J .  A. Ray 
114. E. Ricci 
1 1  5. E. G. Richaidson, J r .  
1 16. L. D. Kickertsen 
117. R. L. Robinson 
1 1 8. M. J .  Saltmarsli 
119. G.  K. Satclder 
110. R. 0. Sayer 
1 7 1. ?VI. R. Schmorak 
121. H. E. Scagrcn 
123, M. J .  Skinner 
114. G. G. SIau$iter 
125. A. 1-1. Snell 
17-6. E. H. Spejewski 

Docui-nent Re fcrence Sect ion 

177. P. A .  st;iats 

303. K. G. Stokstad 
304, J .  U .  S t o r e r  
305. K. W. S(oii$toli 
306. t'. G .  Stluxness 
307. I). A. Sundbcrg 
308. t. H. l 'aylor 
300. K. S. Toth 
3 I O .  K. L. Viinder Sluis 
3 1 I .  c'. L. Vial 
3 12,  Harvey Wcgiicr (Consultant) 
313. J .  K. Weii-. J r .  
314. G.  F. Wells 

316. J .  C. White 
3 17. M. M. Wilkinson 
3 18. C. S. Williams 
3 19. E. 0. Wollan 
320. Clieuk-Yin Wong 
371. K. E. Worsfiarn 
3 X .  N. F. Ziegler 
313.  A. Zucker 

128 -302. 1'. ti. Stclson 

31s. Fr. A. \liciton 

EX TER NA I- DISTRIBUTION 

3 1 4  B. J .  Allen. Physics Division. Australian Atomic Energy Comiiiission. Sutlic~-land, N.S.W.. Aus t ra l ia  
315. M. Maranger, 6-308-A. Mascachusctts Institiite of Technology, Cambridge. MA 02 139 
376. C. A. Barnes. Physics Divisioii, California lnstitute of Technology, Pasadena, CA 0 I I O 9  
327. John Barnliart, Department of Physics, Southwestern a t  Meniphis, Memphis, TN 381 07 
328. Ingniar Bergstrom, Nobel Institute o f  Physics. Stockholiri 50, Sweden 
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