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I. Experimental Nuclear Physics 
Oak Ridge Electron Linear Accelerator Program 

INTRODUCTION 

J A. Harvey 

The Oak Ridge Electron Linear Accelerator (ORELA) h o continued to excel as a 
facility for accurate. high-resolution neutron-cross-section measurements. During the past 
year, neutron-crosvscction experiments of many types were continued, and techniques 
ami equipment for making the measurements were improved. In addition, a new type of 
experiment to measure the l*,a) and l"J>) cross sections o f ' * N i was performed- Many of 
ihe isotopes and elements studied are selected because of the need for nuclear data on 
these nuclides in the nuclear power program. A summary of the types of measurements, 
the nuclides studied, and t i e energy ranges corned are swnmarued in Table 4.11 (rx 
Chap. 4). A selected partita of die activities of Physics Division experimenters is 
discussed briefly below. 

One of the more pressing needs with regard to the possibility of recycling actmide 
«ute> is for fission cross-section dais on actmide samples that may be highly alpha-active 
and available only in very smaR quantities. This year, fission measurements were started 
on a 10-pg sample of z4*Cm giving 10' a/sec. A hemispherical-plate fission chamber 
demonstrated a discrimination against alpha detection of a factor of > I 0 ' * while still 
permitting >°S'¥ fission coaming efficiency. 

Capture cross-section measurements were extended from the earlier low-energy cutoff 
of ~3 keV down to 100 eV lo permit a measurement of the capture cross section of 
" N i . The nuclides " " T l and 2 " 5 T I were studied to determine the duration of stellar 
nucleosynthesis. The result was a probable value for the mean time between neutron 
captures of only 23 years, with a lower limit of 12 years. In addition lo measurements of 
nuclides applicable lo reactor needs, such as 5 *N» and * " N i . other nuclides near dosed 
shells were studied, such as J } S . **Sr. and ' ""Mo. which are associated with 
nonslatislical mechanisms such as channel and valence capture. 

Capture gamma-ray spectra measurements continued lo be a powerful technique for 
nuclear spectroscopy. The investigation of the isotopes of tin and lead was rewarding in 
determining level schemes for the odd isotopes of tin and in providing information on HI 
radiative strength in ln* Pb. A study of the capture gamma rays from neutrons on ' ""Mo 
showed thai valence capture does not play a dominant role for this nuclide. 

A modification In permit Ihe use of unmoderatcd neutrons from ihe OKI LA 
tantalum target for total cross-section measurements has greatly improved the quality of 
ihe dala in the McV energy region. In addition to the study of nuclides such as ! " *Pb lo 
determine the fragmentation of the shell-model slates, total cross-section measurements 
were mad.* on scvcrul nuclides such as J , N a . I M l ! . " " f t i . and the isotopes of nickel *•> 
obtain dala lo satisfy nuclear reactor needs. An analysis of the total cross section of 
: n 7 P b showed : large </wavc contribution in addition lo the t-wavc contribution for I 
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states. This technique appears to provide a unique means to gain informal tun on the 
d-wave strength function. 

A new experiment to measure die Inn) and \*p*crosssections of **N« from 0.01 eV 
to -20 keV. using a diffuscd-junction sdkun detector, has produced scvera* unique 
results, h addition to providing, valuable applied information, such as oVr **Nit*.ni 
thermal cross section and Che alpha width of the 203-cV resonance which are important 
for helium production in nickel aloys in power reactors, alpha and proton widths of 
many resonances were determined in the heV energy region. Measurements of * IMNMIT 
have shown that the alphas and tritons are anisotropic even in the eV energy region, and 
this must be c online red when this cross section is used as a standard for measuring 
neutron fluxes. 

FrnaRy. in die pursuit of accurate cross-section measurements, it has br-1 necessary 
to develop electronics, equipment, and technique*. One vahuth deveropmen. rs that of 2 
new neutron-flux monitor consisting of a dun * U F layer between two 0.1 -mm sheets of 
NE-110 semtdbtor. producing a fast, goud-rcsoiutian. n • /*. 4» detector for the reaction 
products. The Hght is detected by two photonndtipwers located out of the neutron beam. 

(jr.uk («•*>. <«.7>. AND TOTAL »«UTftON-C«OSS-
SECTrON hKASUaTOtEKTSON * » « 

J. A- Harvey H. V. r h l 1 

J. HnHpcrni 5- R M M I I 
rv- L* rWuKeUlu* 

In addition to tn.7) and total neutron-croat-sectiou 
measurements on **Ni . we have made Inn) and (nvfv) 
measurements at ORELA from -0.01 eV to - 2 0 keV. 
The thermal and resonance (no) cross sections of this 
isotope, which is produced from '*Na>.7K arc impor­
tant became of hewum embritttement and muling of 
the structural material of power reactors. 

The («.a> and («.?> measurements were made simul­
taneously with a diffused-junction silicon detector 
located 9J03 m from the water-moderated neutron 
target at ORELA and resulted in a neutron energy 
resolution of 0.5% (FWHMK A sample of " N i (959. 
91 ug/cm}) was electroplated upon a I-mil platinum 
foil. A deposit of ' L i W%. 104 ug/cm:) was evapo­
rated mi top of this " N i deposit. The trifon and alpha 
groups (272* and 2056 keV. respectively, for thermal 
neutrons) from die *Litoo) reaction were easily re­
solved from the 4759-keV alpha group released by the 
"NMw.o) reaction. The "NHap) measurements were 
made with a deposit of "Nionly. because the 1827-
kcV protons were difncult to separate from the alphas 
o f Li. 

The ('».?) cnns-wclion measurement was made with a 
3.136-g nicke' sample of 2.54-cm diam. enriched to 
2.9rV% m 5 , N u The measurements were made from 100 
to 12.000 cV, with an energy resolution of 0.15%. using 
the total-energy detector located at a 40-m flight path. 
Because (he sample contained a small amount of *"("«». 

the bias level on dus gamma-ray detector was *ct at - 2 
HeV. irmirVmg an unceriainty of 10 ± 5'J Another 
measurement is planned with a "dean" sample to 
reduce the uncertainty due to this cxtrapidaiion-

Total ncutron-cross-scvtruu measurements were abo 
made with this 3.136-g sample, with an inverse thick­
ness of 5295 b/atorn of " N i . using an W-m flight path. 
The total cross section of die 203.4-eV resonance 
obtained with diis sample was IJ2 limes that obtained 
from earlier measurements using die -9-mg. 95^-
enriched sample reported but year.' This ~9-me amph? 
has been emptied, it weighed on a micrc>aiance. and 
examined for oxygen by measuring the '"N activity 
produced by die '*Ot*jH reaction with 14-MeV 
neutrons. These measurements confirmed the neutron 
analysis that the original sample contained only 7.0 mg 
of nickel instead of 9.2 mg. This increases the thermal-
capture and -absorption cross sections reported last year 
Io70»5andft7*6b respectively. 

The measurements on " N i in the thermal energy 
range yield a value of 12 * I b for the («.o) cross 
section and 2.0 f. 0.5 b for die (itji) cross section. This 
(M.O) result is to be compared wi'h earlier values of 13.7 
• 1.2. 18.0 • 1.6. and 22J £ 1.6 b reported by Eiland 
and Kirouac,* by Werner and Santry.' and by 
McDonald and Sjostrand* respectively. The tn.p) result 
is lower than die value of 4 • I b reported by 
McDonald and Sjostrand.* The results of our four 
experiments have been combined to produce die 
following parameters for the 203.4-eV resonance: /V» « 
203.4 • 0.2 eV. T • 13.3 • 0.2 eV./r - % . / - I T , ' 
8.50 ± 0.15 eV. T T » 4.0 t 0.6 eV. r o • 050 • 003 
eV. and fp * 0.063 t 0.006 eV. Assuming thai the 
thermal cross sections arise mainly from the large 
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203.4-eV resonance, the |#t/»> thermal cross section 
would be expected to be one-eighth the !*LO> cms 
sectiou. or 1.5 b-

Fifteen higher energy resonances haw been observed 
in the four types of experiments. The alpha and proton 
widths of me resonances vary widely because of 
sctectiuu rules and because they >re esseatiaRy smek--
cbaanel processes to the pound state. For example, for 
the 2 ' resonance at 3203 eV. IV is £ 0 . 0 i r „ . but fur 
the I resonance at 203.4 eV and the 9103-eV 
resonance. l\ is ^7T_. 

1. t l K M M i y IW>MMI. 
2. InHtmmtmiMmm ami < wttwuh l>ntwm. 
.'. S. HJHW cl J.. I»ni Dm. Amm. tru* KrpL Ore. Jl. 

/•W.OHNl 3o»« «i«75k. «x. I in. 
4. H. M. fc**nt jnri G. J. KMMKK. Xmrl Set tmg. Si. I 

i lvWl. 
5. R. U. Wcmrr m l IX < . SaMry. V«rf Sri £'•«. J * . • * 

MVTSIL 
*•. J- WAIIMMJM J»4 \ . <•. Sfxtirmii. mbumioi r» IJK«I 

TOTAL NEirreorXMnwssstcnow AND 
RESONANCE PARAMETERS OF 2 4 ' § * 

J. A Harvey N. W. H * 
I t W •rnprnw' S Raman 

Several y o n ago. a cooperative program was initialed 
between ihe Oak Ridge National Laboratory and ike 
Savannah River Laboratory to measure the total mm-
iron cram section of the heavy actmides as samples 
brume available. bntiaNy dte interest in the cams 
sections of the traususutontum isotopes was to enable 
more accurate calculations of * " C f production. Re­
cently, however, the study of the problem of managing 
radioactive wastes, particularly me long-lived actMdcs. 
and the ponibdity of recycling these kmg-ttvtd acti-
naJes has emphasized the need for additional and belter 
data on many heavy isotopes. Total ncutron-crass-
seclion measuremenls on small samples | h m smaH 
and/or radioactive to permii a dircci capture cruss-
icclion measureriKnt) can readily be interpreted to 
yield the absorption cross section in the thermal 
energy range and often up to ~ lOOeV. 

This year, a 6-tng sample of 2 4 , g f c became available 
through the cooperation of John Kgelow of the 
Transuranium Facility (TRU). Two samples were pre­
pared from this material, a "tfiick" sample containing 
5 3 rog </V » 0.00061 atom/b) and a "thhi" one 
containing - 0 J mg. The sample holders had inside 
diameters of 1.6 mm. and the neutron beam was 
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coKmaied to a diameter of 1-3 nun. The samples were 
cooled w i n Ikmid nitrogen to reduce the Doppbrr 
broaaenmg. which B greater than the neutron energy* 
resolution up to - lOOeV. Measurements were made on 
the samples using an I tXtan-diam. 1-3-cm-tfJMck * L J -
glass scmtdntor located at a 17.47-m flight path- The 
measurements covered the energy range from OU05 to 
- IOJOOO eV. with an energy resolution of 0.3%. 

A total of 47 resonances below - 1 3 0 eV was 
observe*. A targe resonance observed at 0.197 cV is 
responsible for most of the thermal absorption cross 
section, which departs markedly from a I / * energy 
dependence. The average level spacing based on tne 
resonances up to 20 eV is I . I eV. The large resonance 
in 2 4 * C T at 0.70 eV was also observed, even though 
there was only - 2 9 2 4 * C f in the sample|i*.. - l O n g ) 
at the time of measurement. After about half of the 
330day 2 4 * S * has decayed into 2 4 * C f . aaWional 
measurements wH) be made to obtain parameters for 
the resonances in 2 4 , C f as we* as its thermal-
absorption cross section. These measurements w i l be 
combined with the fission cross-secrton measurements 
of Dubbs ct al. to obtain a complete set of parameters 
of the low-energy resonances o f 2 4 'CT. 

t. aavMWBli Knvf t^mMMfffv. Anew. SJl. 
2. hmnwunrjliaw ant f j n w U Pwiiwui. 
X J. W. M a * el aL. / » « ttr. Amm. Ptmg. * * » Ort. / / . 

1*1}. ORNL49J71|9Mk p. ISI . 

FrSSJOft CRCSS-SETTION MEASUREMEJ«TS ON 
SMALL ULTRATURE CURIUM SAMPLES 

J.W.T. Dabbs N. W. Ha l 2 

C E. aVmis. Jr.' S. Raman 

Measurements on a I 0 * g sampk of 2 4 ' C m (99.94a 
purity) were started in February. Some 700 hr o f 
ORELA operation at high power was required. Ten new 
resonances below 20 eV were observed. The operation 
of the new hemispherical-plalc ionization chamber was 
satisfactory in suppressing alpha particle pikup: how­
ever, the fusion pufce spectrum was degraded (because 
of extraneous material in die deposit) such that the 
data wf l require normalixaiion to the wcH-known 
thermal fission cross section. Low-repetilion-rate runs 
at ORELA were made for tms purpose in March, and 
the runs were completed in July. 

A second chamber containing plates with * 4 'Cm (10 
fig. I 0 T a/sec). 2 " U . 2 , , P u (decay daughter of 
2 4 ' C m ) , and a sample of spontaneously rationing 
2 5 2 Cf (for testing the chamber and time digitizer) was 

& * m f 



4 

prepared and tested extensively at the Ttanrurtaiam 
Research Laboratory (TRLL far hcnnsph<ikal-plate 
nanon chanhrr has exceeded expectations in gap. 
pressing alpha pueup counts relative to foam COMts. A 
factor of > I 0 ' * redactioa was obtaamf wade per-
antring >95% nwoa coaatiag efficieacy. 

A acw neatroa-flux aaMtitor has also beca developed. 
Lithium 6 fluoride was vaiaam evaporated to a lakfc-
aess of 96 ng/car oato a 01-mm sheet of NE-110 
plastic sdatansor. Aaother sheet of NE-110 served to 
convert this "open-faced sandwich into a "normal 
saadwkh." Tins amn<)lj was saspended in a vacuum 
dnaaber and inside two trancated coats (hack to hack) 
made of OOI27-cm il n in i sheet. Lsjhl produced by 
aat«./ pair in me two NE-110 sheets was refkcled by 
me macr cone sarfaces awo two f 2.7-cm pnotoatuttt-
pliers on either side of the acatraa beam The beam 
passes directly through rite cones, the NE-110 sheets, 
and dte "LiF deposit. AMMajh it wasfoundaecesmry 
to rcuurz the area of aV sdMihlor to lower the 
batfcgioand. a satisfactory smotioa was fiaaly ob-

meaaaroacne at * Cm began at Dtcenmer and win 
commae at least through March 1976. These measure 
meats are part of a iunipnhinii»i program dtrigaid to 
provide accame fission ciuts-sectuM data for the rugbcr 
actiniae* Many anportant decisioas rcgardiag use. 
aanaajraveai. aad storage of radioactive wastes depead 
on the knowledge lobe amaired throagh this and other 
related aatasarcaicai prosjrams. 

I. Canvjooy DOWMIU 
2> aiarwjcauiioa MM I fHMivte H V M 

MONTE CARLO CALCULATIONS OF 
nfULTVLE -PULK HLEUr 

J.W.T. Dabbs 

In fission cross-section measarcmeats. it is often 
desired to make avasarcmeats in the presence of an 
intenst alpha particle backgroaad. It is obvious dial 
with sufficiently fast electronic equipment the alpha 
patse pdcup can be reduced to unimportance, bat 
quantitative krwwfcdge of the problem is needed to 
choose the allowable amounts of material with par­
ticular ionization chambers, gas scintillator systems, or 
segmented ionization chambers. 

A new method for Monte Carlo calculations, which is 
applicable to pulse pileup to any desired rmr'trpacity of 
pacup. has been developed and used with a mini-
computer for pffeups with as many as 20 poises 

Previously, closed-form calcatatioas have been pre­
sented only for foar pulses, except ia the trivial case of 
square pones. The present calculations are easily adapt-

plate fmoa ihamber work described elsewhere in this 
report. 

The method coaaiiw of setting up a table of 32 value* 
(auanaaly one value per aaaosecoad) for die parse 
shape in qaestioa. A double internal ia time. 64 units 
long, is established. Then. iur each muhiplkity * (from 
I to soaw appcr haul. say. 20) of patsrsia die interval 
2* such parses are distributed, to begat randomly in 

added ia each aart of the second half of the doabk 
interval, thus gcacratiag 32 values of pafse bright for 
that ft. After 250 repetrtioas of dns process for each * 
valae. one has aa atMOaatmber height distramlioa for 
that ft. The smha-heijhl distributions are then weighted 
by the Poissoa distribution factor. /»j. for the partkubw 
coaatiag rate involved and are manned to give the final 
pabe4teigbf diwibuiiun- Conuajrison with observed 
values in a practical case has established the validity of 
the calculation. Such cakabrions have been used in 
Aligning three experiments so far. 

ANGULAR ANBOTROPY M THE *Ua.«pT 
REACTION VI THE eV ENERGY REGION 

JA-Harvcy N W Hit 1 

J. Halperia S. Ruam 

The yield of into** aad alphas in forward and 
backward directions (12 * »» from dte interaction of 
neutrons with L» has been measured from a dan 
sample of • | i F (101 JSJ/CK2 H from 0.5 to 25JOOO eV. 
^g^^_m naa^BnaujBnannMHnnBnpnE uaaannm wBft^^^^h ^muflfln m aflivY^n^^^s^^^^^hn*ft^tfUnV 

silicon detector located 9.03 m from the water-
moderated tantalum target at 0RELA. The alpha and 
triton groups at 10b and 2.73 MeV are weft" resolved, 
enabling one to obtain an accurate ratio of their inten­
sity as a function of neutron energy. The mteasity of 
thr alpha peak was greater than the intensity of the 
tritou peak in the forward direction bat less in the back­
ward direction. This difference b measurjbk down lo 
10 eV. An anisoiropy has already been reported for 25-
keV neutrons by Schroder el aJ..' who made t>.easarc-
ments using an iron-filtered neutron beam, la dte lOcV 
u» lO-keV energy region, oar results give an energy 
dependence for the alpha to-triton ratio at 180* (or 
triton-to-alpha ratio at 0*) of dte form I • rrV* M . 
where r is "O.005 and E h the aeatron energy in eV. 
At 100 eV. this ratio equals 1.06. It is necessary to 
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consider this angular amsotropy when the ' U n a ) 
cross section is used as a standard in the low-entrey 
region. This angular anisolmpy probably arises fium the 
interference between die large p-wave resonance at 245 
keV and many s-wave resonances, which vcount for 
die larce I/* (nn) thermal crass scctiou-

1. ChoatUry Dprmm. 
2. m m — n a u i i w a a i C w w u h Duirwa 
7* I . C*. Sctororfcr cl J ~ Cuflr/rtvMrr un JVrar^n C M D 

5rcfwiB « W rit*m**mr. NBS Sfccal Pmlinli i ia 425. VS. 
C I W M W I FriBtM* Offier. WadumlMk. DJT_ 1975. p. 240. 

DURATION OF STELLAR NUCLEOSYNTHESB 

K- L- Mackhn J. Haberm R. R. Winters 

The elements heavier than iron which are found in dee 
sobr system were formed 5 to 10 bdhon yean ago. 
deep inside stars dial subsequently exploded. Host of 
die heavy material was built up slowly by the capture 
of one neutron at a time during die slow evolution of 
red pant stars. The radioactive decay balf-hves of 
certain isotopes m- dw dam of mostly stable isotopes 
anow as Hi set tarts to die fast-neutron-rrax levels 
involved and hence the mean time between neutron 
captures, using the myopic abundances found on E*rrh-

A favorable branch in the s process occurs at mahmm. 
and am neutron-capture data fur *"'TIand ?"'TIlead 
to a probable neutron flux ifor a temperature near 350 
nrihon :K)of I OX lO 1" neulrons/cm:. with an upper 
hunt of 2.0 > 10"* neutrons/enr. The mean neutron-
capture time was found to be only 23 years, with a 
lower mail <»f 12 years. The upper Imul 1^150 yearsi is 
less rehaht> estabrahed. and a value of 250 years 
estimated Iby ofhen') from ' * ' Sm capture and decay 
is preferred. 

-"SL , 2 i *mC: " S T . "Is. ' " • a . and 
several of rheir neighboring, enriched, stable isotopes. 
The low conumumj-ntckus cross sections at chisel 
nudeon sheds leave the noadtatittkal componentt such 
as channel and vaknee capture more prominent in dw 
data. 

The **Srl«7l reaction, for example, wide die 50-
neutron doatddull target, has dmwn stror*. < 
of the valence-capture imihnawm. This is i 
mrough correlation of reduced neutron 
wuJdu (coefficients of 0.96 for p,l2 

0.77 for Pi, i resonances) 

widun 25 to 30% wnh die experimental results, hi 
canto* by **Ca and "*Ra. a further nowstatiwical 

i beyond die valence component seems to be 
by die data, and die a estimation is 

ng CdLiMetector data on dc partial i 
i at particular levels. 

1. Chemmtrf D n n . 
2. DnuinA | agwerMly. CI 
3. 4 M n m A M U H C fmttp C< 

WUm0H€MmM£ CAIMA-RAY STUDCS 

S Raman G G Slaughter 
R FCartton' J.CWefc.Jr.2 

D. A. Mcdm*' 

» ) 

1. 4 unmvif^ Imvtirai. 
2. Wnumn f iwuniry. I . . J 
K B. J. nfafcr j w l 0 . V MirMMR. AumpMrt 3 1*7. 1*1* 

I1*75k 

WlTR0f^AfTURClla3niArvraWMLCHT 

• •> • %^m mmma^aajaman 

J i i • - i . ranperni 
R R winters" 
R J. Aden' 

J.W. 
M. J. KeaneyJ 

A- R- Mumrovr 
HhrV 

The search for evidence of noostatMicai 
in nuclear reactions has been extended in nw 

data on a nmnba of 

The tin isotopes are wcC suited to a study of i 
structure within die framework of die nuthai 

die magic number of protons iZ' 
the need for 

actions in theoretical i 
nnmbei of stable isotopes makes it poanotr to study 
systematic trends in both experimental and sfceSmodef 
features. The exrumg experimental data on die odd«f 
tm isotopes ate not as extensive as aught be expected 
•m die basis of 
neutron t apian 
became of die extremely small capture crass sections 
for the heavier cvtu-vf tin isotopes. Host experimental 
studies Icspeaafly nudeun tianafci studies) are bean 
with die problem of interference from isotonic impuri­
ties. This manly mcenJtatei an exltnstve study of a l 
tin isotopes before oaxlusm results can be obtained. 
Resonance neutron capture offers a puujtifnl tcctmioue 
for studying tin isotopes utcanw interference from 
unwanted •otopes can be greatly suppressed dirougn 
the comatmjtmn of cujriched targets and selection of 

known to be in the nucleus under study, we 
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•awe. therefore, undertaken a systematic investigation 
of the level structure of six odd tin isotopes between .4 
- 115 and .4= IT:5. Measurements have been completed 
on aft the isotopes except' * *Sn and " ~Sn. which wil 
be carried out in the near future, hi the case of ' *' Sn. 
treated here as typical, capture gamma rays 11H primary 
and 32 secondary r fr-nn 16 neutron resonances up to 7 
keV. obtained with a Get Li > detector, h r v been used 
to determine 20 exc?>?d levels in ' " S n . Several new 
levels have been found. Spin and parity assignments 
have been nude to mam of the levels. When ihe proem 
series of studies have been completed, the resulting level 
schemes for the tin isotopes are expected lo signif­
icantly increase our undersiandmg of their cnerg> 
systematic*. 

We have also begun 117) measurements in the lead 
region to obtain information on absolute gamma-ray 
transition widths and on reaction mechanisms. Measure­
ments have been completed on enriched - * T b and 
: " T P b targets. Unlike the case of the tin isotopes, the 
gamma-ray spectra in lead isotopes are strikingly simple, 
being composed of less than five primary gamma-ray 
transitions. The idea. then, would be to combine the 
relative gamma-ray intensities obtained with a Gel Li) 
detector (or even an Nal detector) with the total 
gamma-ray widths obtained with a total-energy de­
tector4 to deduce the partial widths. In this manner, we 
have been able to determine the £2 radiation widths for 
the ground-state transiiiom in :"*Pb from 2* neutron 
resonances at -VI. 10.2. and 16.2 keV. The observed 
strengths represent only *0 .31 of the energy-wnghied 
sum-rule IkWSR) strength. By extending the in.y) 
measurements to higher neutron energies, we hope to 
locale other pieces of the fY2 strength as well as the A. I 
and Ml strengths, miliar results5 obtained with a large 
Sal detector, up to a neutron energy of 200 keV. are 
encouraging. 

1. N M k Tamrntr Slate I'MKcrvtv. Marfrcrtltnoh 
2. Tmnrwr Itthmntnpai I »I»CIMI>. CnnkrvinV. 
.V (irofcu IntiHwiv •« Tcchnnliiyv. Albflfe. 
4. R. I . MadiNn **d J. II. (rtbhnnv HIY-. Krv 159. W"7 

• l»fc7lL 
5. In i.*jhiHjiurn wMh <i. I . Mitten and <J. I.t'hjfnun <H 

the Ntmtnrn Phytic Ihvhmn. 

NEUTRON INTERACTIONS WITH ' ""Mo 

W. Wcigmann' J. A. Harvey 
S. Raman R I . Macklin 
G. G. Slaughter J. Halperirr 

Neuiron capture in the isotopes ' : M n and ""Mo is 
known 10 be dominated by Ihe "valence-capture" 

mechanism. Among the tfaervatiuffe iciaicu to talcncc 
caplure are strong correlations between reduced neu-
Iron widths of />-wave resonance* and partial radiation 
widths to trnal states with large U.pl spectroscopic 
factors. snch as the ground slate. The nucfeu* '""Mo 
was considered another candidate tor valence capture. 
particutarU because a strong concentration of /*-WJ%V 
streneth occurs between I - and 2.5-keV neutron encrgx 
Therefore, neutron-capture gamma-ra} spectra were 
measured in separated resonances of '""Mo. As neu­
tron widths given in the fcrerature for the resistances in 
ouestion are strongly drscr.-parti. a transmission meas­
urement was also perfofrtted to redetermine neutron 
widths. Simultaneously, total-capture data- obtained 
earlier at the ORLLA neutron-capture cross-section 
measurement facility- have been anah/ed. 

The capture gamma-ray spectra were measured with a 
40-cm' GelLildetechK. using a 10.2-m ilight path tor 
neutron Ume-of-lught spectroscope Capture gamma-
ray spectra have been obtained lor mdrvhhni reso­
nances up lo about 5-keV neutron energy. The trans-
mrsuori measurement has been performed ai an XO-m 
ihght path, and resonance analyse is being done up t«> 
about 25 keV. 

Although analysis of the data is Mil m progress two 
main results can be given: 11) The neuiron widths of 
ihe strong /Mrave resonances between I - and 25-keV 
neutron energy are considerably I up to a factor of .»> 
smaller than those given in •NI.-325." Thrs reduces the 
probability that v-Vncc capture dominates and may. in 
part, explain the second ohsei-ation. 12) Valence 
capture dots in* pby a dommani role in nWsc 
resonances: for instance, a transitmn to ihe ground slate 
of ""Mo (spectroscopic f».ior. 0.42)is not observed 
in three of the four strongest n-wave resonances. 

I. VnMHR; wimim Imm tomn frnlral <tr Mcwm 
d'i\ikirjifr«. licet hrfcriwn. 

'. <"brmf*m IHVIWIM. 
». 5. I . VtKMfhJk M i IX I. K»». \rvinm t> mt Srrtmm* 

I'nf. I. Mr»mm.tr Fmwmttm. .Irf «|.. »N| -M\. RwnMtawm 
\jlfcHUl I jk»fj|nfv. I frtim. VY.. I"»7.t. 

MEASUREMENTS ON TOTAL NEUTRON CROSS 
SECTIONS FOR UNDERSTANDMC 

NEUTRON CAPTURE 

C. II. Johnson R- R Winters' 
J Hatperin' R I Macklin 

In the valency model for neutron capture enhanced 
drook transitions occur from stales with relatively large 
neuiron widths lo final stales wiih larye neulmn 

file:///rvinm
file:///jlfcHUl
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spectruscupic factors. To study this phenoRienon. we 
need to Ltiiw nut only I", for each resonance but abo 
the neutron widths and J* values. The observed total 
crust sections give the neutron width and J values for 
wcil-resurved resonances. The parity can also be de­
duced if the ncmresunant phase shift is large enough to 
give an interference pattern. 

We have wanned die total neutron cross section of 
'-'S. using the 200-m flight path widi 5-nsec pulses at 
ORELA. lo supplement our earner neutron-capture 
data obtained at die 40-m station. From these data 
were determined Y„ and J* for i 5 of die ~60 
resonances observed in capture. There a no obvious 
correblion of T a and l \ . but die radiative widths 
predicted from the valency model from the observed Tm 

and 7* are large fractions of the observed I * v Further­
more, resonances predicted to have relatively large 
valency capture are observed to have relatively intense 
lugh-energy gamma rays in the emitted spectra. 

2. Oem*m Iwiwcruiy. CWaMviSr. CMMKV 

RESONANT STATES OF : , , P b FROM TOTAL 
NEimtON4ntOSS4ECi lGN Mfc%SUREm*TS 

J. L. Fowler C H Johnson 
N. W. HaV 

Using a suitable combination of three natural samples 
of lead in a transmission experiment, we have measured 
die total neutron cross section of effectively 99.6% 
-'""Fb. The ORELA time-of-flight facility provided 4-to 
S-nsec pulses of neutrons for the 200-m flight path. 
About 100 resonances between 0.7 and 1.5 MeV were 
observed, about twice as many as were seen in a 
previous experiment1 carried out with 1\Mp.n) neu­
trons. In this energy interval, resolution varied from 
- 0 . 6 keV at 0.7 MeV to -1 .4 keV at 1.5 MeV. The 
improved energy resolution and statistics from d m 
experiment, together with differential cross sections 
from die previous experiment.1 wifl enable us to 
identify die J values, parities, and reduced widths of die 
resonant slates of 2 * *Pb more definitely than was pos­
sible earlier, fct the case of the other doubly closed-shell 
nuclei, such data give information on the fragmentation 
of shell-model slates.' •* 

1. InMnHNMatiim and CowiroH D T M M . 
2. J. I., fimrkr. Mrs: Krr. 147. »7f) <I*M». 
i. J. I . rimltr. r. H. MNROH. and R. M. Negri./ftr* Kn. 

C% 545 «1971 * 
4. r. H. Jnkmnn. Min. Krr C 7.561 (I973K 

rf WAVE A O M t X T U K S M s WAVE. 
J * I RESONANCES IN " 7 f % * n 

D. J. Hoeen C. H. Johnson 
J. A. Harvey N . W . H I 1 

Previous analyses of resonances in neutron trans-
nasaoa experiments (£„ < 500 heV) have usualy 
ignored a l but die lowest .'-wave contribution to dte 
resonance cross section. However, piilinnaniy anityiii 
of dw neutron transmission of 2 # 1 P b indicates die 
presence of </-wave admixtures m some of use reso­
nances which are of s-wave, J = I character- hi 
particular, a two-channel shwjrhvel it-matrix analysis 
of the 256.25-keV resonance IT * 32 keV) reproduced 
die experimental data with a rf-wave width of 1 % * = 
0.71 I V - A fit to die data Miumhifc orrfy r-wave 
contribution would require an abnormally high radia­
tive absorption width ( i * . . I * 7 £ I keV). The admixture 
found here is comparable to dial deduced by Holt 2 

from a reanafysis of available angular distimution data 
from die inverse reaction and from a study of die 
I * * * b t 7 . n » ) reaction. From our results, it appears dut 
there is appreciable </-wave admixture in the 181.45-
keV resonance I T * 150 eV) and probably a smal 
component in the 101.78-keV resonance f I* * 70 eV> as 
well. 

The high resolution {M/E * 0.07%) attainable at use 
200-m flight path at ORELA was instrumental in 
providmg the quality of data lequired to mvestigate 
such admixtures. 

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

1. NtsiramcMitiou aui Conrrou Dnvnon. 
2. R. Ho*, pvwaw- cammmmatkm. January 1*7*. 

GIANT RESONANCES VI "*lv AND 
NEUTRON RESONANCES 
D. J. Horen J. A. Harvey 

N.W.Hih" 

The investigation of giant resonances in 2 * " * b con­
tinues to be an active area of research which involve* 

/ ' / " / . ' 
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monopok resonance in 

various types of nuclear reactions (eg., inelastic hadron 
and electron scattering, photouuetear reaction \. Because 
the giant resonances be in a region of ugh density, the 
"resonances" obstivtd in such experiments usualy 
overlap mote than one excited level. Lack of detailed 
knowledge of the nskrostructore of the observed 
"resonance" can sometimes lead to erroneous interpre­
tations of. or conclusions from, the data obtained in 
such experiments. 

rngh-resohition nettron-trmsmasioR experiments can 
provide unique information to aid in the interpretation 
of die resonances observed in these reactions in an 
energy interval up to about I MeV (and in some cases 
higher) above the neutron separation energy. The value 
of such total croatsecbon data has been pointed out by 
Harvey et al."* Recently. Morsch. Decowski, and 

-* reported detection of pan of a giant 
' fb at 9.11 MeV (which 

corresponds to £„ - I 74 MeV in the 2 * T Fb • n 
system). This work was performed with 45-MeV pro­
tons i&E/E - 35 keV) and 70-MeV J He (AC/f ~ 45 
keV). The contribution to the energy-weighted sum ride 
for this fragment was calculated to be "T%. 

The neutron transmission of 2 " 7 Pb provides a valu­
able means for locating 0* states in the continuum 
region of !*"Pb. Even though one cznnot determine 
whether such states contribute to the giant monopolc 
resonance, their observation can serve as a guide for 
investigation (and an independent confirmation of./*) 
by experiments of other types which are capable of 
sampling the monopole transition element to the 
ground state. Thus far the analysis of the I O T P b data 
has revealed four 0 * resonances in the neutron energy 
region of 80 to 265 keV. These, as well as parameters 
for some other resonances.are presented in Table I.I. 
Analysis of the data both below and above the energy 
region reported her* is in progress. 

TaMr I . I . ! % • » 

1. Imtrmncntjtioa and OHMM* Drromn. 
2. J. •*. ffarvry rf J-. Pkrt Dir Anm Pm*. Mrp On: 31. 

1973. ORNL4937 H974>. p. 194. 
3. J. A. Ham* mi S. W. rM.Phrt Dnr Aim F»m *fp 

Drr Ji. '974. OHM-5025 ll*75l. p. 126. 
4. H- V. Month, p. Drcnvifci. MM) W. nmemna. Rrvnri 

MSITI.197. Inntrtiiy of Mkfcjnn. •%•»« Arbnr. December 
1975. 

*„.fefV» I r . ' . ^ V i 

two - lit 

e.V 
S2.07 , 

r . ' . ^ V i 

two - lit 
*2.97 1.2.3 27 
S7.73 1.2.3 16 
90.16 •f 1 - 2 7 9 - 9 
9S.37 • » 1 0 6 - 4 

101.71 0»<2> r 7 4 « i 1.61 
103.54 1 0 ' 2 4 0 - 30 
II2.0R 2.3 6» 
115.12 .« 1 - *54 • 50 
l2S.i*mbiet> 
130JO 1 * 1 - 100 - I I I 
132.16 1.2 | -» 53 
135.23 1 0*" 127 • m 
136.46 20 
139 AS I - j ~ 163 - 5 
145.3* 1 * 1 - I I I • « 
l4S.i9 1.2.3 IH 
149.12 1.2.3 23 
153.74 1.2.3 23 
155.6* l ' 1 - 112- 5 
isnju, 1.2.3 55 
IM.47 1- 1 - 190 - 6 
nun* 1" 2 ' 156 • * 
l79.UjouMrt> 
IH I . ldoaMnt 
lfll.45 0 * 2 r - S I • - 6 9 
1*6.24 30 40 
207.54 I o' 211 - 2o 
209.3* •f y-» 521 - 5 
210.60 1.2.3 20 
211.69 UK 2. 3 *3 
2I*.3S 1' 1 * * 12* • 5 
220.15 2.131 190 
223.93 2.3 103 
227JT9 0 0" 9435 • 200 
229 J * 1* 1 - 659 • 15 
233.20 1 .2 .3 43 
240.60 I I I . 2. 3 36 
243.44 1.2.3 74 
249.ldn aMrl> 
254.35 «2*l 2.3 1*5 
256.25 0 * 2 1" 1*75* 1339 
262.11 1.2.3 71 
265.33 1" I * * 190 • 20 

'ftttm phut OMTI. 
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Oak Ridge Isochronous Cyclotron Program 
MIKODUCTION 

£ t Crust 

Ike tuflowing summaries show thai oV research program ai the Oak Ridft 
Is* chronuus Cyclotron tORKl H broad in scope and extensive in participation. It is 
important to realue that this report represents die efforts of aH ORK* participants, 
thereby cutting across many- drriskmal and msiituiional lines. Despite ;be wide variety of 
results reported here, the program is a cohesive, integrated effort that has been shaped or 
influenced by ORK* schedule meetings. Program Committee reviews, and frequent 
informal research seminars. These interactions have provided an atmosphere conducive to 
new ideas. Conditions haw also been favorable for continual regrouping! of collaborators 
as new experiments are proposed. 

In this process of continual evolution, we note the many reports from a fully matured 
UNISOR project. Significant results from this effort include evidence for coexistence of 
spherical and deforrred bands in '**Hg. new mass determinations by positron endpoini 
energies or alpha-decay energies, and a g-factor measurement for the first 2 * state in 
1 : " Xe. using the separator as an ion implantation device. A combination of in-beam 
gamma-ray studies and isotope separator measurements has led to a thorough under­
standing of the roles of the A l l f i neutron and h^/2 proton orbilals throughout Uie 
mercury isotopes. One also notes that the research program has a strong commitment to a 
systematic investigation of "macroscopic" phenomena in grneial and to "strongly 
damped" reaction processes in particular. Interesting details are beginning !o appear, such 
as structure in the "deeply inelastic" yields of / ^ H products from 130-MeV ' 2 C 
bombardment of *' ( u It will also be noted that the attack on heavy -ion fission, fusion, 
ami "deeply inelastic" phenomena is supplemented by experiments at other accelerators. 

The "microscopic" heavy -ion reaction continues to show promise as a spectroscopic 
tool. Two results are outstanding in ihrs regard. One is a clear demonstration that the 
l*l.i.*He» charge-exchange reaction is a reliable probe for Gamow-Teller strength in 
nuclei. The other is an equally clear demonstration that heavy-ion inelastic scattering can 
be used as a sensitive probe of nuclear shapes. The latter results from a coupled-channels 
analysis of 2". 4*. and 3" slates excited by 70-MeV , : C inelastic scattering from 
i 4 : . i » 4 . u . . i o . i ( o w 0 ( h e r j jp , i f K a n l contributions from the areas of transfer 
reactions, giant resonance excitation. Doppler-shift lifetime determinations, and nuclear 
chemistry can be gleaned from the following reports. 

UNIVERSITY ISOTOPE SEPARATOR 
AT OAK RIDGE (UNISOR) PROJECT 

The UNISOR project b a cooperative venture and is 
organized as a unit of Oak Ridge Associated Universities 
(ORAL'). Participants ir.lude the University of 
Alabama in nrmingharn. Georgia Institute of Tech­
nology. Emory University. Furman University, the 
University of Kentucky. Louisiana State University, the 
University of Massachusetts. Oak Ridge Associated 
Universities. Oak Ridge National Laboratory, the 
University of South Carolina, the University of 
Tennessee. Teimesaee Technological University. 
Vanderbilt University, and Virginia Polytechnic Insti­
tute and Slate University. UNISOR was formed for the 

primary purpose of studying nuclei lying far from the 
region of beta stability by means of an isotope 
separator installed on-line to ORK*. The foBowing 
reports describe UNISOR research and development 
efforts using the ORK* facility. 

SPHERICAL AND DEFORMED RANDS IX ' " H f 

J. D. Cole' B. van Nooijen' 
J. H. Hamilton* H. Kawakamt1 

A. V. Ramayya' L L. Riedinger1 

KSR Sasiry' 

In our UNISOR studies of the decay of '**TI. we 
reported last year the first evidence for the existence of 

/ , " / 
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two bands: one band on a spherical tad ocw Vod im a 
deformed shape in ""He. where !>»•*- and h.gft-spin 
states were seen in both bands tFiz. ! '» Such 
coexistence of' spherical and defbrmeu SUMS c.n occur 
if there is a second minimum in the potential at large 
deformation. From in-beam piwm-ny su-die*.*"* ihe 
high-spin deformed states are observed to drop in 
energy in l »*- , » 4 Hg. Jhu$. one expects to see a 
deformed band with its 0* band head at lower energies 
in ' **Hg. The existence and position of these 0* band 
heads are essential to visualising the theoretical picture 
of the coexistence of spherical and deformed shapes. 

We have identified the new isotope ' **TI and have 
studied its decay to "*Hg to test and to extend our 
understanding of nuclei in this region. Analysis of the 
primary features of Iy and lf multiscale and 7-7 and e-y 
coincidence studies of the ' "*T1 decay now confirms 
our * " H g interpretation. A 373.9-keV transition has a 
4.5_ S: j-sec half-life and is assigned as an isomeric decay 
m"*THFig. 1.2). 

Our /,. and e-7 data show that an CO transition of 522 
t I keV feeds the ground state to establish a 0* level at 
this energy in " * Hg and that a 215-8-keV transition is 
ft) • £2|*vtfl > and feeds the Tint 2* state to establish a 
2 ' level at 621.0 keV. These two states arc interpreted 
as the band head and first excited state in the strongly 
deformed band seen at higher spins in the yrast 
cascade.''"* Transitions seemingly assocrited with 
higher spin states in the band built on a nejr-spnerkal 
ground state are also seen. The levels in the spherical 

W 

12 24 «0 

Fig. 1.2. Decay n a m for pummrnl • *•-. 

jat r 

.•as. ,• 

-r -M »• 

and deformed bands in ""'Hg are shown in Fig. I.I. 
These data confirm the same coexistence and crossing 
of bands built on near-spherical and deformed shapes in 
'"*Hg as seen in "*Hg. except that the deformed 
band has dropped in energy, as expected from recent 
theoretical7 and experimental4* studies. These studies 
used the high-spin yrast stales in ''*Hg One ma> 
predict that the first excited state in ""* Ifg is the 0 ' 
band head of the deformed band, as shown in Fig. I I 

Ffe l . l . Sv/vlfvawfltt OT sawjvfcal awl 
" " " M j . as Jemwwui m IHMSOR -
tm"*tl$. 

1. VmivrMl I Biwrr»rt>. Yrdmnr. Itim. 
2. t'nwvriify <>f tetmenet. Ki*>x*iaV. 
) . I *wrt*iy >rf Mawwlnrtrffv \ml>mi. 
4. D. Pm*i-I* i J „ /»!•«. Ho. ini J l . tn*> 1 l*7.li. 
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5. V Riidrl J L . / » I V Ret. I ell. 31. 1421 H97J). 
fc. IJL tWrrl. R. M. DKMMMMI. ami r. S. S I « 4 K U \ . ftiv l.ttl. 

4W.HO 119741. 
7. S. tr*Kad.«l MMI V. V. r»thkt*Kit. Mt 5. i . n i $5»- M.5 

l|975». jnd Jmai Ictmuir for Sudor Rtncarvh. 1974. D a t a . 
I.S.S.R.. Rcp»fi I Mtt«7. |.. he puMnbru. 

STRUCTURE OF THE ODD41ASS GOLD BOTOKS 

J. L. Wood' D. A. McClure1 

F F. Zganjar R W. Fink' 
R. L Mlekodaj3 A G- Schmidt4 

F- T. Aviitnone III* 

The early stapes of these studies were described in last 
year's annual report.5 Since then, we have reported the 
systematic features of the A t , , > bands and the positive-
parity slates for '"'' '** Au-* These studies have now 
been extended to ' ' 7 Au. and the low-spin levels in 
'"'An have been investigated through the beta decay 
of the low-spin '"'Hgground state produced indirectly 
via the beta decay of '**TI. The systematic* of the 
pusitive-parily stales ot low / are shown in Fig. 13: the 
shell-model states and isomerism are shown in Fig. 1.4. 
The An 2 systematics are shown in the following 
section of this report, together with details of the A* 2 

hands and the interpretation of these high-/ orbital 
bands as the coupling of the odd proton to a iriaxial 
rotor 

It is not easy lo explain the intrusion of the h*,: and 
i, » / 2 protim itfbitals across the / = H2 closed shell M 
appear near the Fermi energy in the odd-mass gold 
isotopes (and also the odd-mass thallium isotopes see 
article in this section I 

The deformation required in the Nibson model a 
ah*MM twice that reflected by the rotational structure t>f 
the bands bunt on these orbitals. A strong pairing 
correlation iMnckingl effect has been invoked by 
Newton et al." to expiam the low energy ot A„ 2 

lone-pariide two-hfdel states reblive lo <( ;. «/i : 
••me-holeF stales m ihe odd-mass ihaHuim notopes. |i it 
difficult to understand IHM such a lartr pairing effect 
can arise when going from the *flI. </( ;. </< ;. A ( , , : 

I three-hole t slates lo the * „ , , . i,,,: (four-hole 
one-particle I stales in ihe odd-mass gold isotopes This 
problem, which n fundamrntal lo the whole picture of 
the transition from the spherical shed model to ihe 
deformed Ndsson model, is bring cxpFired further, 
particularly with regard lo the role of the pairing force. 

1. f i*« |ru HHIHMr trf T«vl"»i**». VLlM.1. 
2. I > « M M I St Me I m»r>wt>. nab* R«*«r. 

3. INISOR. Oak Ridpr AMocbtcd IrurcrMticv Oak Rid^c. 
Tern*. 

4. I'ninrrutt of South t'amlmx. f alumina. 
5. hm Dn. .4-KWL ftug. Rep. Dn. M fU ORM -5«»2$ 

i|975». P-72. 
*. \. V. Zeanpr el J-.ffc.i- Int. $•*. 159 (I97SK. 
7. J. O. Xrwi»n ei at..Vj«/. fta A23*. 225 119741. 

TRIAXIAL ROTOR DESCRVTION OF THE 
ODD-MASS COLO ISOTOPES 

J. L. Wood* R.W.Fink1 

t . F. Zganjar J. Meyer-ter-Vehn* 

Recent work by Meyer-ter-Vehn* has demonstrated 
the remarkable ability of a triaxiaJ rotor model with 
Conons and pairing forces to describe the coupling of 
single high-/ nucleons to the nuclear core in regions 
traditional) referred to as transitional f ie . between 
spherical and strongly deformed prolate shape). The 
A| !/> hand in '"" Au has played a distinctive role hi 
this development/ The extension of the model to the 
systematic behavior of the A ( ( , . 2 bands and the A» / 2 

bands through , " T '"" Au iFhjs. 1.5 and 1.6)strongly 
suggests an effective core concept, namely, that the 
Ai i : and A , / 2 bands hi the gold isotopes are largely 
determined by the even-even cores corresponding to an 
A , | ; 2 hole and an A„, 2 particle, the presence of the 
odd nu.leon having very little effect on the collective 
parameters of the even-even core treated and a triaxial 
rotor. Figure 1.7 iluslraies this for the unique nucleus 
""Au. where the A ( l , 2 and A , / 2 states have ihe 
effective cores ""Hg and ' " f t . respectively. The 
iriaxial rotor parameters defined by the energy level 
spectra of ""He and ""Pi are consistent with >J -
014 . y = 37 and |J = O.IX. •> = 2s~ respectively.!Sole 
thai ihe level spectrum oi an even-even nucleus cannot 
distinguish between prolate and oblate shapes. > 

When the A , , ; 2 and A , , 2 bands are scaled in energy 
by ihe factors shown hi Fig. 1.7. they show a striking 
similarity- Tins is hi agreement with a particle hole 
symmetry predicted to be valid for single-/ sftcB triaxial 
rotors and hi this case is given by 

•JAijfrViO.A., 2 panicle l | 

* « * M j i * M ' " t f T-* , i jNutel l 

The hands .« the odd-mas* goM hot-,ipes have abo been 
dacusted hi terms of the duster-phonon cuuplhif 
modef and hi a rnkroscopk model based on the 
ptrwJo-Swl.1) coupling scheme:' however, neither of 
these modeh can describe a simple pjuide-prolaic. 

http://J-.ffc.i-
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note-oblate symmetry. A mixedy triaxial rotor ap­
proach is abo being considered for the positive-parity 
statesm I ?»-!•»» Au. 

1. I'unHjcia Institute of lethnofcicy. AHania. 
2. I.ovniana Stair I'Hwmity. Baton Roure. 
}. Lawrence Beileky Laboratory. Berkeley. Calif. 
4. ) . Meyer-lcr-Vchn.\ml. HIVM. A24*.1;It 1975I:and V » I 

r*r». A24». 14 I t 1975 K 
$. J. Meyer-lcr-Vehn./»». flrr. /.rrt. 32. I W H 9 7 4 I . 
«t. V. few ci aL. preprint. 1975. 
7. K. T. Mrchi. /*!•*. /.w. MftV 35JIl»75>-

STRUCTURE OF THE ODD-MASS 
' * ' " ' H f L E V E l S 

G. M.Gowdy' 
A- G. Schmidt2 

K. F. Zgarjar' 

J. L. Wood4 

R. W. Fink4 

R. I Mkkudaj* 

The levels in , * 7 - , " ' *Hg populated in ihe decays of 
i»•»-!•»•»jl h a v e y)tcn investigated jj,,ih , m . a m j offline. 
Gamma-ray and conversion-electron multiscaled singles 
spectra and y-y and convcrsion-clcciron-gamma coinci­
dence data have been obtained to study these nuclei. 
From these data, rather complicated, preliminary level 
schemes for the mercury isotopes have been con­
structed. (Sec Fig. I .X for an example.) 

Figure l.° shows the feeding of the mercury levels 
from their thallium parents. The heavier thallium 
isotopes M '••• l"5>0* decay only from their low-spin 

5 , / : ground states: " > * T I and ; * " T I are tibserved in 
UNISOR experiments to (J* decay from the high-spin 
A t / 2 isomer, whereas ' " 7 T I and ' " "T l arc shown by 
our data to y decay from both high- and low-spin 
stales. The '"%*mJ\ isomers arc especially important 
became of their ease of production and the information 
they yield concerning both high- and low-spin structure 
in the mercury isotopes. 

The low-spin Hg structure (Fig. !.I0) is being studied 
and etimpared with the theoretical predictions available, 
using quasj-partick-plus-ahonon' and mixed-/ triaxial 
rotor* models. The high? band built on the i'u/2 
mercury isomer is alsi> under study, incorporating the 
yrast levels reported by other authors7 and the non-
yrast levels for which a search is being conducted at 
(JNI50R Detailed comparisons of the experimental 
results with those from the isotonic platinum isotopes 
and the single-/ triaxial rotor model" are also being 
undertaken. 

I. Oak R tripe Graduate IVhW from the .Vhmd of f "bcmrMry. 
(k-orgiti InMilulr i»r f i - ihw**) . Atlanta, under appomimcnf 
from Chk Riripe Awoeiafcd I'nivertilic*. 

3. I NISOR. Oak Knfcr Aw«iafed (!ni*erMfrv Oak Rider, 
fenn. 

.*. I iMirtiana Stale t!nhrer*tiy. Raton K.-mee. 
4. .Vlmtd of CbrmMry. ficiwpia Imlttiilc or Tcehnolocy. 

Albnla. 
.«. T. l-cnyrtrl al.. \ml. ftm. A247. MM 117751. 
6. ii.Tnkiaml A. I ae«le» Sml. Hm. AISJ. 231 119751. 
7. R. M. Itedrrcl al.. Vm/. /*!•«. AMU. .'I7f I975^ 
* . J. Meycr-wr-Vrbn. .Vm-/. ffivv A247.111 119751. 
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TOAX1AL BANDS IN " " " T l 
FROM LEAD DECAY 

L L Eirdayi ' A.C. Kahwr1 

L L f u t a ' C U P ^ - ' 
G DOTKHwy 

lead aw dw effective ewes of dw 

hi Ike past year. aasch has been ! 
of ww* bant osi proton stales in dw oJd-»t pM anewi 
(eg., see die UNBO* contrnwMm to dm report*. 

phttnnan COR. whereas the hnle stales reflect the 
entreaty cme. To farther lest rime Meat, we have hteci 

awrcary 
cx|*c*d states. Ltwb i n ' " " ' T l 
pHf l throagh dw raiiame decay of " " " ' I V • 
wparawd at the UtttSO* tacawy. Ahnosf a* 
ubscmed states aw popatawd in die decays of I6.< 
"'Pfe and 5.5-nHn ""Ph. dw , , i i : isoawr m each 
O K . 

The systcmatks of the liwgle pjrtitfc stales nVoajJi-
oat the tkhl Tl aacwi aw shown ia Fk. M l - The 
A, t / I slaw is a lower J> in* wcklknown slaw ia pold 
nactei bat had wot been sera befow ia the Tl ajadei. la 
coatrast to the rather coastaat energies of dns aad dw 

wwfc- Thew aw iairaden I M » dw /. - Kl ancwi i r a 
nw Z = H2 fsap. lowrwd partanh b\ a a m at 
entity aad parualh by detofwouoa of dw o«c. 

Town ia detail dw shape of dw awewa*ia dww hndi-f 
shennnwlrl SUMS, we wel dm it is anportant to srady 

t of Irwttsbwinon dww scales. Thai 
w saccessfaaH m dw o v of dw * , » 

'Tl A wwl u* Tl a. 
in Fk- 1.12. Now fast dw pwsence of radwi 

hka-cneiK> ttansmuas wedanj: owr pwposcd * t t 
slaw. Thew ipniafi seem i«> wftect dw appwwmafwh 
1-MeV first 2' energy of dw wad oar I.* dn» 
pnnonhuw staw. B> contrast- dir approtanateh 
400-fccV spa>-n%i in nw A y . band aw qwnc fcrabf 

r dnanaai isotopes \<x.. x * dw tll.l-wti 
to das repun|. The wqaeatul owwriae of 

yraM stales jadimri. aa obbw core, as dnewswd 
by Newton et al.' However. !•» a a w i dw tpwsftoa of" 
cow syanneiry or atyaanetn. one anm oaowLf dw 
nua-yrast awnjbm of diis stractaw. la *"" TL we b#*c 
sewn sach levels which branch i«» carinas >raM nwni-
heiv Thew wwts aw dwawd into two cascade*. <*w 

: with spin lower than % aad cunsBiaw ot lite 

tow-spin slaws aw dw lapwMy fal • / i ' I J / J 
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achat** taMf J = 015 aad > « 37 Hake* trot* 
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crnaw «t aW awhawianiy .«t ate a»l-brV uaauaua 
ttuwetci. « »paH*tr ant »V vakaatiuns tor ' " T l 
caa nt ihc «4Mcr*cd leveh m '"**TL *b*e i 
M B be acitoiaied. bat awokatp core imuatay 
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DECAY Of ' "Tl AND' * Tl: NfCATIVE^AMnr 
BANDS V f M B K U I V 

f R •Mfbam' F. I Tamer' 
L I.. Rtcamfff 

A *a*y of lac decay of " * T 1 aai " ' T i b s bee* 
in wpatattd soaiccv The data coaaM tit" 
spectra of gawaaa rays. aNeraal enm-

venam CKvtriHB. aai 0* ami of ?•?-' **J T*-* 
qawcidracc data. Tar iciaws a»e cxicwwc. aai far the 

of ' "*TI we haae prepared a payer for wablitjuuii-
of the aaai rcMrfts rebtiaj to the decay ichciar 

w* br awcamci bete, ibc 0 ' 

of two i 

uriMaL to dtffrrcaf l i iaa—1 t w o of a djajwjy 
deformed ome* hi * e o M aweary aatoae* «*-f-
"'tfclL * e r „ , ; baa 

»V- '¥- :V. -
a t 0 . : ' . 4 ' lews of are 

oca. I oat . 1 Tbe other Males of rial baai. that a. 
' V . ' V apaOT*a»>ercaei^a»Ja»wiibaw 
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. . Ie*eb. Tbe 5 . 7 . 9 . . . . letcb of ne r*m 
PRtlCNiy MKMf> fMbfefll RflWP AVlO VCCH pUpHOMv •*> 
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oaabtalnv argammts arc «cnriaJ b> die cakaJafaw of 
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and by jabeani wort* These levels fit very wef with 
du> predktiuns iH Nrerawd et at* The level at ' * * t% 
at 2252 keV m*t be 5 . 6 . or 7.based on the * : 
character of oar transanal to rae first 5" kvel and tw 
die presence of a transanal lu die 6* level. This slate 
i n above the 7 level of rae 5 baud and IIHB B a 
Mandate tor rhe 6 meaaVt b> aaalqgy to the tact 
dm * e ' %' mrndwr of the r I 3 / » baad bes above die 
1 X stale. SnaanrH. die 8 should be at a sagatty 
aajher energy d m die 9 band member: levels observed 
at 2392.1 and 3424.9 fceY are caaMaKS for dasstate, 
ha '" 'He. the probable 6 state agrees well w*a d * 
dteotctitat prediction, bat purnrbk * ' stales appear m 
be somewhat lower dam the prcdictioa. though stil 
wana. 100 to 200 keV- fa * Hp. the .«W~*pai 
aegatrve^nrriy states haw bee* observed ap to die 15 
mtanui by the ta.t*>| experiment:* these sutes abo 
agree a d with the theory of NeerprJ. Vogrl. and 
Padaraski.*' Ihe sure uaavnhatehbehav the 9" state m 
'""'Up was assigned I = * M the m-beam work.* A 
a m i * state brio* the* in ' —Ife. also iiraaed / = * 
at ref. 7. it wahia 0.2 keV «if the second 5' sure 
observed m die present w-rk. h b difficult to under-
stand the different assaa aeuts in our aork ami thai of 
Larder et at.:* posaM> there are two dose-hing states 
near 2318.7 MeV. lire second 5 state could result 
from die couphag r f an / « . ; neutron with the '%' 
state. Neergard. Voarl. and hdomski* pnbftdied urd> 
die lowest state of a given spin and parity: hence, 
comparison with Ihe theory is not possible. 

1. l"M*emr> <•« trtmeate. Knmnar. 
2. Y. UlwtV JWJ \ . Anas. * * « . Ira. SJu. 3«9 » 1974k 
3. A. Aran amt K UMhx fhrx. l.rit. 57a. 39 11975 i 
4. t. J. Pat? fli.pi 1*3 m f*nrmjmg% nf rttr Nrrtmlmm* 

limftrrmrr <m Smlnr fhruri .tfamt titmwnx l*V I . * 
ton ami II. J. Man*. »#*.. NoriMMfcwri. AaMrnbot. 1973. 

5. H. anacnn el aU fltn. AVr. /rw. 32. M311*741. 
* . K. MecqcMd. P. V«arL aat M. RaVwcdtt. .V«rf flkn 

A21a. 19911975». 
7. R. M. laarr ct aL. *vrt » n AM* . 317 (1975 lu 

POSITION MEASUREMENTS AND 
MASS DIFFERENCES 

J. L Wei 1 B. D. Kem* 

The positron decay of several proton-rich nuclides in 
die A * 116 and A * 1*0 regions has bam studied with 
the use of plastic scintillators and Hthnim-driffed 
germanium detectors. Time-sequential spectra were 
obtained in the positron singles and in the positron-
gamma coincidence modes. 

The work oa 2.91-aec * ' * l was anaatekd- a decays 
to ak groand state and to two exerted stales at 0JW97 
and 1-219 MeV of " * T « . The ennrad-ttaie decay 
ptadaces positrons wan tmtx > 6a9 MeV A tf-7 
jwncwVace eitabhrhri uW presence of the other two 
leans. The Qj cakabted by several of dnr raass 
fonaatas is ia good jgrccnant with the experaaental 
Qi~ 7.71 MeV. 

The decay of * " T l to '—He >ieMs twoideatHiaVIe 
putilraa rndpuint earrgres of 5.70 t OJM MeV and 
4.18 • 0J0 MeV. Thnaagh srledive proaaction of each 
of da? two bowers oi I * * T 1 . their afetaars have been 
anaaatd: The 5-70-MrV poatrua groap is aswyard to 
the decay of the 2Jbaaa 2 isomer aad the 4. ItUaeV 
gswap to dar 3.7-aan ? * isomer. The precisron does ant 
prima, die drtinnamiun /which tfaajeristaefnaaaJ 
state, but dieir separation appears to be appnnanateh 
100 kcV. IA Kport m das is to be pabhihtd Sums. I 

In the raass A - 192 radioactivity. there has been 
raeasared a posnron cadpuiat eaergy of 4.26 ? 0J0 
MrV.beloagan; to either , , , : T l o r " : l h ; . 

A chenacatiy separated '"*tb snarar was stadred. 
vKhfing a positnm endpoiai caergy of 3*1 * 0-J0 
MeV. Thatnzm-194 was foaad to decay with, a mni-
naan position energy of 4.4 • 0J MeV. 

I. twttiurr nt KcMKtt. Lruar>«*. 

ON4JP4E MASS-SBAIUTOIISTUDKS OF 
THALLIUM AND MERCURY ALPHA 

EMITTERS WITH A < Iha 

K. S Torn J. Lm-
M. A. Ija/' E. L. Robinson' 

Alpha decay for rhalhani isotopes ( / » SI) has never 
been clearly established even rJiough a brge number of 
apha-cmittmg mercury iZ * 80» and had \Z * 82> 
nucades arc known. The existence of ihaUnan alpha 
enatters has been mdkaled in helium gas-jet experi­
ments performed here at ORJT* and in Orsay. France, 
with the accelerator ALJTF..' The ORK* gasket results, 
obtained in ' * 0 bombardments of '" 'Ta . showed that 
if tfulnan alpha emitters did exist, their decay energies 
acre simfar to oNose of mercury isotopes with adjacent 
mass numbers. The use of the UNISOR mass-separator 
facility was thus clearly necessary if definitive answers 
were to be obtained. 

The isotope " * T I was chosen to start die study 
because, from alpha-decay systematica, om would 
predict it to be dw heaviest (and therefore the easiest to 
study from the standpoint of a production cross 

http://fli.pi
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i ) tfialmm nnchde to have a reasonably targe 
alpha-decay banc*. Abu. Ms electron capnue I F O 0 * 
decay bad already been wweu wared by tbr t'NKSOR 
consortinm." A target of 4^-cnrichcd " ' W was 
bombarded wnh l6K-MeV ' * N ions lu produce " Tl 
m r b e l ' * V I O » > reaction. Cm4ine nmltiscale data were 
» * l—rd Un A - 1H6 Botopes. simnhjni unify usmi 
alpha-particle, f j m m-ray. and vray detectors- Figare 
1.14 A I M ibe measured alpha-pnrtkle spectram. m 
addition lo ' " r i g . a dose-lying dunbtet is observed 
l l ) " l H g l f c t t = S.653MeVrandt2)a new alpha peak 
trull hm = 5.641 • 0 0 1 0 HeV. We asagn this new poop 
to """Tlbranse the peak decayed wmt abont a 3t>sec 
half-kfe. mat is. dose lo die vame of 28 • 2 sec 
reported for " * T I E T 0 * decay* I t should be pomted 
oat that ibe alpha branch of ' * ' tig is more dim 300 
limes larger ihm Out of " " r fc . " A smal amo—I. 
<0.yi. of enm cuntamnution dms accoaMs (or its 
presence m ibe A = I * * specinm. 

Thr405.J-fceV2* - 0 * transition in ' " * rig is known 
lo encompass essmtaMy aH of die ET'/J' decay streugrJi 
nf , m " T l * From its intensity in nar gamma-ray 
spectrum, the alpha-decay branching ratio o f ' **T1 was 
thendenrmintd!•»be<6 » 2 l X lO"*. 

IMS 
abo made for A -

184 Mcmfcv Some weak ami prtnunaK 
alpha grnwps were seen- The x-roy spectral 

the I ' * \jm | yields K» be smaR-
bVire data are therefore needed before asqgnments can 
be made for these new alpha growpv 

Sirmfkani information, however, was obtained as a 
rem* of die A = l»5 and 184 measurements, namely, 
die first omfianafion of die dpha dc> ry energies 
reported by the BOLDF pomp for " ' ' * * » % Tmsrs 
shown in Fig. I . IS. whue we bare phuied experimental 
f u vahes for K. ffe. He. An. and Ft nwchdes at a 
function of nentron nmnber. Note the abrwpt discun-
rimniies that occur for the mercury isotopes 182 186. 

lor rbe otber nwcmfcs. These 
> may be related to die sndden chaf f i m the 

nactear marge ramus uuserveu tor tag ami rag. 
in contrast to me smoomiy varying ralnes seen m the 
heavier mercury isotopes with A - 187 to 204. In o r 
search for thamwm alpha emitters wwh A < 186. we 
abo mirnd to investigate the alpha druy properties of 
me meicmy isotopes with »be same mass numbers- One 
case in poini is ' " " " r i g . which b reported to have a 
lower F„ dun " " ' H g l r e f 7>lF*> 1.15t-

70 
* * w * 

- _ Y r nV : 

60 

SO 

40 

SO 
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KB. 1.14. Alpmnwdrm* WJJWMI at A * tm m '*M auwlwfemml*nf ' " w . thriv» i MIMcV JI|4M pnup n4«««iinl i.« 
ihr *•«.!> or ;».«v ' ** tl rhr«* rrwltt rrprrvnf the 1 ir«i C\CAI\U\ NtrniiTK\I(I»« nf jlptu JCVJ> m iMtmm iwinprt. 
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f%. 1.15. A*JW>«TBCUJ «wwn/ ifltnmmn m ihr — i f j • « • — - V>u- iht- jfccitf* Ji^.-niwum.--1 f rW i ..i '"-" '"" i fc Ihr. 
au> hr K U M 4 I.» ihr 4utp B K T V J * m ihr iMKtrjr ..hjqrr r.nlnn »K»-ri«l ire! Hi m ^"ine l:.*n 
Ihc ««m>fh t i r u k r C * I K hf.it irr nru-ari .nuki with I - W T ••< 2»M 

1. VayaMti *4*>lrcfcaa; hnniatr sad Sfc»sr I tmmm\. 
•feck***. 

2. T m w u i T f i h n n h » f c J I w n i l ) . C . « f c * » i n r . 
X Vrnmumt of A b h m a at J iw ia .h jw , 
4. K. S. T«a> ( i a t . Ob* ftafer Satmaal Laannnwr. ffc* 

Rafcr. Tern . n i i ) i l l i a» i rvwkv 1974. 
5. Y. LrUryrc sad H. (aavim Imt inm for NarSrj* Pbrvrv 

Oroy. l o a n - . p n o M m w — i u i a i a . 197$. 
a. J . f L H > M l M i r T a l n / » r < . JTrr. / r H . » . 5 4 : i l v 7 * » . 
7. r .«^ I f a m c t ^ V K l f a n A M »4vi l»70| i 
«. J. a~»aa el j i . W n , /»-//. M f c V* 1 IVTJIL 

DECAY OF'**Fb 

t L. Room*** B. H. Kneik-
BO-Hannah' 

•»rh multiscaled gamma singles ard gamma-gamma 
ciiinvKlnKT spectra were obtained in studying the 
decay of '**Pb. Sixty-nine gamma transitions arc 
identified by half-life at belonging lo the decay of 
"*H>. All the strong lines and a number of the lets 
intense lines are ruled into a propnsrd decay scheme. 

Internal conversion coefficients were measured for 
the -W.. 225-. * * - . ami 5*2-keV hnev The first three 
are largely Ml transitions, whereas the 5*2-fceV Ime has 
a larft f 2 admixture. Both the low intensity of the 
annihilation peak and the failure lo observe a positron 
spectrum with the proper half-life support the con-

chanut that ' **n> decays predmnmantK by cievtrtm 
capture. 

There is evidence lr«mi both sysiemaixs and loan 
cnnsideratiiins of avadaMe shefl-mudel levels that there 
exists a I * level m ' **TI . winch should prrnw a strung 
Gamow-Tefer transition m the decay of :""*rV A 
probable candidate for this B the l5l«».4K-keV tori, 
which s hnjMy popubicd and which decay* to the 2 
ground Mate with an mtcusify of 102^ relative .«»the 
204-keV first excited slate to pound stjte IMOMIHW 

1. I aocfwr* M Mafcjmj in IMraaaeluai. 
2. tTwunry HKtoMM. 

FEASIBILITY STUDIES OF UNHOS EXPERIMENTS 
I N T H E / v * « t JWREGION 

A. f . Hester1 J. Gabmbos' 
II. Kawafcarm*' A. Drlima' 
R. M wmmnccn J. L- wood 
II. K. farter' K F 7g*mV 
M. D. Marker' J. H. Hamilton-' 

Presently, there is considerable research activity 
centered in the nuclear region A * nO HO. There is an 
interesting controversy* •* over the nature of the 
anomalously low-lying 0* excited stales in the even-

http://hf.it
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<wa —tin. with .V ot / appaiuaaecly eeaaJ H> 40L 
AK>. M-ftoM eaanaa-ray sprctmcapy nprraacats at 
ORNL aad m Co, 
MnKtMtv • suwc ut 
rwiKj. aad in.r| *aclMM e« 
fcikd w an» M T M at OKSL- Stains at LWSORwni 
aeuwiar a vafcjahlr o M w k M M to i 
Ttipnferr M H BW cmi 
anacdnac at 
rxpmaarvr* fona a aaaied nm,u— of i 
tcarc*. 

To cxplm* the linw^tj. of I I UNBOR 

"'St. " I 

hi colect the acutay 
" O k M . ua " M 
HKXIK 

10 «5-MeV lii wliii BWIIIH 

i» cuastract renew* g w acctjna c a m . The 
"*ZM , : Cjrjr l m r i n are w n at Fa* 1.16 

Fnan ifce* work. »« condadr that ntatioa-diikkBi 
aotnaes fna* copper 10 raMaaa can be prodaud in 
saftkirat aaantity for e«peranents with dar heavy-ton 
brans carreMty juadabli al UMSOR. Those Mopes 
pjudaccd in larpt qaaantjes alack any be partacabaty 

^. 

2 

5 '• 

t 
5 » 
X 

*r'> 

**> Li*, 
awwwe" fcwwaw a) MM 
**Kalurj)rtnwni" 

tat UMSOft 

i2-5ioaam 

, *«#^. •• C * ' A s . 

Cafc 

Aw. JHL Coat XML 

4. 
5. 
* . A. C. I n w aal 1. 

!*»». JhaK*r IMH973L 
7. JLILaMHaMCt^-lana>r.JLrflLlX.2)»«l«MlL 
a. M . L H * t n c i * . a j « 4« A n W J * II721197$n 

EXCITED 2 ' STATE W ' z *Xe 

ILSRSasm 1 

RS-Lre 1 

A.V 
J H 
V I 

The eviHwajarrii ratios of dar fast excited 2' 
of a brae I I I I of cwa-c*tn aadei hat 
aBeaaared w auiai years, aoaag a wjriety of expen-
aaratal iiJatigjan The jr a n o n for da 

aW dosed -V * S2 M a approached from the repoa of 
laaWr aratroa aaajber: o n behaiwr n contrary lo 
theoretical expectation. The twin-even notoaes 
' * M , ' X e a a d , J - , " a » S J ihr oration ttpom 70 
< . V < S 2 k woaM be of interest to see if dttr factors 

doaaJ .V » *2 shea shoa state M a w . That we k m 
the 

The present work n> coaccraed aith the JW-heV last 
excited 2 ' a n d i n ' : * X e . 

Radioactive I was proanced by die 
, : * T c < J u r ) , 2 * l reaction at the Oak Rwex S t * . 
cydotroa. The K fk enriJwnnt («9 t%) of die tanjrt 
ana the optnnzed booanrdnae, enenjy freatty tedaced 
contan elation from other isotopes. The I was 
converted to AeJ. alone, with naaaaal aaaoaats of stable 
KMMIC- a fonn a d l sarlca for nasiantatioN ntinf the 
UMSOR fadbty in the off-line a w * . The " * l 
wtft accelerated to 65 heV ana ian4anl«J into 2 i 
nacfc nan fan* hew at room tea>penta^v- A i 
efficiency of about 5% aas acwewea. m4 dtce sack 
naplanlatioajs aare petfotnaa* The foal aere toaea 
into a tMN cylawer and placed between Ike pole races 
of a snail etwtrnnwenet with a fteM of 1.5 k C The 
preccssioii of the aajgajtar correlation pattern was then 

•led. a * * ! a Gef UVNal coweweace system. 
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The fag.nr a catcher was uprated 
20fO'C. yet rim i i ^ i w r t i w gave j 
hi* erikvwcy Thesr 

factor » am 01 

of * e g factor for ' r *Xe • 0-43 
byGieaKr gpeOJt-

OakRnVr. 

' aal R. A. S M M K O . *>T_ Modi fat*. JJ. 

ft. L.Mfckofej' EftSpr*rw*fa' 
H i t Carter' A C 
E L R o b a n o a ' 3 » 0 
F T A n M o n r n i 1 - ' LLCaOws* 

C M . ( M y " 

The Nielsea-type* pualii.ng-circtroa ion soarcc has 
been tested for ihe aa-hae separation of rare-eardi 

mdei. Fjarc 1.17 dmws dke jHjaptmtnt 
which w a i t s of aw aOtsj/cm2 carbon ainjuw io 

noble Ike target from mt U I I W W TCI* MMowcr 
vapors. TIK wanow. however. a n M most leattwm 
meows lo pas into dn> ion toarce. where they are 
stopped on die graphite fell catcher. The puvioas low 
efficiency obtained for dm system f-<M)l*) was 
dramjht to puhapi be owe to die slow mffwjion oat of 
die graphite catcher I f a 1200*0- A new graphite-felt 
catcher obmkany healed lo I700T has not. however, 
given a nfaifkant improvement in efficiency. Repbxe-
ment of the graphite catcher widi car of tungsten was 
tested to eiiminkte die possiNiiy of formation of 
refractory compounds between the carbon and die 

OJAMMTC CATMQOC 

mm Bmrncnmnou 

en. mac* 
,CM#MlTI fELT CATCHER 

TARGET FOX 

HCWT KM 

SUPPORT CAS 
SVPV\T 

6RAPVNTE CATHODE 

Fin. 1.17. IMUOR wMmr * • 
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\ 
lanef <M 

•ch D M The 
he tanprt or wi 

twr F« i r i a 
l io 

The hmsted experience •» dan 
i * least* 

•cbolKx.Tl.rV 
S t m i j l M W N M K a t IjrpetS 

O K -WW rvs* 
a 

•arrets 
meat* »cabJ 
the target wnald be destroyed 

H l K w ; at die 
in cariy nm-«omcc 

t ha* been wed i«> fabricate tamrts in*illy m the 
M W I X Rhmimn targrts woe made by uss*f a 

i wmr tor rbr ron-soarce H B M I H and pbcmr a 
•4 ihm uwijfmn m thi 

deposits or I to 2 mf cm~ : br ' arc cohected 
H H O B K C operation- The pjphm-fcb catcher has abo 
been nacd as a snhstratc onto which laratl manual has 
bee] directly evaporated. 

A new sarface-iojrj/af son lon-sonrcc system 
rnandy with on-line rare-earth separation rn mmd. has 
been cnssirncied and wdl soon uadrreu lesimr. Tms 
type of source holds peat projmse because otT-bne 
cftkirncm for tbs type of source for rare earths can 
exceed W5- The maw pwbtein area antkipnted is the 
mn-NMKe window, which man be thin enough to 
transmit a targe fraction of the reacts* recods yet be 
Strang enough to withstand temperatures of MOOT or 
more, m addNrno to bombardment by an intense 
heavy-ton beam. Tantalum and carbon windows wdl be 

Imirialy. 

rfa 
»«na. Ibis 

effective pnmmne at the electron 
deiecior pontMNi. The i 
wdl aim sene as die prrnrprra; system for ai 
f«erhnhn electron spectrometer system. The 
. * the Geihobn system has been completed and wsM be 
added to the tape-transport system. 

The tXBOR fast ijpc-punrnc system has been 
expanded t» two units so that sources mam two 
drftereni side masses can be rapidly extracted from die 

m addition, an alpha detector has 
been added to one of these traits, jmmmg alpha-
particle experiments to be carried owl directly m the 
coueciton chamber. 

The offline decimn detector system was modified to 
afo* mt of a Clef Li) cmima-ray detector for dose-
geometry electron-gamma expenmenls The varuum of 
the off-line electron detector hat also been uppadrd. 

The capabilities of the lapr-transpnrt system have 
been snbsiandalry increased during lire last year. Two 
new arranctments mmrving a three-detector array for 
smwdtanciius count mt of one sample have been de­
veloped for on-line use. In one case, an x-ray detector 
and a ihm-lrarismrssiow-rnowrrt alpha deiecior are pnsi-

Thr TP-5000 data acojrjisition system has been im­
proved with Tennecomp s new faster software system 
TPflS. The Tennecomp systeri has aho been micrfaced 
for direel data transfer to me on-bnr Sf I computer. 
The data analysis capabilities of the TP-5000 have been 
fready expanded during ibr past year by user-
developed programs ihat includr automated peak-filling 
programs Mid sfcewed-Caussian peak-fwrii|t programs. 

A new analy/er system, the Tracnr Northern 
TN-1700. has been acquired and placed in srrvicc. The 

http://�cbolKx.Tl.rV
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anaHm bat ma 
I M S * fed** 

to be pnarnt a»a*ar»aa/c*tcwttnal 
systnas snaHei. Fewer data aw aaaiaMe for aatdiaaa-
m tatym M - aOi To aadcraand riar m m of dm 

data aauwiwj, how its ihamteraiig «*r* "Ho pn*-
nrdilr. tarjptt. and banajpalBjnj energy- To daa CMS. 

reactions aswjlrins, mtemwrn-mom tarcm arc 
•raw; stadard af OMC: 

•WC vKSCtlWCVi VflvrW. 

: *Wr»«# j 

F 

ate beans. Thar i 
decay of 9 
• I te a * c b d O J I I 

( N Z M M I O 

effect. 
That • 
adecaeaseof. 

The I t M l r V - " ! « 
m aV M 

« 21. Bbc awun—n bnwc at ahoat / • 25. (Tins burr 
to -30* only doi b ) a > i y«i 

arrdlrd for aapV aMciraud yaHdv) 
Fswar I.W aboaba«safto«f 4 K I aar BI yield far a 

pawn / a s a aaacf*an«f aa)dr: das a area aa»«r dearly 
at r.,. i JO. Tbr anaaftar caMrdnanaas for / >> M arc 
a^pmuaaatcK I ' M •..«».- Far Z < 14. dar now awl 

bar each £ went tjiwwaui of tbr total cross 
by rttrapotatate • 

Tbcar M rdoarr/ io 

strongly 

at. L. HaJbrft 
D. r. Hrnslry R. L. Ferya»n'* 
RG.Stofcstad F t 
A. H. Sn*a' F. 

Tbcir *%prnn*mrs anctadrd boaibardracat of mcferl 
by 164- and l734«rV : ' V . Tbr react** avrafacf* 
were detected with an a.ai/afaja^haaabrf sdicon 
raMMMraaMar detector IPSO) telescope (described 
cliewbew ip ibis report I. The MatMaat coarrcd a 
raapr of °* at war arftiny and offered exceneni 
separata* of £*jro*s from 2 to at least 30- Fajarc f.30 
(arc rrf. 3) nan example of tbc corapwfer prmfnaf for a 
typical set of data. 

rVhtdpal features of ihr spectra arc rRastrated in Fsj. 
I . I * , which shows ipcclra of cam</ prndacts (torn 
173-MeV 2 *Nr on nickel at 15' and 22" (lab). These 

of PW total cross seewwa I 
processes. Tbr waurtjwify • 

, coasts pardy from dar exiraaurnma I * 107) 
bat aaaaaV from the bra «f aneowatr tumohdff of the 
hat-/ yields. For ; "Nr • Ni a 173 MrV. aW 
atrp rnrhunc cross srciaaa saanaard for a < / < I t n 
50b • 40 tab. 

'•©•Mi 

R. C. Sioksfad l>. f Hrmky 

Thr ' ' O • Ni react** was sfadsra M a I 
energy of 113 MrV by usinc two soM-sfatc cornier 
lekacnp%s hainaj, stkr* ArY coanarrs with riHchntsars 
of 13 and 25 a resarctratry. (Tbrsr stadics were begun 
before ihr pusrtn* Mnwliaf cnanter telescope brcaaar 
jiadahbt Figure 1.21 shawsaspcclrwaiofaxvpni ions 
icattercd at 32". which dhtMratcs rather wel rtw clastic 
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Fig. 1.19. Tfcr / dntribMmii of ttacfmi products fttm 
173-MeV 2nSt <m nickel for vaneas laboratory angles. The two 
|.'*ct curve* .itt uim* <>r nine angle* in I *rcp*. 

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

4 0 60 80 

Tig. 1.20. Aagafcw dhoibMioM for prodacl* of selected Z 
vatac* from 173-MeV 2 0 N * on nickel. The point* beyond about 
51*"' are from *um* of tpectra covering an interval of 9° (lab). 
The I Mn » curve i* normalized to Ihc / = 15 distribution. 

inelastic products with Z • 
than l/sin 0 c . m . . 

5 to 9 all rise more rapidly 

U C + * J C I | 

R. A. Dftyras M. L. Halbert 
C. B. Fulrner D.C.Hensley 

R. G. Stokslad 

The reaction ' 2 C + *'Cu was studied at an energy of 
130 MeV by using a 0.15-mg/cm2 -thick target and the 
position-sensitive counter telescope. The energy distri­
butions of reaction products with 3 < Z < 16 were 
determined at angles between 0^ - 10° and 59°. For 
Z > 6. the energy distributions are peaked around Q = 

80 MeV. with a width that varies between 20 and 40 
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Fig. 1.21. Spectrum at oxyftn. nifrnftn. and carbarn H M » 
observed al " | a b = 32 and produced by I IJ-McY '*Oi<<fit<m 
nickel. 

MeV. This is a remarkably negative (2 value when 
considering the fact that the energy available in the 
center of mass is only W> MeV For products with Z < 
6. the spectra at forward angles contain si/able contri­
butions from quasi-elastic events that cannot be sepa­
rated from the strongly damped component. The 
angle-integrated yields show an odd-even effect, with 
even values of Z showing the higher yields. 

A remarkable feature of this reaction is the appear­
ance of two components in the energy spectra for yields 
with Z £ 8. Neither of these components is quasi-
elastic. This is illustrated for Z - 10 in Fig. 1.23. which 
show* spectra at three angles 15". 31°. and 55". Al 
the largtsi angle, only one peak, having a f value of 
~ 70 McV. is present. The relative kinetic energy 
implied by this is about 15" greater tlun thai expected 
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t-'if. 1.22. Spectra of carbon reaction prodacls ai l »o 
laboratory angki. The sm.ele .mow denote* ihc Ijbotutort 
cncrg>. t . ol ihc CIJMKJI IV tc i l ie r rd projectile* The double 
j r n m n ! 7 I 6 x t 

lor a Coulomb separation energy at a d'stance of 
1.2(11'' • A1!1*) fm. This peak, therefore, can be 
taken lo represent the strongly damped process as seen 
a l s o i n " , 0 > N i a n d : o N c + N i . 

At more forward angles an additional peak appears at 
an even lower energy. The angular distribution for this 
component is much more forward-peaked. The (2 value 
corresponding to this second component is so negative 
|~ 95 MeV) that, if one assumes a two-body fmal 
state, the fragments must have been very elongated at 
the point of Mission. 

Figure 1.24 shows angular distributions (dodO in 
millibams per radian in the center-of-mas» system) for 
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FjE, 1.23. EnogF spectra at tine* any} 
components at ~31 ' and the asymmetric nature of the peak at ~IS~. which ako suejststs two components. The decomposition «»t" the 
yield into two components as shown in b and c is done only as a euide to the eye. The rapid rise in the yirM at encreic* below - 15 
Me V represents evaporation residues which hate the same merry loss as the neon ions at low cnerrKs. 
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Fig. 1.24. Craier-of-mas} aagalar dbxribaimit. in nntlibarns 
per radian, for the total jrMd of M M and magnomm arodwet* 
from bombardment of " C a with IJO-McV , 2 C mm. The 
presence of two components in the yield is also apparent in the 
shape »f the anrular distribution for neon ions. The component 
havinc the lower energy is more forward-peaked. 

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

Comparison of Results 

All systems studied at ORK" 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 7. having larger yields. This suggests that 
the light fragments emerge from the collision in an 
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excited stale and subsequently decay to more tightly 
bound even-even nuclei. 

The Q values of the dcep-ineuBiic peak may be 
related to the Coulomb energy of two charged spherical 
fragments by 

In general, it was found that the value of r9 deduced 
from Eq. ( l r varies with the scattering angle and theZ 
of the fragment. Table 1.2 lists measured Q values and 
deduced values of/•„ for fragments having the same Z as 
the beam and at large angles where quast-etastic 
cunirrbutions should be small. This comparison of the 
three reactions emphasizes me difference between the 
carbon-induced reactions and die other two. the former 
experiencing a higher energy loss (and hence a larger 
deduced Coulomb separation distance). 

The angular distributions are generally peaked for­
ward more sharply than I'sin 0 except for the highZ 
products of the 2 ° N e reactions, which are well de­
scribed by I sin 0. The angle-integrated cross sections 
summed over the measured products may be compared 
with the total reaction cross section, as estimated from 
the quarter-point recipe. For 173-MeV 2 0 N c o n nickel. 
"D . lMcac * - 5 9 : '•»» »«»« » , 6 9 for ' 2 C • * * C u . 
For " * 0 + Niat i 13 MeV. the ratio is about 229.but it 
is only 3 lo 4 7 at ° 6 MeV. 4 This remarkably lapid 
change with energy will be investigated in future 
experiments. 

A significant feature of the carbon-induced reactions 
is the presence of two components in the energy spectra 
for 7. > 7.\xim. This phenomenon appears to be absent 
in the oxygen- and neon-induced reactions, at least in 
the preliminary analyses we have performed to date. 

Tabic 1-2. Aaprwwmilt energies of deea-imlmic 
peaks at brge angles 

Beam Laboratory Q r„i-n.\ 
Reaction entity 

M Vi 
an l̂c iMrVl lfm> 

,2C * *Vu I V 51 HI 1.45 
' * 0 + N i %* 40 31 1.16 
' * 0 * N i 113 25.32.5.45 45 1.16 
2 0 N c * N i 164 26.42 71 1.19 
2 0 N c * N » 173 33 75 1.13 

*Radiu< parameter* derived from Kq. (II ami Ihe measured Q 
value. 

*Frnm ref. 4. 

Further investigation will be required to understand this 
phenomenon. 

1. Comidtant-
2. Chemistry Division. 
3. Sec this repwL R. O- Slokstad. D. C. Kensley. and A. 

SneJL "Postion-Scmitne Co—icr Telescope.-

4. R. Albrcdll cl al- Phvs. Ret. Lett. 34. 1400 (1975 H 

HEAVY40N INDUCED FUSION. FISSION. 
AND QUASI FISSION 

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

Competition Between Fission and Particle Emission 
in Ike ' ' ' T b Compound Nwdens 

F. Plasil R. L. Hahn1 

R. L. Ferguson1 F. E. Obcnshain 
F. Pleasonton 

In this study at ORIC we investigated the reactions 
2 "Nc + ' " C i - , " T b * a n d ' 2 C • , 4 , P r - , 5 , T V . 
Fission excitation functions for these two systems were 
presented earlier.2 and it was pointed out that excita­
tion functions for evaporation-residue products were 
required for an unambiguous analysis of the data. 2 ' 3 

The analysis consols of calculations of fission and 
particle emission competition with angular-momentum -
dependent fission barriers.*'* Results obtained for 
1 " T b should provide a lest for this angular-
momentiim-dependent fission theory.5 

We attempted to measure the evaporation-residue 
excitation functions for the two reactions but were able 
to obtain satisfactory results only for the highest energy 
points in each case (165 MeV for 2 n N c and 120 McV 
for ' 2C> Al lower bombarding energies a map of E vs 
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JuY shows that the low-energy tad ut' the slit-scattered 
projectiles merges with the km JWrY portion of the 
evaporation-residue region: it is impossible to resolve 
the two types of events. This appears to be a funda­
mental limitation of our J£-£~ method, and we may be 
forced to use theoretical predictions for the energy 
dependence of fusion to generate the evaporation-
residue excitation function. 

1. CheinBtry DmsiiNi. 
2. K nasi. f>. 107 in r>ixeeijinr\ <f Ac litimmntmtl 

Conference on Rem:!torn Between Complex .\'min. \tttnriBe. 
June IH74. vol. 2. R. I . R.tonson ex aLtd*.. Norih-ilolbnd. 
Amsterdam. 1974. 

3. F. Ruil ct aL. Hin. Dn. Awm. r><* Rep. De< S'. I<i74. 
ORNL5025tl975kp. 32. 

4. y. Hasi and M. BUnn. fniy Rn CII. 5fl* 119751. 
5. S. Cohen, F. The*, and W. J. S» atttki. .4«* ftn /.V. Y • 

S2,S57tl974>. 

Ncon-tadWccf Fission) of Nickel 

FPkasonion R. L Harm' 
R. L. Ferguson* F. Hubert2 

F. E. Obenshain A. H. Sndl J 

FPIasil 

Fission is predicted to compete favorably with other 
modes of deexcitalion for compound nuclei in ail mass 
regions when the angular momentum of the system is 
sufficiently high.4 Thus, characteristics of the fission 
process can now be determined over a greatly increased 
range of mass, excitation energy, and angular momen­
tum. Comparisons of fission properties with theoretical 
predictions over such broad ranges provide stringent 
tests of theory. 

We have attempted to determine fission-fragment 
mass and kinetic-energy distributions and angular cor­
relations for fission of the relatively very light com­
pound nucleus formed in the reaction Ni + I 0 Ne. 
Surface-barrier detectors were used to measure the 
kinetic energies of two coincident fragments resulting 
from bombardments of a natural nickel target with 
160-MeV 2 0Ne*' ions from OKKT. 

A preliminary analysis of these data, based on a 
simple two-body breakup of the targetplus-projcciilc 
system, appears to support the theoretical predic­
tions*'* that this very light system fissions asymmetri­
cally. However, this conclusion must be considered 
tentative, because (he mass distributions obtained are 
very sensitive to the precise values of the measured 
energies and because, during the data analysis, wc 
became aware of possibly serious uncertainties in (he 
energy calibrations. It is likely that definitive measure­

ments and answers to theoretical questions wril have to 
wait until we can repeat the experiment with ihe 
time-of-flight method. 

1. ChemtHry IHtmnm. 
2. Centre d'ftwfc* Nm.-k-.urrv Bonhrjuv t rjnur. 
y. ComalUM. 
4. I . nasi and M. Bbnn. A*> v R.v C 11. 50M 119751. 
5. I- I . BUIMUCX and S. <.Jkw»c. V»m. Cimcntit 5. 515 

11957K 
t>. R. V. CUV*MI and K.t.R. Dtniev prwaie omimurnvjifc* 

and •.-oninbulfcHi to ihrt anniul rrpvri. 

Argon and krypton Reactions with 
Copper and SiVnr at Energies of 

4to8MeV/ann 

R. L. Ferguson' BH.brkiUV 
F. Plasii R. H. Stokes-
H C Brill" H H Guibrod' 

M. Blann4 

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

We have also measured the evaporation-residue cross 
sections for Kr + Cu at 494. 604. and 708 MeV. The 
results involve large experimental errors due to the 
difficulty of measuring the very forward-peaked angular 
distribution of these products. In recent measurements 
we have taken data at I V2° with respect to (he beam in 
an effort to improve the accuracy of our results. The 
cross sections that we have obtained so far are 
consistent with the evaporation fission competition 
model.* 

Most recently wc have measured the mass and charge 
distributions of evaporation-residue products simul 

file:///tttnriBe
http://Nm.-k-.urrv
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H f . I.2S. Y i t M c l f i dijrthalioii fat die re»ctio«s * A i * 
l9*A$ aad , , K f • * , C « . Laboratory cncrpcs are indicated 
The solid lilies m the 4 0 A r • , 0 * A e case indicate de­
composition into a quasi-fission component i centered near 
/ = IHl and a fission component. 

taneously from **Kr bombardments of ft$Cu. At 3° 
(lab; the average mass number was found to be ~ 128. 
corresponding to 23 evaporated nucleons. The width of 
the distribution was 7.S imu. The average di.jge was 
~60 . and the width of the charge distribution was ~5 
units. These numbers, however, are only tentative due 
to calibration uncertainties. In the future, by further 
analysis of the data, we plan to look for structure in 
these distributions and compare it with evaporation 
calculations. 

1. Chemistry Division. 
2. Los Alamo* Scientific Laboratory. Los Alamos. N„M. 
3. Gcsrflschaft fur Scrmerionenforschune.. Darmstadt, (ier-

many. 
4. University of Rochester. Rochester. N.Y. 
5. F. Flail and M. Bbnn Ph\ i. Rn. C 11.508 < 1975). 
6. M. Bbnn el aiffiv*. Dit. Annu. frng. Rrp. Drc. 31. 1974. 

ORNL-5025 (1975). p. 33. 
7. V. I.. Rusinarn and S. Galtnnc. Noma Cimenfo 5. 315 

0957) . 
K S. Cohen. F. PbsH. and W. I. Swiatecki. Ann. Fh\*. (N. Y.I 

82,557(1974). 

Quasi FWon in Argon and Copper 
Bombardments of Cold 

C. NgS' BTamain' 
J. Peter1 F. Hanappe3 

F. Plasil M. Berlanger2 

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

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

Previous experiments with argon on targets such as 
gold were a i carried out at energies relatively hgh 
above the interaction barrier. The purpose of our study 
of Ar • Au at 220 MeV was to see whether, at an 
energy dose to the interaction barrier, quasi fission can 
be observed as a well-separated process. This was indeed 
found to be the case. Quasi-fission events formed a 
characteristic peak at all angles (except at the grazing 
angle, where they merged with partially damped 
events). The peak was well separated from the fission 
peak. The angular distribution of quasi fission was 
found to peak forward of the grazing angle, as was the 
case in studies with heavier ions such as copper and 
krypton. Thus, the quasi-fission process also occurs in 
systems other than those involving very heavy ions such 
as copper and krypton. It it likely that the extent of the 
quasi-fission contribution does not depend on the 
specific system involved, but rather on the relative 
magnitude of lh<r Coulomb (and centrifugal) potentials 
and of the forces driving toward fusion, such as the 
nuclear potential and the incident momentum. 

1. Inst it ut de Physique Nuclraire. Orsay. France. 
2. Universitc Libre dc Bruxelfes. Brljcium. 
3. F.xperimcnl* conducted at Orsay. France-

FUSION OF ' 4 N • ' 2 C AT HIGH ENERGIES 

R. C Slokstad J. A. Biggerstaff 
J. Gome/ del Campo' A. H. Snell } 

P. H. Stetson 

The cross section for the fusion of heavy ions at high 
energies is of interes: because it depends on the 
properties of the entrance channel and can give infor­
mation on the highly excited compound nucleus. 
Experimental data for very light systems have not been 
available, however, possibly because the evaporation 
residues produced at higher bombarding energies have 
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masses comparable to or even less than the projectile. In 
diis case, separation o f die products of inelastic direct 
reactions and o f fusion is no longer routine. Fusion 
measurements at hjgh energies and for light systems, 
however, are o f particular interest because systems 
having fewer nudeons nright exhibit phenomena quali­
tatively different from mose observed for heavy sys­
tems. Possible differences are! I ) a dependence o f Of on 
microscopic properties o f the entrance channel or (2) a 
nnulatioi. o f oy imposed by angular momentum restric­
tions in die compound nucleus rather than by die 
entrance channel. 

Beams o f > 4 N at seven energies over the range of 43.X 
to 178.1 McV were used to bombard a carbon foi l 
having an areal density o f 272 ug/enr . Reaction 
products with Z - 3 to 12 were identified with a Ml: 
counter telescope in which the AE detector was an 
ionization chamber 9.5 cm long m d filled with methane 
at a typical pressure o f 20 torr. 1 Angular distributions 
were measured over die range o f 4° to 40° (lab). In 
some measurements, an ionization chamber incorpo­
rating a solid-state PSD was used. 4 

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

We believe that it is possible to separate these two 
components with sufficient confidence to enable the 
extraction o f fusion cross sections. The separation relics 
on the expectation that the energy distributions for the 
evaporation residues change consistently from element 
to clement As the '/. o f the residue decreases the 
ccntroid of the energy distribution decreases and the 
width increases. These considerations have been quanti­
fied by developing a Mimic Carlo computer code/ 
which uses the Hauscr-Fcshbach prescription including 
angular momentum, for the statistical decay of the 
compound system. In this way. the relative intensities, 
energy distributions, and angular distributions of the 
evaporation residues may be predicted in the laboratory 
system. We emphasise, however, that i«ir analysis of the 
reaction products is not directly dependent on this 
model: the calculation* serve only to give confidence 
that the peak shapes assumed in the analyses of the 

energy spectra correspond to those expected for evapo­
ration residues. 

The foregoing remarks are illustrated in F^>. I.2tw. 
which shows measured and calculated energy spevtia 
for sodium and nitrogen nuclei produced at hombardire 
energies of X6.3 and I b7 . | MeV respectively. Similar 
agreement has also been obtained at ««ther bombard me 
energies from 43 to I7K MeV for die energy spectra and 
for angular distributions of other dements. The chance 
in the elemental distribution o f the evaporation residues 
with bombarding energy is as would be expected from 
the decay of a compound nucleus formed with in­
creasing excitation energy and angular momentum. A 
comparison of measured and predicted relative yields 
for evaporation residues at two energies is mown in Fie. 
1.266. 

The experimental results arc presented in l i e . I .2 7 . 
Figure 1.27 also i.iciudes measurement* by Kudiner 
and Aimqvist'* of the fusion cross section at lower 
energies. Above 40 MeV. the average fusion cios> 
section. Of. is X I2 ± 27 nib. Considerine a sxstenuiic 
error of i T, of at. this corresponds i» a critical o d i u * 
parameter rK., = UJN • 0.04 I'm. A good lit to the lov»-
and high-energy data is given hy the model ot (i lasand 
Mosd* with the parameters r c r = I .Oh. l'iRK-t > = I M ) . r n 

» 1.47.and H « « » = h.3tFig. 1.27). 

The values o f a, at high energies therefore may he 
explained hy an entrance-channel requirement that the 
colliding ions penetrate to a critical radius. In the 
present case this radius corresponds to a combined 
nuclear density p, in the overlap region o f 0hpn to 
0.<>p„. where p» is the central density. This value is 
comparable to the value />, " p» obtained for heavier 
systems" | r c r ^ 1.0* 0.07). 

An alternative explanation of the limitation on n, 
involves the maximum angular momentum of the 
compound nucleus : * A I lor a given excitation energy 
(Ihc yrast line). This is shown in Fig. 1.27A. Here, the 
values of J, defined by «/ -t\l\J, * I ) : are plot led vs 
excitation energy in * * Al . The data determine a straight 
line on *J,iJ, * I ) scale, which, in a rotat-.oral modci. 
indicates a moment of inertia 2 • V = 7.7 • 0.7 MeV ' 
and a hand-head excitation energy of - 1 5 MeV. The 
above moment of inertia corresponds, for example, to a 
strongly deformed : " A I nucleus M *- 0.5 for a prolate 
rigid rotor) or to a ' : ( * nucleus and ' 4 N nucleus 
orbiting at a separation i f H 0 * • 0 .0$)M J ' ' - ' • / ! " • ' > 
fm The band head is located, perhaps not coincidcn-
tally. at the separation energy f o r : * A l - , : C • , 4 N . 
Thus, ihc (rbserved values of nt at energies greater than 
40 McV may he explained by postulating a compound 
nucleus that, for excitation energy / : , . has a maximum 
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rjg, 1.26. Rffpfcjfiitifivt cncigy spectre and c lmmla l yield* 
( m " f • ' * N rejUirm pradacls. l«> Merry spectrum of 
sodium unit ai «!;,(, s K° (A.'i«N » HA..' McV). The histogram is 
Ihc rruill of J Mimic Carlo calculation, normalised in I he total 
yield i»f all evaporation residues. / • 6 In 12. Kiwi^y sptctrrm 
of nitrogen inns J I i»| , h * 15" ( A | 4 N = 167.1 McV). Again, the 
calculation of the evaporation-residue component (histogram) is 
normalised In ihc mul angle-integrated yield of all residue*./ * 
5 m 12. (ft) Companion of measured and predicted evaporation 
residues. The predicted valuer, having been normalised in the 
Inlal yield, have only a relative significance. 
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Fig. 1.27. Deduced faun cro» sections aad critical i 
momenta, la) The measured fusion cross section* (solid points) 
a* a function of bombarding energy llabl. The data shown as 
cr iwri are from ret'. 6. The dashed Ime is a theoretical 
prediction iref. 7) discussed in the te.xl. i M The measured 
critical angular momenta as a function of excitation energy in 
• *A I . The doited line corresponds to a moment of inertia.'f* 
(l 55.-*r. where.-/, is the rigid-body value: it is an estimate for the 
ground-slate moment of inertia. 

angular momentum J, given by 

-» • - £ x * (7.7 M e V )'J,(J( • I ) + 15 MeV . <l> 

The present experimental results alone cannot dis­
tinguish between these alternative origins for the 
limitation on oy (entrance channel or compound nu­
cleus). However, when assuming only that an equili­
brated compound nucleus is formed in this reaction 
(regardless of the origin of the limitation on oy). the 
experimental data suggest that the 3 * A I nucleus ( I ) is 
very deformed for excitation energies Ex and angular 
momenta J, similar to those given by Eq. ( I ) and (2) 
has been formed with an angular momentum nearly 
equal to the limit for a rotating liquid drop* ~ 25.5h. 

1. On sabbatical leave from Instifufn de Frsica. University of 
Mexico. Mexico City. 

2. Consultant with the Fhysic* Division. 
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TRANSFER REACTIONS THAT LEAD TO 
THE NUCLEI 2 4 S C f AND 2 4 4 Cf: 

INTERACTION OF " 0 AND 2 a !fe WITH 2 J*F« 

R. L. Harm' P. F Dinner' 
F.Hubert2 K.S.Toth 

In a continuation of studies of transfer reactions, 
previously reported for the reactions of l 2 C • 
" 3 ' P u . 3 ' 4 we have measured excitation functions for 
reactions on I J *Pu induced by " O a n d 2"Ne beams, 
leading to the radioactive nuclides 2 4 5 C f and 2 4 4 Cf. 
The experiments involved the use of helium gas-jet and 
radiochemical separation techniques. 

Prelimir.ary analysis of the data indicates that 11) the 
magnitudes of the cross sections fir thr reactions X * 
2 , , P u - ' * ' : 4 4 Cf. when projectile X is either l 2 C . 
' " 0 . or 2°Ne. are about the same, with maximum 
values of 7 to 10 /ib. and (2) the shapes tie., energy 
dependence) of the excitation functions obtained with 
the ' 2 C . ' *0. and : o N e beams are all very similar when 
plotted as a function of excitation energy. 

These results strongly imp'v that a common transfer 
mechanism is operating in all of these reactions. Result 
(II indicates that the californium products are not 
produced by compound-nucleus reactions or by radio­
active decay of nuclides with Z greater than that of 
californium, because the cross sections for such reac­
tions on plutonium decrease, due to increasing compe­
tition from fission, as the Z of the projectile increases. 
Result |2) indicates that some common excited inter­
mediate californium nucleus (such as 2 4 7 Cf) . formed 
by the transfer of a common aggregate (such as *Be) 
from the projectile to the 2 J , P u target nucleus, is 
probably involved in all these reactions. 

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

1. CaeM SOCMM m Caoanm Dr«M»a lr.no Centre 
d'FtaaW Sack-jaw Rwrdeanx. trance-

5. R. U Hafca e« aL. M m 0rr. Aim. fhtt. Krp. Dr.. .*/. 
/ • • j ORNL-$o2S il«7Ji. p. J*. 

4. R. l.tlahnet jL./*i«.*rr ( 'M. IMVlirMi. 

MONTE CARLO HAUSER-FESHtACH 
COMPUTER CODE 

J GomezddCarnpo1 R.G.Stokstad 

A computer code has been developed lor predicting 
the relative intensities, energy spectra, and angular 
distributions of evaporation residues produced in heary -
ion reactions such as ' 2C • ' 4N. The Hauser-Feshbr.-h 
prescription for the decay »f the compound nucleus is 
used in conjunction with the Monte Carlo method to 
calculate cross sections in the laboratory system. 
Angular momentum is included explicitly and found to 
be extremely important, particularly at high bom­
barding energies. Approximations that have been 
made are (I) a "constant-temperature" expression 
for the densities of levels in the residual nuclei. (2) a 
l/sinOc.n,. emission probability, and (3)a sharp-cutoff 
approximation for the transmission coefficients. 

The code requires less than I6K of memory and 
presently executes on the CDC 3200 computer at the 
Van de Graaff. The rate at which the code can 
"evaporate" particles depends on the maximum angular 
momentum of the compound nucleus. Jmix. F o r / m a x 

= 12. the rate is ~37 particles per second, but for / m a x 

~ 26. the rale drops to about 2J particles per second. 
These two angular momenta correspond to l 4 N bom­
barding energies of 43 and 167 MeV respectively. 
Because the average number of particles evaporated by 
the compound nucleus is 2 and 5 in these two cases, the 
corresponding running times for I0 5 fusion events are 
1.5 and 6 hr respectively. (The IBM 360-<>l would be 
about 40 times as fast.) 

Comparison of the predictions of the code with 
experimental data for the ' 2C + 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 compari­
sons. The code has been of value in understanding the 
spectra observed in the ' J C • ' 4 N reaction and w*ll be 
of general use in extrapolating angular distributions to 
very forward angles where measurements are not 
possible. 

I. Chemiiny Division. 
I. On ubbalical leave from Imtiiulo de FiMca. University of 

Mexico. Mexico City. 
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MODIFICATION OF A FftOFORTIONALCOUNTER 
TO AN IONIZATION CHAMBER 

A. H. Swell' 

Ionization chambers offer certain advantages «»ver 
proportional counters, which may he exploited pro­
vided that the particles to he delected deposit sufficient 

energy m nV xnsitive region thai electron*, noat B mil 
a significant factor. This b usually the case for heavy 
mib. The type «H proportional counter telescope that 
has been used m heavy-ion studies at ORNL in ifce last 
few years has been converted lu an ionization chamber 
telescope by a simple modification The ihin wire (a 
few thousandths of an inch m diameter) was replaced 
with a 0O*0-m -diani nickel rod to prevent electron 
nwltiplicaiHMi. 

A cylindrical Fnsch grid was constructed from 
^"-transmission nickel mesh by wrapping the mesh 
around a %-«.-diam form. The grid was then placed 
around the 0.040-in.diam anode. Other than minor 
changes in electrical connections, no other modilka-
lions were necessary. The counter performed quite 
satisfactorily and has been used extensively in the 
studies of the fusion of" ,:C * , 4 N and in other 
heavy-ion reactions. 

I. ("••tiMiluni »ifh thv TIVSK-S IIMMIXI. 

POSITION-SENSITIVE COUNTER TELESCOTE 

R C Stokstad D ( Hcnsley 
A H.Snell' 

Solid Male PSDs provide gtmd energy resolution and a 
large solid angle withmit loss of angular resoluiiim. 
Many heavy-ion experiments require these character­
istics in additioti to the identification of the delected 
particles. Because the Frisch-grid ionization chamber is 
widely used as the energy-loss detector in a counter 
telescope and because it can be made large, we have 
combined these two types of detectors into a single 
system. Figure 1.2" is a schematic diagram of this 
counter telescope. 

Presently, the detector is used in the .»0-in. scattering 
chamber, where il subtends an angle of *»°. the total 
solid ancle being about .' msr. We have used pure 
methane at pressures varying from 10 to HO torr. typical 
ckcliitdc voltages of several hundred volts, and 
Formvar entrance windows of 40 to NO jjg'cm2. The 
electronic noise of the .i/.' portion is "*50 keV when 
using an ORTFC-124 preamplifier. 

The data are stored in nine separate two-dimensional 
-J/Y by F * -V: arrays, each corresponding to .10 = \* 
and having a maximum size of 55.000 channels. A new 
mode of on-line data processing using the Systems 
Engineering laboratory (SEU computer was developed 
for 'his detection system and rs described elsewhere in 
this report.1 Rales of up to .' kHz haw been accommo­
dated, and results arc available in the form of two-
dimensional arrays during the cxperimeni. 

http://n-ntr.ii
http://pr.Hlm.vd
http://tnful.tr
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The performance of the detector is illustrated in Fig. 
I 30. which shows a .>/. X A array lor the products ol 
the reaction : ° N e • Ni at 173 MeV. A protection onto 
the Jtf. axis of all events in a narrow region of Ml * A 
centered about 15 MeV is shown in Fig. 1.31. Here one 
can see the resolution of adjacent elements up to / ^ 
2H. Most i»f the observed spread HI At: originates with 
energy-loss straggling. It appears that higher values of / 
would also he resolved if they were produced in this 
reaction with sufficient energy and intensity. Because 
ihc thickness of the .a/, detector can he varied easily, ii 
has been possible lo use the detector for a variety of 
reactions and for observation of alpha particles as well 
as heavy ions. 

I. ( nmiilunl ftilh Ihc ftiyks Durum. 
1. Scv ibis rvpntt. I). C. liensky. "ORK" Itau AHiimifmn 

.Sytit-m Development." 

GAMMA-IUY MULTWUTITIES IN 
•"He* ""Sri BOMBARDMENTS 

O G Saraniiies' J H Barker' 
S A Gr.wemeyer' M I HJbcM 
t twWet-" D t Mlcnsfey 
V R. Johnson' R A. Dusra* 

The measurement ol' the number ot gamma ia>» 
accompanying nucteai reactions has been -Jiown i>» be J 
promrsoig to.4 lot iiudymg nuclear reaction IIKVIM-
nisms. especially tor investigating the distribution «»« 
angular immenium in the parent nuclei It is paitR-u-
larry interesting to study heavy -ion reactions neai 
MeV nucleon. a pomt at which other t>pes ol experi­
ments suggest that the compound-nucleus mechanrsin 
gives way iw different processes. 

A niultKJelccior apparatus consisting ol eight lead-
shieided 5 UK- by ?.rO-cm Nal detecliws. a reaction 
chamber with a '•»» port tor a GctLiI counter, and a 
support stand was constructed at Wa>hineton lini-
versiiy. The Nal counters view the target at various 
angles between 45 and 1411 tt» the beam This 
apparatus and the josociated oiecltomc equipment were 
brought t«> ORK" in IX*ccmhcr and used in a low-shift 
Irul run. We successfully acquired data on samma-ias 
multiplicities, relative intensities, excitation functions, 
and related quantities :>om the h<*iibardiiicnt uf a 
" " N d target with : " N e at l > . 144 1*5. and 173 
MeV 

The Nal detect*** furntshed onli yes no signals as to 
whether or not a pulse in coincidence with the Cell i> 
detector had occurred above threshold iMtKI kcV'l 
The events were tagged according t<> the number of Nal 
counters that had been triggered and were sorted into 
sixteen XK spe»lra in the ORK' computer by a specially 
developed data-acquisition program- One of these 
spectra was used to store Get 1.0 singles (no Nal 
oMiKHiencesr Fight tpcclra were lor the I-fold Nal 
coincidence events for each of the eight Nal counters. 
The seven other spectra contained .Moid. 3-fold 
M-fold evenis without regard to which of the Nal 
counters had been trigvred. For Ihc analyses done thus 
far. the eight I-fold spectra were summed to one 
spectrum Figure 1.32 shows an example of these 
spectra for the I2«-MCV : " N c beam. 

Preliminary analysis gives Ihc following results. 

I. Most of the discrete gamma rays correspond to 
known transitions in Ihc ground-stale band of xn 
and axn products, with x from 5 to 10. As the 
bombarding energy is increased, progressively more 
neutrons are emitted, as expected. At the higher 

file:///nnji-
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bombarding energies. nW tan products carry mure 
diaa half of the xm • ax* observed cross section. 

2. For a given exit daanei. die average gamma-ray 
maitiplkity <W> for the observed {J * 2) - J transi­
tions is independent of J. 

3. The average multiplicities vary from about 10 to 30 
(see F»» 1.33). They vary smoothly as a function of 
beam energy (increasing with energy for a given exit 
channel) and as a function of JC (decreasiig with x at 
a given beam energy). For a given x and beam 
energy. CM) is smaller for the axn channels than for 
xn channels. The weighted average of <M> for a£ 
observed channels is about 20 and is substantially 
independent of beam energy. 

4. The standard deviation of the Multiplicity distri­
bution is found to van between 5 and 8. increasing 
with increasing 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. 

Future plans include extension of these experiments 
to other reactions forming the same compound system, 
measurement of neutrons and alpha energies, measure-

f , ( M V I 
200 300 400 900 N 
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Fin. 132. C*(Li> spectra in .VfoM coincidence with me Nal detectors in the bombardment of ' 5 0 Nd by l&i-McV *°Nc. Known 
gamma rays for the dominant channels are marked. 
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ments of Nal pulse heights, and angular correlation 
studies. 

I- WaAinrton University. Saint Louis. M». 
2. CbcmiMiy Division. 
i. Saint Lous* I'nhnrrsitv. Saint Louis. MR. 
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HEAVY40N MfCROTHYSICS l ! » - • • ' • 

REACTION' *a*Li.' Hrl 1*! 
OF CAMOIV-TBXER STKENCIN 

C D Goodman D. C. Hmtnr 
V. R. Wham*' 

Many afcWed beta decays proceed wtdt rate* dai are 
twder* ul" magnitude slower than ihc rates implied by 
die weak mieraction ami kptoa dsmaaucs. Tim p u i k 
lot lung; been recugnwed n Macirar physics, bat. 
although ihc eft'evt teemed 10 be doe to 3 general 
feature of nuclear structure, ihc bepimmp of a teal 
understanding of the effect did no* come until analog 
slates wcie discovered with ihc Ipjf | reaction-1 Analog 
slates are connected by ihe same matrix dement thai 
appears in an allowed Fermi beta decay, and. insofar as 
the slates are perfect analogs. m> Fermi strength is left 
over Air any other stales. 

The siitiaiHin cannot be quite so simple tor Gamow-
Teller IG.T.I decays, but because ihey alsu are m-
hibited. ihe suggestion has been made lha. C.T. 
strength is also concentrated in an energy region that is 
nut accessible to the beta decay.' No systematic 
mapping of the C T. strength has ever been done, but 
Wharton and Debevec have shown that the |*Li.*He) 
reaction can he used as a probe of the G.T. strength.4 

The decay of ' 4 C is jn extreme example of an 
inhibited G.T. decay: the rate is about Hf limes slower 
than 11 would he if there were no nuclear structure 
inhibition. We have exploited the stnallncss of the G.T. 
matrix element. < I 4 S , ,jl<"1i'*0. In show first thai 
Ihe A = 0 pari of the cross section does not contain 
lar|tr contributions from processes noi proportional to 
Ihc G.T matrix clement: thai is. that ii is in fact 
proporiiona! to ihc G.T. matrix element. Second, wc 
have mapped ihc G.T. strength between , 4 C r v and 
' 4 N up to about 12 MeV of excitation in ' 4 N and havr 
found thai the .'."5-McV stale contains at least 'XT', of 
the G.T. strength, and possibly all of it. Thus we can 
rephrase ihe traditional description of the retarded beta 
decay of ' 4 C to say that ii docs not ICMIII from an 
j . . idental cancellation of ihc G.T. matrix lo the ground 
slat- >f , 4 N but rather thai it is a consequence of the 
cnncciilrslion of the GT. strength in the J.°5-McV 
stale. Tiu* measured differential cross sections are 
shown in Figs. 1.34 and I-*5. 

Because wc can map the G.T. strength over a large 
region of excitation, we are able to find sum strength 
that cannot he found through beta decay. The sum 
strength is sensitive to the wave function of ihc initial 
slate alone, whereas Ihc matrix element measures the 
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overlap of the initial and fmai states. Vt find that the 
theoretical wave function for > 4 C o( Vissvher and 
Ferret* and thai of Cohen and Kurath* both over­
estimate the sum strength. 

Our future plans are to evtend the mapping of the 
G.T. strength to other mass regions and lo map the 

*Mi.-o«>; ' i - » 5 i , r 

, 4 C ( 6 L , . W 4 N 
WOJNtO STATE 

12 '6 ?3 24 28 

fig. 1.35. Angular diiMrMititinns. for the , # Cf*Li .*Me> re-
•ulinn ponitaiing the I * ground Male and Ike J * Male al 7.0J 
MeV In 'S f . Iw» DWIIA wivubiMm* fm \\K I. = 1 jw»( «f the 
KM-fiitn . IK »h"wn. IIMOJ: ihc piticnlMNilctcrihcil in the upKnn 
nfl-lR. 1.34. 

strength between 1 7 C ! and , T A to provide data that 
might he useful in calculating the neutrino-detection 
efficiency of i 7 C I more precisely. 

1. Ratgrrt Unncruijr. He* g roan hit. N.J. tYnrnt jddnvt: 
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l C * , 2 C REACTIONS 

R.M.Widand1 

C. B Fulmer 
D.C.Hensley 
S.Raman 

A.H.Snell 1 

P. H. Stelson 
R. G. Stoksiad 
G. R. Saichler 

L. D. Ricfcertsen 

Progress in understanding the mechanisms involved in 
, : C • ' *C induced reactions has continued on both 
experimental and theoretical fronts. In the previous 
period, elastic and inelastic scattering had been meas­
ured at seven energies spanning the range from 74.2 to 
117.1 MeV (lab).* 11 was decided that additional 
measurcmenls al intervening energies were necessary lo 
establish the continuous and regular evolution of the 
structure in the angular distributions near <H)° and lo 
provide a more complete test of any reaction model. 
The new experimental dala were taken al bombarding 
energies of 78.8. 93.8. 105. U2.0. 117.1. 121.6. and 
126.7 MeV and with a different form of PSD having 25 
individual sections spaced 0.6° apart. This detector 
offered a much improved efficiency over Ihc previous 
detector The experimental results for the clastic and 
inelastic scattering compare favorably with the previous 
results and do indeed show a regular change in the 
structure of the angular distributions with bombarding 
energy. 

The inelastic scattering lo ihc 2* (4.43-McV) slate 
and ihc mutual excitation of these stales is known to be 
very intense as a result of the large K2 transition matrix 
clement connecting the ground and the fust excited 
slate of > } C . This raises Ihc question as to whether 
single or multiple nucleon transfers might also be strong 
processes. Measurements of these processes would be 
important for a reaction model that included (he effect 
of "double transfer" on Ihc elastic scattering. 

Because relatively few experimental data on these 
particular transfer reactions at high energies were 
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available, we chose to measure fairly complete ; 
distributions at 93JI MeV. using two solid-state ££-£" 
counter telescopes for this purpose. Figure 1.36 snows a 
representative energy spectrum for one of the reaction 
products. ' * B . There are only a few strong peaks in the 
spectrum even though a huge number r f excited states 
are available. Figure I J 7 compares elastic and inelastic 
angular distributions (at 9 3 A MeV) with those for 
representative one-nuckon and two-ouckon {pit) trans­
fer reactions. Data for mi. pp. andpZn transfers are not 
shown m Fig. 1.37; these were observed in some of the 
AE-t. spectra with cross sections much smaller than 
those of the one-mtcleon and pn transfer reactions. The 
angular distributions for proton and neutron transfer 
reactions are similar (as would be expected frcm isospin 
symmetry) and are more forward-peaked th-n for pn 
transfer reactions. 

Both the selectivity of the transfer reactions and the 
structure in the angular distributions are typical of 
direct reaction processes. We see in Fig. 1.37 that cross 
sections for the strongest transfer reactions are a factor 
£ l 0 smaller than for elastic or inelastic scattering to 
low-lying stales. The single transfer is of interest in 
addition to its usefulness in calibration for calculations 
of double-transfer processes: it will be valuable to know 
how well the optical potentials derived from elastic 
scai'ering will do in DWBA analysis of these transfer 
reactions. 

Significant progress has been achieved in the analysis 
of the elaslic and inelastic Kattering. We found that the 

real potentials introduced by the Yak group 
produced quite adequate fits to die experimental data 
at angks less than * c - _ - 45* . However, at angles 
greater than 60". the quality of die fits deteriorated, 
with the predicted cross sections tending to be too 
snail. Various attempts were made using Woods-Saxon 
potentials to improve this situation, but none was 
particularly successful. The introduction of potentials 
derived from die folding model, 4 however, has resulted 
in a marked improvement in die overall quality of die 
fits in the back-angk region whde maintaining an 
equally good quality in the ibrward-angk repon. 
Although both types of potential are similar in die 
external region, 6 $ r $ 7 fm, die folded potentials are 
significantly more attractive in die region r < 5 fm. It 
also appears that good fits to d»e data require that the 
scattering be sensitive to the potential in the region 3 to 
5 fm. This is because shallow imaginary Woods-Saxon 
potentials provide superior fits to the data and. it may 
be shown, are sufficiently transparent dial a change in 
the real potential at r — 3 fm has a noticeable effect on 
the predicted cross sections. It thus appears thai the 
real potential in this interior region of 3 to 5 fm is more 
attractive than has been indicated by optical-model 
analyses of data at lower energies. 

Folded potentials derived by using several forms for 
the nuckon-nucleon interaction were investigated. The 
Gaussian interaction required a normalization factor of 
N ~ 0.6, whereas a Yukawa interaction gave N — 1.0. In 
all cases, the fits to the data were comparable, and the 
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Fig. 1.36. Etwrpipt t l ramor , 0 BioMol iswve4i* iM l , C< l , C^^ 
*lale» in M N bch>w 9 MeV and in l 0 B below 3.f> MeV arc indicated by the arrow* in illutlr.ile the selective nature of the reaction. 



of AT was independent of the I 
and sunmw to the values of S found for a variety of 
different heavy-ion systems inchidmg. for example. * * 0 
* x * *Pb . Recently, a more "realistic - nackon nnckon 
interaction has been derived by Bettsch et a].* from the 
fteid potential. Althongh we haw not irrmtigaied this 
potential as extensively for the clastic scattering, it 
appears to give comtmnMe remits for N * I .OS. The 
important feature seems to be the greater strength of 
the folded potential in the interior region, and not so 
nmch the particular form of the interaction used m the 
fording procedure. 

Figure U S shows measured and predicted angular 
distributions for the elastic and inelastic scattering at 
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Fig. I.J7. A cvnintffvon of the wajBtar dMritation far 
ctstlftr ead invlniic scaffnring ami for namfrr react ions at 93-a' 
McV. Data are <hown for the mmkf to the pound tuu»; the 
dab fn' ihc excited Mute* arc similar. 

fig. IJS. Efeunc and innmefe scanning at 102 MtV. The 
metallic niterinc it the M M of Ike two reactions 
, , C | , , C . , , C t J * ) | * , C and , , C » , , C . , , 0 , a C l 2 * > . T k theo­
retical n o w arc obtained wine real potentials from the foMinc 
model and munition densities as desuibed in the text and Willi 
an imaciaary potential fffcn by W « 13.9 NcV. r # « 1.22. 
and a * 0.54. 

102 MeV. The potentials were obtained from the 
"realistic" interaction described above. The excitation 
of the 2* state was calculated with the DWBA using a 
fordbig-model form factor. In this case, the transition 
density was taken from electron-scatiering data with 
the assumption that the neutron and proton densities 
are the same. Complex coupling was included by 
deforming the Woods-Saxon imaginary potential. Be­
cause the normalization for the real potential and the 
parameters for the imaginary potential were determined 
by the elastic scattering, the calculation of the 2* 
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excitation dun mil involve any adjustable parameters. 
The agreement « seen 10 be quite (and in this case. 

1. Oak Italy* Annealed IhmrrMHn faatly mcarcfc aanKi-
• J M . 1975. (torn HaaMw M i ManluR C«*qpe. Lancaster. fa. 
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NUCLEAR REORIENTATION EFFECT FOR 
INELASTIC HEAVY-MN SCATTERING 

F.Todd Baker' Alan Scott' 
D.CHensJey D.L.HiKs 

t . E. Gross 

We have begun a survey of the ( ' J C . ' 2 C ) reactiot! at 
41 MeV from si/she!! nuclei. The projectile energy ts 
sufficiently high for the angular distributions for 
excitation of die firsl 2 * stales lo have distinct 
diffraction structure. Coupled-ctunnels ( C O calcula­
tions reveal that the predicted phase of this diffraction 
structure is quite sensitive to the assumed qvadnipok 
moment of the excited slate: this sensitivity b due 
mainly to interference between the direct (0 * -»2°> 
and direct-plus-reorientalioff «0* - 2* - 2*1 nuclear 
(not Coulomb) amplitudes. 

Preliminary calculations show 2 *Mg to be prolate and 
2 "S i to be oblate. Data for excitation of the first 2* 
stale of J *S i are quite different from the : * S i data, 
which suggests that 3 a S i B probably prolate. We plan to 
continue this survey by acquiring data from ; 4 M g and 
" S . 

I . University of tirarpa. Athens. 

INELASTIC SCATTER WG AND TRANSFER 
REACTIONS FROM ' C IONS ON **b 

S. T. Thornton' 2 J L.C Ford Jr. 
D. t. Guslafson1 * K.S.Tolh 

D C. Hensley 

Sludies of heavy-ion reactions to final stales indicate 
thai kmemalically well-matched one-nuc!eon transfer 
reactions' * may be well described by DWBA calcula-
lions. However, in cases of poor kinematic matching the 
angular distributions preCkled by ihc DWBA do not 
agree wilh the data, although reasonable spectroscopic 
faciors may be ob'ained. , T 

Because of ihe simple shell-model picture in the * °Z r 
mass region, wc have studied Ihe * ° Z r l ' 2 C : C » ' n Z r * . 

• " Z n ' - ' C ' C l - Z r . and " Z r l ' - ' C . 1 ' B » " X b reac 
lions at **-MeV modem energy-. Angular distributions 
have been obtained fur transitions to several slates of 
the residual nuclei. NudearCouJomb interference ef­
fects were observed m the inelastic scattering. By using 
DWBA calculations with collective form factors, de­
formation parameters $x and 0c w c , e obtained for the 
lowest 2 * and 3" slates in *"Zr The transfer reactions 
were analyzed using a ftniie-range. recoil DWBA code, 
and spectroscopic factors were obtained for comparison 
with results from previous light-Kin bombardments. 

The <m-MeV ' 2 C ions obtained with ORK" were used 
to bombard a target of 50 jig/cm 2 of enriched *"Zr 
evaporated onto a thin carbon foil. The reaction 
products were detected in a hO-cm-long posittor.-
sensitive proportional counter located at the focal plane 
of the broad-range magnetic spectrograph. 

The Q values for the ' • Z r l ^ C . ' ' O and 
• • Z r t ^ C ' B l reactions are 11.51* and 10.7*8 

0NM.-0M n-«0SW 
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Fig, I.J*. Cenivr-af-inwi auaafa* tumUminmt lor rttr 
fjt% €• CI MM re at nun ajesMNv al an MenVnf entvgy of 

9g NrV in ibr •mew opirinmii. the J J U J I 2 17 MrV 
po+jW* rcpK«ni toniiiNiiixn^ ti.»m i«o m mi«f»- l*»ct» fhc 
M<M hn«r« M< l»WB \ r*»»'J««-i»m». 
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MeV respectively. The difference in the entrance and 
exit channels orbital angular momentum a about 7h. 
and for this reason, effects due to poor angular 
momentum matching arc possible. 

The fits to the angular distributions for states 
observed in * ' 2 r and * ' N b are shown m Figs. l.3»and 
1.40. The results of ihe finite-range, recoil DwVA 
cakulaiions are not in good agreement with the transfer 
reaction daia. The magnitudes of the calculated cross 
sections arc reasonable and yxto spectroscopic factors 
consistent with ughi-ton-induced results. However, the 
theoretical curves disagree wilh the shape of the 

measured angular distributions. The predicted peak 
angle of the angular distributions is about 5* larger than 
the observed peak angles. Reasonable changes in the 
optical model parameters will not account for the 
drscrcpaacy. 

We believe that these transfer reaction data, therefore, 
indicate a dear fatting of the D V I A . The present 
reactions should populate good single-particle stales, 
and the incident energy is well above the Coulomb 
barrier. The disagreement seems to be associated with 

entrance and exit channels. 
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ELASTIC AMD •vELASTIC SCATTERING 
C » F 7 0 ^ V ' ' C IONS FROM THE 

EVEN N E O O V M I M NUCLEI 

D. L. HiBrs' L. D. Rkkeitsen 
fc.E. Cross C.R.Bingham 2 

D.C.Hensley A.Scot l J 

F. T. taker 3 

Measurements of differential cross sections for the 
scattering of 70-MeV ' *C ions from the 0 * . 2'. 4'. and 
3 ' states of •«« . • •« . • • • • •«» . • " m have been com-
pleled. In addition, we have obtained cross sections for 
exciting ihe 2' slate of ihe beam projectile and the fc* 
state of " * N d . When analyzed wilh Ihe coupled 
channels (CC) method, these data show an unexpected 
sensitivity to ctciiric muliiook moments. 

Elastic scaliering systematic* are summarized in Fig. 
1.41. where ihe ralio-lo-Rulherford cross sections for 
all isotopes are displayed. The main feature here is Ihe 
dampening of oscillations wilh increasing target mass 
and increasing target 0 } deformation. This effeci is 
undoubtedly due lo the removal i f elastic flux by 
excitation of ihe tow-lying 2 * stale and ihe rotational 
band twill an this stale. The strong-coupling effects 
apparent in Ihe elastic scattering data of Fig. 1.41 
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prumpied us lo search for an optical potential that had 
a real pan common 10 ail the rieod)rmum nuclei and an 
imaginary pari that accounted for the difference* 
between them. It was then hoped that aCC analysis* -* 
starling with such a potential would eventually lead lo a 
more universal potential because the many absorptive 
effects would be expbcilry handled. These h«ye* were 
essentially reali/ed. 

The fits of Fin. 1.41 are optical-model fits with the 
parameters of Table 1.3. The real part of the potential 
b common to all lamrls. but a drastic change in 
imaginary geometiv is then required to fit ihe mine 
deformed "*Nd and " w N d . These potentials were 
used m DWBA calculations for inelastic excitation, and 
they were used as Ihe starling potential* in a CC 
analysis of the data. 

The main features of these cak-ubinms are illustrated 
in Ftp. I 42 for the ' " N d data and m Fig. I 43 for ihe 
""Nd data. In these catculjiions. we have taken the 
view that nuclear deformation lengths should be equal 

to Coulomb deformation lengths and that, where 
available, we take Coulomb matrix elements from 
previous Coulomb excitation measurements.*-7 Before 
performing me CC cakubtions with Ihe couplings 
shown in Fir 1.42. we made a search on If and*' with 
couphnp only between the 0* and 2* states. When this 
new potential was used in a full CC calculation 

£ 2 0»m.-oman%i*i 

Fig, 1.42. 7»4-MrV , 2 C 
'**fU. Tkr &r*t4 »urw» jrt DWM cik-Mbl**!*. jna inr wild 
vnrvM ttt <V ukubliitnt mvhnltik: Ike vnaplHip tfcnwn j» 
» « i v known nutrrx etrmrnit irrfv A <i*d 7i j « mcrf 
ihrimrlNiHl wild J4' - II05.t Mut-nl from ihr CT jftalytn 



mrivdint * s 4 * state or the J ' state, we suM had aa 
exceneai In to elastic scattemg. 

The dotted curves of Fie.. 1.42 are the DWBA 
.-alctdaiions. which fad to account for various features 
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in the date. I f the madear drtomniion lengths aw 
reduced by abort 305 . then the 3 ' stale can he filled. 
To fit the r data, an additional npwacd norwafaatwn 
of ihe Cot ton* drwanatnin length by - 1 0 * is 
reanircd. The O V I A rinnV-nep caknbtion fads en­
tirety for the 4* stale. T h a t findvnp are dne to 
mwliBtcp effects, sack as itintnihnr, to aW groand stale 
in the case of the 2* state, qnadrapnie leorieMatiua in 
ihe case of afl stales, and donah; C2 excitation in die 
caw of the 4 * state. AH these effects can he properly 

in a CC cakwbtion with the exccMmi remits 
B the sokd carves in Fins. 1.42 and 1.43. The 
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nuclear force domain- Heavy-ion mctastic scattering 
above we Coulomb burner can then be used as a probe 
of nvdeat muttipole moments as dhnirartd m Figs. 
1.43 and 1.44. Figure 1.43 mows the stwsttrriiy to the 
•awe of £ , . The value of fij mi the quadropole 
mor-vmt of llic 2* stale were taken from previous 
Coulomb cxcUalion measnmnenis.*' In Fig. 1.44 we 
mow ike 3* , 4 4 N d data compared to CC cakutafious 
witli varmrt assumed values for me sialic ojnadrapnle 
momeni to mow me sensitivity to mis quantity. The 
lug! jmjk data, dominaled by nadear excitation, are 
quite sensitive to the sign and magnitude of the 
—nmrd quadrupolr moment. Abo shown arc similar 
catenations for the 2 * stale of the ' a C projectile with 
the same conclusion. The best fit is consistent with an 
ablate shape for "C with a 2* sialic quadrupok 
moment * 0 . 5 | ^ r n | | . 

I. Oak R M V OimnK r'«um» from ifcr Unrmwiy of 
Tmnrwr. KmravWr. Mvarr jaawtatrnvnt Irwin O M Kwyr 
AonrBlei ItatcriMir*. 
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5. J. Rival , the t w u v m f n p w KTS. ptimtCMMMO*-

catiaa. 
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MKBOSCOnCDBOWnOHOfWCLASlK 
1 Z C 9CATTEHNC F M M z * * l % 

G-kSatcMer D.C.Htnsky 
JLjC.Ford.Jr. E.E. Gross 
K. S. Tom D. E. Gustafson1 J 

S. T . Thornton 1 

l i has been cnsiomary to analyze data on the melastic 
scattermg of heavy ions by wine the collective (or 
deformed optical potenhal) model. 1 However, a more 
microscopic approach has enjoyed considerable success 
with hpjii-ion data.4 in this, the transition density for 
the tarpet nodes*. »„4rr. is obtained from structure 
cakubi-ons and folded with an effective nudeon-
nm.lt on interaction v. In d u heavy-ion case this is 
runner folded into the density distribution o^fr) 
(assumed spherical) of die projectile. The resulting 
tsausition potential. 

U,M) •- f »Mi) P„l»i > *('i *i ' » < * I * I 

may then be used to calculate the inelastic scattering, 
for example, m DWBA. This approach is an extension 
of die doubte-foMmg model of die optical potential for 
elastic scattering.5 and we should demand consistency 
between the elastic and mefoak results. 

A previous calculation of mis ty,<e* used the macro­
scopic coftectivc model lo generate the transition 
density p„. Instead, we use the results of mkrotcopic 
random-phase approximalion ( RFA| hole-particle calcu­
lations.7 which have previously been shown4 to give a 
good account of die 2* and 3 ' excitations in the 
^'fbip.p') reaction using a simdar model. 

The 9*-MeV incident ' J C ions were scattered from a 
target consisting of 100 pe/cm 1 of enriched , # " P b 
evaporated onto a 40-faj/cm> carbon foil, and the 
reaction products were detected in a 60-cm-Uwig 
position-sensitive proportional detector placed m the 
focal plane of a broad-range spectrograph. The experi­
mental procedure has been described elsewhere* 
Angular dntribuliom were measured between 24 s and 
5S* in ihc cenler-of-mass system for the 3". 5 \ and 2* 
states at 2.61. 3.20. and 4.10 HeV in : 0 * P b respec­
tively. An additional stale was observed at about 5.5 

http://nm.lt


so 

MeV m - " f b for which a definite spin ajiipwwnt has 
•MM been made. Figures 1.45 ami 1.46 display die 
measured metallic angular dtttributMas: «dy statistical 
errors are show*, and it is estimated ifc»i die Mai 
uacertawiies are at least £10%. At a cewtcr-of-inass 
angle of about 42*. where mctear absorption began lo 
reduce die etastk cross section beta* die Rutherford 
value, interference eff-cis are seen in the inelastic data, 
particularly for die 3" te«el. 

Microscopic calculations were made for die diree 
lowest states usinf die Rf A iransitiun densities5 |lhe 
5'density was increased by 15** to match the observed 
A£S) vahrt* ' • ! . A spm-mdepeudeni Gaussian form 
was chosen for v. The present work atso assumed a 
Gaussian form. 0313 exp | -0.2763r) I with r m 
fcmtomeiers). for die ' : C density; this gave the same 
resniu lor elastic scattering as die shefl-modd form 
previously used.1 • ' ' - ' : Each choice for * was nor-

M k , - » M , ^ - 1 < « 

N r V , Only * t j l M K j l error* JUC d*>wn. The curve* arc m;m>-
x i 'PK w k u b t m m uMnft RPA irjnMlirm den\itie% vml 4 
t n u w M n mrerjvium •<< I-Cm unpe. WSIM refer* r<r J deformed 
Wm>dv&iMin umptuiy iiHiptinjE term. f 'OMPl . t X itnplu-% j 
complex ttrengrh for the l « i m u n mtcwvtitffl 

20 JO 40 SO SO 

l i m n WW iimmil •UUB.UHni. J> and £•' refci r» the ptHrniMl 
j m l i lurre dcforwuiiim piumcler* M*ed A *imdK-5jvHi 
piKcntbl w » med » i lh I ' - 4 » MeV. I f = >} McV. K = HI tt 
fm.i ind« *n .5n fm. 

mat i /ed by f i t t ing (lie elastic d a t a 1 ' at *N» M e V . and the 
corresponding folded optical potentials were used in the 
D W B A cakulal inns o f ihe inelastic scattering. Cou lomb 
excitation was included, assuming B*f-:2) * 2«W»5e* f m \ 
Ml) = I0.5HX I0*K-J fm*. and «rY5| = 14.5 X 
10*Ir1 fin'* fref. «| respectively. The imaginary 
interaction, which is essential in order to fit the data, 
was chosen in the two ways described above; the 
Woods-Saxon form that fits the elastic data'' •' ' has W 
* I5 McV. R = 10 7ft fm. and a * 0.52 fn». m a Mandard 
notation. This was used in the inelastic catculaiions 
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M k drroaawaaj pajanretm *.* ' 003* . $>* « 
OJOT.S. and k * * OJ03» These wane 4 u H « war 

*•" 7.11 wa aad svaaaf *M rim ft* • O M M . 
A S 4 M R m FV M5.pawi wtsweae •hrajardwwha 

Gaama « wwb a raaar of I ha. except taai nV 2* 
( M tnimm had in he aKteaaed by a tactac wf J friar 

The stieaeriu. ni l—i J Irani latrjaa; * r efaalK daia.aae 
1115.5 • Tajf i MrV. w l2w .2 MrV *t the 1 M » S M 
aa/ipniry port »wied.TVtat«e:»«ra»«pne«a aajkcri 
better Si I » the etastk scattera* and M aajarkjait) 
better for the 5 raelaaK escHaftaa (see Fit. l-45|. 

Ctaasrnjaeady. we cwadade rim ike paraeat te 
n^*wWjjpJJJP% wJwa • • • • • ' wa^VwwYJvl v4Vwwpaj dj> WWJWJWWPB JWJnwwn^sjTW, wVAnaaw' wawnaWi W P # 

M a o M ' are shown at Fa;. 1.46. Good •%•* ate 
idiiajnid. a?rhowjfc a*** ike data retawr* thai the 2* 
cwaphac strearJh he K i t x d by abowl 40^. A pvap 
with an excriatrua energy aear 53 MeV has been 
reported wHh either /. * 5 Iref. I.»| or /. » 3 (refs. 14 
and 15). As seew n Fif. 1.4b. the present «bta apree 
best with /. - 5 antra the scatienap is war to aa /. * 3 
iraasna* wrthuai Coahnab exatawon. which seem* 
very aahkety lor sack a straw*. iraasiUva. 

f/e ased the codes ATHENA. DWUTK. and GENOA, 
la the DWBA cakabtwas. 250 \l. * 2) or 20.* If. > 
3.5) partial waves were used, and the aHejtraUnwi were 
earned owl in 45 fra %l. - 21 «ir ?5 fat (I. = .). 5| 

1. Rncartfc aarnraMma al Oak rUaor HJIMWII Ljwmjliiry 
ipaamrwJ m pan fcy Oak RaJ*r * i w t i m < t'ami awe*. 

2. Vmntimy at Vajpaa. rkarinnewaV imtanii iwaawira 
w)nan ar vfce Nataawal StHH&t FtivnaatiaiH. 

i. Sre. tor etaawir. J.Lf. ti*4. Jr. cf al.. # * n AVr I t . 
I9I2H97JI. 

4. See. for o a a r t . ti R. SatcMrr. / f * n Ma. 2w* 
|I97J». 

5. Sec IWIVW ••/ (* R. SaifcMcff. 4*HirnnftvfjCf 0 / nfcr Jpwtr-
NRT*VI*4TAW CtiwfjWvviMrT nv? pT#wrnnNs JprfirtW C*v*»pwrT .iMprwrt. 
Ala**a>. rnar.. Arar /«7#. n4 M l R»iNaiiia el al.. M » . 
NnrlMMbae. Aimtcnljia. 1974 
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ANALYSIS O f TRKI • s € . ' * 0 AND I * 2 C . ' ' • ) 
K A C T M > m r M I U C » B ^ , : C 0 N I " l % 

K S T o * E c G m 
J X r . Fwni. Jr. D. C. Hea4r> 
CRSaKhler S T Thotaww' 

T.C SdaMMet: 

EaaWr. we <ticrawew< aapwar wmi»anaai HM tfce 
l , ; C . " * n awi |« zC.tlm «*t~m aaJatew aa I M P w 
hv 77-. mi •*>. aaa I !»4ieV ' *C aati.2 SwipmawJ*. 
ifcea? waa iwawea wtn for the prnua myaaw; icacta— 

evrHJiaai eaetf> aj : * *B i Last vear. we preieaiew 
aew wala wM haa hera rajtaatea for war sane tw» 
M K W M B at a hi artaiwwM, eaer»» of •« SarV ' There 

aK-reaieats. aaa «w*« acaai the âjae etleci was antoi 
(oriher : C."Blreacla« 

The taw fattte-raepr Ireaal aKlaaeal IMitA cuar 
LOLA » j»j*!jMf at ORNL aaa has area asea hi 
aaaly/? a l foat iwieV aactn* traader reavlnwn at-
wacea by " I acaini ..<w : ' " f b 4 l u *p t Un lite 
I " » . ' " • > case, which wllen Inaa aa awtaMtablc 
aotdaap h«lw<ca aKiaaaaj aaa iwjtpiaac orbrtv the 
preaVlRaH were at p»u4 apreeateai with the wata l l 
wa» «»• attere»! !•> see n HwBA calcataltuws ctiwM 
acciaMi r.ir the ' : C • : " * f b reiallv 

ttaHh. tcaitenwc raeasareateatt i>f •H>4feV ' : C torn 
ir.ua : a " Fb haa already beea au<' r-m ciaapreirafj» 
we iUfc-jwred etaMK scatienar: a> ihe exit duaaeb. dial 
rs. Sf».l44eV : , f tm : *"Fb mi ?4<v*rV " t uw 
: * * t t . The three tet» «»« data, loprther with the 
upthai-aniwrl fit* in the anyabr wHtribafiuw*. are 
fhtraii m Fre. 1.47 The parameter* oVnrra fruwi these 
fas were rhea used lu aaafy/e irv iraaslcr-reaciiuw 
mails. 

The LOLA piedtclrntts aad experaaraiai data I at <** 
hfcV» Cm the (' ! C T » aad I ' 2 C ' •> leaciwajs are 
sHiiwa la Frp. I 48 aad l.4«»respecinef> ll rssrea lhat 
Ihe DWBA accoaais reasnaaHy well for the | ' '€.' T > 
jrmaljr dtstrrbaiMias except perhaps at forward jaaVrs 
where cnwRi-n» probkwrs were eacnwiiiered frawi the 
larpr ekisiic tcanenraji cnas seemw. la Fry. 1.4**. 
however, tmt notes that whereas ihe exprranenial peak 
aneVs slay constant wirti exciiairun energy in J # * B i . 
the predkted vahtes sfcifi 10 larprr vaktrs. Tfas » also 
evident in Fip. 1.50. where we show die 77- and 
I Itt-MeV data for Ihe ( ' ' C ' Bl reaction, dtsapreentrni 
is most marked at the 77-MeV hombardait eaeicy The 

http://ir.ua
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totted <«n* rim fits the *ftnrMut cnni aectiM far 
ri* • lM«rV -***•• strtr was alcvbtctf by arbtfunry 
Mt-MaaMf * r " • '# p,ir—clfi from ihf rtastw 
Kattrra* vabjt «l" I J W to 1.4 ta.l(AagUaN rial 
* r <*-*cV <bu M H ate be fine* if rite r# «atee «st 
K R I K 4 I O I J 5 t e . 

A t a f c | " » . , # l l car wfiiuwwl * m . wr 
l ' : C * * l l waciiMK mffn tnm n H d n f bmwra 
ri* O H O U ml rut dnmKfc. This a m au«—i lot 

•rf to DWtA 

«e dm a t ] 
vMh rix dua become* pwymawh mutt 

>s ri*<xoOtM« entity « ' ° * f 

z a ^ ^ ^ z o r ^ : : s 

%H m »••»%. MuMlrV "»« • * •» * . • *« * l -NkV »*€•• 
* * * l % . r«nr» lUriiffc ifcr 4 M * pmiM* «c oflKjl wndct IK* 
V f̂MHttfft 4tfnc4 fram Ibwe lilt wif M i n IFWSA Mdhr̂ ĉ  
<rf tkr ' • •P*» 'H . , > 0 ; , t f fc UK 1 M r M l t r . " t l l a * B l M l M r i <M«n ffflMM oioMian 
ttj0Httt-*t*atnntata SMUMI M 4 a faMnl pmtrnntt mptrftodji. 

•r «T.« Mtv tor M * t k f , a r . , J a MK«M 
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•any/ «f 97.* M*V far "•f*'*€.»»»> fwrtim hamm M> 
•wJaml man « * * * • . C«r*r* arc DWBA tjklmimi; <*M 
JMI anhnl o**rt irpmnir okvfafmn HM4T M M a Tlmttt 
Sawn J** J Marrf anrMal nr^rrnvdjr. *»ie ritot Ax *»u. w 
( M M In dtr •njMnwn. an nmt a w J jfeA n ihr atjfc 
JM0V • * * WKKJiaa.CSCMalaMI C*CTp M ] * * t l . 

Unfortunately. * e qualify of t t w , # , r b r ' * . ' • » ! data 
was sack (bat rt was not prnabk to say whether ihts 
same specific effect was aho present in that instance. 

The spectroscopic factors extracted for both the 
f ' C / ' O and f , , C . " i > rcactiorts on , M P b were 
dose to values obtained in other hghi- and heavy-ion 

experunenis. The same was true for life 
" * I V ' ».*•»» reaction4 despite the tact that the 
caJcutaiMas did not reproduce die angular drsiribvimis. 
This has also been found (see elsewhere m this report! 
for transfer reactions iaduced by'*C on " Z i . 

We conclude by saying that it is now apparent that 
the DWBA dues not account for Jl of the features 
found experancwtaHy for heavy-ion smgjr-aucreun 
transfer reactions. Perhaps rhts is an indication that CC 
effects must be considered even in the case of dosed-
shea rarget •wefci. 

1. Vumtimy «f V»p>u.Oort»w»»aU. 
2. I. S Unm el *L. f*n len. « S . 205 11*721. 
J K. S. T«rft ct aL. flkn Dm Am* ft*. Hep. Arr 31. 

I9T4. OML-S02S <I97S>. f. 42. 
4. I.LJT. Fut* k.. ei JL. Iftn Kn C !•. 142* I !*~4». 
5. J B. Mc laL .JW Jftri A2S2.2M < l*7Sl 

HEAVY-MN4IDUCED T*4N5FE* 
•EACTMNSON , 4 , !wJ 

H Oesdiier' C.» . Haannann' 
M L. HaJbert1 B. Herskjud3 

In an expenment done at the Nrds Bohr lastitute. 
transfer reactions induced by ' * 0 and ' * 0 beams on 
, 4 l S d were measured with a tane-of-fnjiii setup at 
72-MeV incident energy. The angular drstribwtions are 
bcM drapes having their maxima at angles somewhat 
below the grazing angle. The excitation m the final 
nuclei takes place, if possible, near the miihiiuni Q 
value and b spread over 5 MeV for the one-parncre 
transfer reactions and up to 10 MeV for the mvfii-
pariicte transfers. The cross sect ons for the individual 
channels are explained mostly by g-wmdow considera­
tions In spite of the differences in the individual 
channels the total transfer cross section integrated over 
excitation energy, angle, and aft channels turns oat to 
be the same for both " O and " 0 beams. This cross 
section amount* to 20* of the total reaction cross 
section and mcety Ims die yap between the measured 
fusion cross sretinn and the total reaction cram section 
obtained from optical-model calculations based on 
elastic scattering data. 

1. On law fan* MM-fwcfc-fcMiiM far Kemetiywa. HruM-
t<vry. Gcnuauv. 

2. FArtoapr unto? al Mrrs hnnr MMMMr. Urntwwry of 
Cniiioiumi.DniaTfc. t*74 tv75. 

3. Nrrfc M t IwtHvM. I'ajvrniry of Curiwtusin. Pmimifc 
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DECAY RATE? FOR EVEN-EVEN 
S « M ALMA BUTTERS AND THE 

SURWELL CLOSURE ATZ • «4 
W -0. SdMHdiOti' K. S. TrHh 

A proton wbaVf si M was Tint wnyrrtcj when J 
dtesniinvify m the pmgrrwmn of alpha decay cnrrpn 
for .V « M micMn ww noted al Z « 64. : To obtain 
snmr theoretical imdentandnp of the* subtoefl clnswe. 
Macfarianr. Rasnwocn. and Rfco* made cakuMimn* 
USRM a Gsmmn rrtnJnal force in a •wdeen-To'if*'-
Schrieftcr f ITS) Irtafmcni far ihe proton *ystcia of 
B -̂mwiron nuclei. By aMwmn» a Mifftcmt ipacmft 
between Ihc «/J/J and * u / j proton orbitah. their 
.:akuta<K*K produced a dncnminwiy in theoretical 

: enrrpn at /. » M . tn addHion. ihry calcvlaied 
retain* rcdnccd alpha-decay frmsitinn probabdMin for 
ihr i¥« W e»en M d n . Once apm nVw theoreiiral 
Kdmed width* wnkatfd a sigmTicanl dtp al Z » M . 
Mmnna were predicted at akoni Z « *0 and 2 * 74 
with Ihr itdncrd width* dcxrcjMop in magnitude as ihc 
50- and 112-pfofnn dosed drew* wrrc approached. 
fonirastinpiy. redted wiirte determined fmn the 
ihm avanaMr expernnenial data for l 4 4 N d . "*Sm. 
' * 'Gd . M * D y . , , : t r .and , M Yhi iH jKaieda i r i i r r> l 
constancy m value except for a dramalk nroWlim (by 
ah il l a factor of 2) for * **Dy. thai K. at Z * * * . ' 

The " " D y reduced width was Kurd on an alpha-
drcay hranchimi ratio of 0.1* • 0.02.* A recent 
mrantrmimi. nuna a hiph-ie*ohiiion Grflir x-ray 
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detector, gave a value of 0.3210.05.* This hidWr value 
produced a ' * * I K reduced widm very modi m hue 
with those fur die odier A' « S4 c t n alpha n w i m . 
The m m branching ratio has uow been confirmed 
with values .if 0.31 • 0.03. obtained once again froM 
XT*, x-fay intensities, and 0.36 • 0.03. obtamr d from 
d ie ' * - D y electron-capture decay scheme.* 

T im brar *c».wj* in n e ' **Djr partial alpha-decay 
na*f-b& prnmptrd at u» o a a t rite data currently 
avutahlf for ritrst,V**4 nuclei. I l was found mat. wtih 
the caccptiuu of ' * * D y . MO ssguilicandy different 
half-awe measssremrnts had brcn reported since die 

node m ttt. 3. However, rite aipba-decav 
of ' « * N d . , 4 , C d . ' " D y . aad , , J E r wne 

more accurately determined. Further, we 
i o f die 

Hyde, and 
a Ibi of accurate enrrpes 

for about 40 alpha-cuuiiiug nuiliriri. many of ihem in 
UK rare-earth region. Most of rhese. iududmg ' *"Dy 
and * * , E r . now have quoted errors of S3 keV. We 

i oar earbrr spectral data* where ' * * Vb had 
(he NMrisi of a large number nf 

R w U n jppranng on rim list.7 With the aid of these 
mtrruaf cabbrattou standards we deteruwued ihe £ A of 
' * 4 Yt» IO be 5 .31* t 0.005 MrV. The energy used m 
ref 3 was 5.33 ! 0.02 HeV. 

were in a position lo 
' " Y b ah**dccay 
EppkVhave 

As had been done in ref. 3. the reduced widths i & : » 
calculated tome, the alpha-decay famafam dt-

I by kasnussen.* T h e * 1 values weredetermined 
with the nost up-to-date decay energtrs and half-lnres 
i i iddih m die Meature. I * Fig. 1.51a we have plotted 
these rtdoced widdn: m Fig. 1.51* we show die * * 

hsted m TsHr I of ref. 3. The new deternwna-
ihowa m Fif. 1.51*. m contrast to those in Fir.. 

1.51*. mdkate thai the 4*> occurs at Z • 64 at the I T S 
calcublions predicted.' Abo. m agreement widt die 
.akubtiout. the new reduced widths show an increase 
in value s Z * 60 and / * 72 are approached, lo th 
•MbcaiMHs would be more apparent i f die error Knits 
in die ' * * 5 n 4 : value were reduced. The errors are due 
mauriy to die 20-keV uncertainly in die nuchde's 
alpha-decay energy. Thus a new measufenKnt dial 
could decrease die , 4 * S m ft", uwcertamiy to - 5 fceV 
wuuid be of peal value. We should add that the error 
hauls shown in Fif. 1.51* for die reduced vmiriis are 
extreme: rtiaf ». die upper (lower) limit m each 
instance was calculated by usme. die shortest I longest) 
half-':tc and die smaflesi tlargest) decay energy. I l r» not 
dear how die error omits weie determined m rcf. .v 
However, if die sans? procedure had been followed, the 
errors dimdd have been much greater than ; N H * ^own 
in Fu;. I 5lfr because of the brer unceriamiirs m the 
experimental dr . jy energies avadabtr at dial time. 

0«W. 5 " t *S ' 1 K 1 
OS r — 

oot • 

0 0» l.: 
!#1 Mlf Sf«T f tuOT 

M 

i«i*t'cnt«ct 3 

*Mf «r l w w i 
•a *o 

rin. 1.51. MrdUrnl oidms •»'» *m H * M 
\Jk<* tfrtm 1-tHr I nf irf. } 

i vaufNV*. Ml ('Jtrabml wmf *r-ir*4stt rxprrawnojl mt*tmaiwm: iht 
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rRODUCTION AND INVESTIGATION OF 
TUNGSTEN ALPHA EMITTERS. INCLUDING 

THE NEW ISOTOPES ' **W AND ' **W 

K. S. Toth 
W.-D.SchmidiOti1 

C R . Bingham-
M.A.Ijaz 1 

The first alpha-radioactive tungsten isotopes. 
. . : . .* . . . i * a w w e r e discovered by Eastham and 
(Want4 in 1A\l£, bombardments ol" , 4 4 S m and , 4 7 S m 
targets. The purpose of the present investigation was to 
identify unreported tungsten nuclides with mass num­
bers slightly greater than 164. The search for these 

possible alpha emitter.'' was made by bombarding 
, 5 * D v with " 0 s * ions accelerated in the ORKT In 
addition, to confirm the data of Eastham and Grant.4 

i*2.i*j.i«4jy w e r e pjrtjygjj fy njinj, t n e more 
energetic but much less intense' 'O ' * beam. The ORIC 
gas-jet-capiltary system5 was used to transport product 
nuclei to a collection chamber where they were assayed 
for alpha radioactivity with ( I I an annular S4Au) 
detector to study the activity at the collection point 
and (2) a planar detector, offset by 145° with respect 
to the collection spot, to determine haif-iives. 

Figure 1.52 shows an alpha spectrum measured with 
the planar detector at an ' * 0 bombarding energy of 
137.1 MeV. In addition to well-established rare-earth 
aipha emitters and ' * 4 W. two new alpha groups can be 
seen with energies of 4.909 t 0.005 and 4.73910.005 
MeV. On the basis of yield curves, , 4 N • • **Dy cross 
bombardments, and alpha-decay energy systemaiks 
(Fig. 1.53). these groups were assigned to the new 
isotopes ' * 5 W and '**W respectively. 

To confirm the results of Eastham *••<! Grant4 we 
bombarded ' **Dy with ' * 0 * * ions ranging in incident 
energies from 188.6 to 148.1 MeV. Due to low 
production yields, spectra were accumulated using only 
the annular detector; half-life information was not 
obtained. The half-life of " 4 W (rV0 = 5.146 MeV). 
however, was determined in the 137.1 .MeV multiscaling 
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Fig. 132. .Spectrum accumulated with a planar detector during a 10-hr half-Kfe measurement nude in a moltiKsk mode will: ten 
.leninie spectra each 2 sec in duration. The incident energy nf the ' * O i o m va* I J7.i MeV. In addition in wcll-c«ablr.,hcd rare-earth 
nuclide* and ' * 4 W (reported in ref. 4>. lw<? new alpha (trciups are wen at 4.9(»9 and 4./.W McV. The** are auiftned la* labeled) to 
, 6 , W and • 6 " W respectively. 
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measurements (see Fig. 1.52). Figure 1.54 shows 
spectra measured at 188.6. 174.3. and 158.4 MeV. The 
5.146-MeV group is seen to decre.se in intensity with 
increasing bombarding energy, whereas the '* J W 
5.384-MeV group is most intense at 174.3 MeV. A weak 
but distinct group is seen at the highest energy. 188.6 
MeV: its energy was found to be 5.528 MeV. in 
agreement with the value of 5.53 MeV reported for 
" : W . 4 This variation with bombarding energy for the 
three alpha groups is consistent with the mass assign­
ments proposed for them by Eastham and Grant.4 

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

In Fig. 1.53 we have plotted experimentally de­
termined total alpha-decay energies (Qal for hafnium, 
tungsten, osmium, iridium, and platinum isotopes. 
Included in the figure are Qa values predicted by 
Zeldes. Grill, and Simievic* and by Meyers and 
Swiatecki7** for the same isotopes and for neighboring 
tantalum nuclides. These two mass formula predictions 
were selected because they have been found to be in 
;ood agreement with experimental values lor osmium 
nuclides (see Fig. I 53). Two points should be noted. 

First, the energies determined in this work for ' * 5 w 
and ' **W Hi well not only as an extension of the dau 
of Eastham and Grant* but also into the general 
alpha-decay systematics m this mass region. Second, 
although the two sets of predicted (? a values agree with 
experimental osmium decay energies, they tend .o 
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/ . }l ! 
i v 

V * . * * * 1 - ** ? A * C * w ~ > % . . — 
m D » 4 " ^ . 3 - » > W * 0 

3 • 

/VvV_/. 

C*\i C»; '1 «2*«» 

• cX s ES'V£\*A^ 
— ZE^DES e'o' 
— V E R S 4 * 0 SW'*TECK 
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'56 '60 «6« '68 '72 

MISS NUMBER 
'?fj tec 

Fig. * .5J. F.tperimeiMal and predicted Qa value* for hafnium, 
tanplM, otmmm. iridium, md ftatimm attna emitters. Pre­
dicted value* for neighboring tantalum inotopeJ arc alio 
included. Note thai the enenrjc* determined in lhi» study for 
'*'W and '**W fit in well with the general alpha-decay 
systematic* in this mats upon 

If. 

o 
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• m • 
•75 •50 e'i »oo 

1 W I . T 7 C * C W A W W L «U«rW* 

Fig. 134. Spectra mrasared when , 5*Dy was 
w*h ISSA-. 179.3-. and l5S.9-»fcV ' *0 ram. The alpha croup* 
auqened in ret. 4 to '*JW and , t 4 W are clearly observed. In 
addition, a wak but distinct alpfo poup n seen at 5.$18 MeV. 
this cnerry arrce* with the value of 5.53 MeV reported m ref. 4 
for " : Wtri/2<(U5*eer. 

TaWe 1.4. Decay nrfotinatio* for I 62-16*. 

Isotope 
r * 'I II 
(sec) (MeV) 

T V ' l /J 
(sec) (MeV) 

i « i j 

1*4. 

166. 

5 5 • 0.5 
5.1 • 0.5 
16 • 3 

5.528 • 0.010 
5.384 < 0.010 
5.146 • 0.005 
4.909 • 0.005 
4739 • 0.005 

<0.25 
2.5 t 0.3 
6 3 r 0 5 

5.53 • 0.01 
5.385 t 0.005 
5 153'0.005 

'From present work. 
*l-'romref 4 
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overestimate hatntun and tungsten energies; 
estimate iridium and pbtmum enerprs. 
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NEX INFORMATION CONCERN V4C 
THE DECAY OF , 4 T " T » 

K. S. Toih 
E. Newman 

C. R. Bingham1 

A. E. Rami*2 

In a study3 of terbium nuclides, we reported on the 
decay of the I.9-min : 4 7 T b ( * i , / 2 ) high-spin bomer to 
levels in , 4 T G d . A tentative level at 1778.9 keV was 
proposed because ( D a l 778.9-keV gamma ray had a 
half-life of ^ 2 min and (2) an extremely weak 
381.2-keV gamma ray appeared lo have a similar 
half-life and its energy was such tint it Hi as a transition 
between the tentative 1778.9-keV level and one at 
1397.7 keV. Recently, we have been investigating 
dysprosium isotopes with A < 149. produced in ' H ' 
and , 4 N bombardments of l 4 I N d and , 4 , P r respec­
tively. As before, a capillary transport system is used to 
extract recoil products from a helium gas-jet reaction 
chamber to a shielded area where gamma-ray counting 
can be made. Data accumulated in these experiments 
show that the |778.9-kcV transition docs not belong lo 
the decay of 1.9-min l 4 7 T b and. therefore, the 
tentative level of the same energy docs not exist in 
, 4 7 G d . 

The conclusion is inescapable because the intensity of 
the 1778.9- keV gamma ray with respect to those of the 
most intense ' 4 7 T b gamma rays, that is. 1397.7 and 
1797.8 kcV. was found to vary from experiment to 
experiment, depending on the bombarding energy, the 
projectile used, the amount of target material, etc. 
Coincidence data also show that the 1778.9-kcV transi­
tion is not in coincidence with annihilation radiation 
and rare-earth A' x rays. The gamma t»y is thus 
associated with neither a highly neutron-deficient iso­
tope nor a rarc-carlh nuclide. 

•V 

• * rs-
IT9T.S t«.2 4.4 

I39T.7 M.9 4.1 

9»7.» 0.9 3.9 

Mr, 04 
147. 

£ <MV) % FEEO tat fl 

Rgv IM. 
h e tajmm thai a teniaiiw level at I77S.9 krV doc* n»t n w m 
l47C'i«1. In acMiiiu*. a revem avaram *mdy trrf. 5> ka» sfcuva 
thai the % ' ivftfrnrntcnx (from ttf. 4) line Ike 997. ft-*eV fcr*vl i* 
wmrrcvl. IwHejd. rite zakptman ft* ibc Irral is ' % *: IWM 
JCJVC* villi ike be fl vafcae of 5.9 nktawrd in am decay 
mrattpremrnlv 

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

In the original investigation, three firm levels in 
l 4 7 G d were observed to be populated in the decay of 
the , 4 7 T b t * , , , i > isomer. Two of these levels. 1397.7 
*nd 1797.8 keV. were found to be fed strongly I log/ / 
values $4.4J. prompting %' assignments for both 
stales. The third level, al 9V7.6 kcV. was populated 
weakly (log ft value ~5.9) even though an in-hcam 
gamma-ray investigation4 had assigned a %' *p* n ' " 
that state as well. This particular dilemma has now been 
resolved. A recent in-bcam study* hasshimn that the 
spin of the 997.6-kcV level is ' V . The revised 
, 4 7 # w T b decay scheme is shown in Fig. -'.55. 

1. UnnrcfMly nf TcnncuccKmmiilc. 
2. U.S. Army tkiMisli.* Rctcurch î idnralitfy, Aberdeen Prov-

m* ('.round. Md. 
3. I.. Newimn cl al.. fkyt. Rrt. C9.674 »1974). 
4. J Kowiwckictal.,/VMr/. M I J Al9*.49l»(l972i. 
3. r. Kkinhcin/ cl at.. Phyx. Int. 331.442 (1973). 
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ROTATIONAL BANDS IN THALLIUM NUCLEI 
K Y t H J j n f ) 

L L Rkdinner' N. R. Johnson' A. C. KaMer* 
P. Hubert1 E. tickler * G. J. Smith* 

R. L. Robinson P. H. Stetson 

Tkr erm-even mercury nuclei are known 10 be quite 
regular in ike spacuigs ol ike ground-stale quasi-rota-
ikMul band for A » 1*10 and higher. However, for A = 
I Ml and lighter, ike mercury nuclei exhibit low-Kmc 
prolate nunum. evidenced partialy by sudden changes 
in ike spacing* in ike ground stale quasi bands. Tu 
investigate ike behavior »f the mercury cores in ike 
presence of high/ protons. we have begun mvesiigaiion'-
of bands bwTi on the » , ; J and i l i ; z slates in 
i a * . i * i . i * > j i The r̂ eactuins used to study ike prompt 
in-beam pmma rays mere I T , L u t J * N e . 4 n » l * , T i . 
( J , N e . 6 n l , , ' T I . and ' • ' T a t ' ^ O . W ' T I . The 
t * i . i « i j l nytjfj ^ w previously studied by Newton. 

Stephens, and Diamond.* 
Gamma-ray excitation function and coincidence 

measurements have been performed on each isotope, 
but anjgular distribution measurements to aid in spin 
assipiments have not been corookied. Consequently, 
ihe levels assigned are still tentative. The systematic 
behavior ol' the A , ; : hand is shown in Fig. 1.5*. The 
levels for A * l»»3 I W were deduced by Newton. 
Stephens, and Diamond.* whereas the stales for IX" 
and the upper live levels in l u l come from our 

-Hr -r-r 

V* » » ' *»7 : ' ***' I * • *"* 
^ jLt... -** * t . i i _J t - t i .... •; 

• • -r ( • • • " f * • » * ' • 

Kij. 1.5ft. Systematic behavior of A ^ j band in the tight TI 
nuclei. Results "n I » PH» JIHI 191 jrc from ihr present wurk: 
other«j«r* are (coin rei. (». 

measurement*. The spaemgs in ike bond are aaaaimgh 
constant tor ike ngki Tl nuclei. MdKaimg ikai tke 
mercury core is rather unchangme. The sequential spins 
of levels lead one to conclude tkat the band is a lugh-S! 
strongly coupled structure built on an obiaie shape. as 
discussed previously.* The even-even mercury nuclei tA 
> 1401 are known lo have uuast-rottiioiial bands that 
are quite regularly spaced up to / s 10. However, n 
' ""Hg ike yrait band switches over to a prolate 
structure at / = 6 . ? This strange behavior ol ike core 
should be reflected m irregular spacing* further up in 
the k » / 2 band of ' " T l . contrary to the quite regular 
1 ** Tl case. We intend lo extend our measurements on 
1 * * T I to test thrs posttbuity. 

In each of ihe Tl nuclei studied here, a band bud I on 
» * ' i >/z p»oton stale is observed. This level is connng 
down in energy for the lighter 11 nuclei, the transition 
from the '%' slate lo the "A ~ of the h 9 l i band is 
4*0 . 613. and 736 keV in the A - IXV. I " l . and l«>3 
cases respectively. Work is continuing on the structure 
ol these bands. 

1. iiHMilljiil Hum Ihc Inwersm of I C M K W : . KnoMdk*. 
2. VIMIIM from lurtersMy m Horde-IU\. I roocc. 
5. fhcimMfV Dnrvnm 
4. (•rjdvatc Student. I mveiMiy M Tennessee. KnoxvuV. 
5. f.»M*Hl«>tjJ I clkm under j|>(a>intmcn( »ilh t*jk Ridre 

Assovuied I niwnowv presently j i Urookhaven National labo­
ratory. I rH«n. N.Y. 

b J O Nc»i.m. I S. Sicphm%. and R. M. DUIP^HMI. Vm / 
ffcvv A2Jft.:25ll*74». 

7. J. II. H.irnli.mirl<rf..«Hv #f.r. / . / / . 3S.5l>2<l975i. 

BANDS IN " " Y k FROM 
LUTETIUM DECAY 

C. R. Ihmter 1 D. L. Ilillis* 
L. L. Kic>lingcr; C. K. Bioghaiir 

K..V loth 

As do a number of different neutron-deficient ure-
i-jrih nuclei, the ground-slate rotati<mal band of ' " ' Y b 
backbond* *< I - 14. Of interest in these cases is the 
behavior of am observed excited (side) bands as they 
cross the ground hand or highcr-lyinc decoupled bands. 
Some (H.l.jr«7> data were l;iken at ORIC on , * 4 Y b . 
resulting in the .issipnucni of the yrast cjscadc up t o / 
- 20 or 22 ' A side Kind was partially observed but was 
difficult lo assign and interpret because nv«l of its 
intensity went to the ground hand around / = 10. 
Because nothing was known about the vibrational band 
heads in ' " ' Y b . we performed measurements on the 
""*IM decay lo learn about the low-spin members of 
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excited bands and thus I U complement data on the 
htgh-spm members from iH I...ory i experiment*. 

The ' * * L u activity was produced in the 
" ' i^ l l '^N. f i i fk reaction at ~«i MeV Recoris from the 
(run target were slopped m a he:Mm atmosphere and 
transported to a low-level countmg area with a gas-jet 
system. Sources ol , » 4 | J I | . v l 7 r a m l were colected 
and counted in gamma-ray smiles and coincidence 
experiments. The level scheme resulting Irani ow work 
is shown m Fig. 1-57. AH transitions have been placed 
with the aid of the comcidence measurements. Pre-
vtoush. only the low-energy 2'. 4 * . and 6 * levels were 
known. Most ot ihe levels populated have low spins: 
therefore, the hiierium parent is thought to be low-
spin We did. however, observe some population of the 
t»* state, possibly indicatmg the existence ot a high-spin 
isomer in lutetium. Because these gamma rays from the 
high-spin slates are quite weak, we were unabt? lo 
measure hall-lives different from the other peaks. 
Future work with the UNISOR facility is needec to 
produce cleaner sources so thai this question can be 
answered. 

The most strongly populated levels in l k 4 Y b are 
those at 864 and )004keV. which we call the 2* and 3* 
members of the camma-vibrational band. The acqursi-

J K « »•! cunversKm-electroa data was not possible with 
the helium gas-jet system at the lime ot these measure­
ments, so we have no conversion coefficients to aid n 
spm asssnments. However, the heavier ytterbium nuclei 
are wefl studied and the trends are quite smooth. Based 
on the systematic* and on the branching ratios from the 
states, we confidently assign the lust two members of 
the gamma band. There are candidates for the 4 * and 
5* members also, but the arguments are not as strung. 
\ y level at 1074 keV appears to be k = 0 and may 
thus be part of a beta-vrbrational band. There are also 
candidates for the 0* and 4* members of this b=nd-

Figure 1.58 shows the systematics of the gamma 
bands m ' * * • ' • * • ' • • Yb. The A = 166 results are from 
de Boer et al.: 4 those for ,4 = lr»» are from Charvet el 
al. 5 The decrease in the band-head energy for the light 
nuclei, along with an increase in the spacing* between 
the levels, indicate a nucleus with decreasing defama­
tion and greater softness to shape vibrations. In 
addition, the deviation ol' the members from regular 
spacing* ( / - 2 and 4 are pushed down relative to 3 and 
5) increases for ' * * Y b . mdkaling greater interactions 
between the gamma band and higher bands, especially 
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HOC* with A" = 0 that have ;«ly even-/ member v Mixing 
parameter* extracted from the branching ratio* show 
thai the odd-spin members lave wave function* that are 
muK nearly pure gamma vibration man «fc» ihe even-
>pin members. The trends established or ihese bands 
should enable us t« better inierprei *hk bands seen in 
the tlll._«r»i measurements. 

1. V»ik prrfurncd h>ra* MS 4eftec M the rncirrurt «rf 
Tcmtrocv. K w n i c . 

2. I'ammM) of ftmmt i««. kMw\nHr 
J. L. L. Kir*«ni ci jt.ntn On Amm ftvg Rep. OCT SI. 

I*7J. OHM.-4VJ7»l»74i. ». .'J 
4. t * .N 4c Bwr ct J \mrl flfcvj A22S. 3171|»74». 
5. VCfarwiei j I . . W / fftrx AI97.4W ll*721 

LIFETIMES OF STATES IN A 
DECOUPLED BAND IN ' *»Yfc 

K. Eichkr 
P. Hubert' 

N. R. Johnson 
L L. Riedtnger 

In recent years, there has been an intense interest in 
the so-called hack bending phenomenon in which a 
rotational band shows a rather abrupt change in 
moment of inertia at high spin (about / - 14 for an 
even-even nucleus). The man* emphasis has been in the 
development of detailed !evet schemes for these nuclei. 
Although the spectroscopic dat. amassed thus far favor 
the "rotation-alignment" explanation of this phenome­
non, a more complex verification is needed. 

To provide this more rigorous lest of the models, we 
have measured the lifetimes of several members of the 
band' in ' * * Yb using the Doppler-shif t rccoii-dislancc 
method. With the rex lion '•'°Te|',"Ar.5w». using a 
162-McV 4°Ar beam, we produced '** Yb recoils with 
vcliKilies of I.»'; c. 

The lifetimes and /H/V.2) values obtained from an 
analysis of the singles data arc displayed in Table 1.5. In 
columns 4. 5. and 6 wv show the calculated B\h2\ 
values lor the weak-coupling, rotation-a'ignmcni. and 
slrong-coupling schemes respectively. Note thai there is 

a rather detinue rufang out ol the weak-couplmg 
approach. The strong-couplnig scheme appears to be 
ruled out on the basis of the 1%~ — : , A* transition 
Bi£l\ value. a* well as b* the fact that we do not 
observe A/ = I transitions which are expected to 
compete with i / 1 ' garvna rays if »troug coupling r» 
present. Therefore, the rotation-alignmeni picture ap­
pears to be the correct description for ibis nucieuv 

1. tVmre 4'|-ir4rt S W I V M O 4c SurwEiuvCoApua. Im-
vcrml 4c Bac4cn\. I- ruKv 

2. Phy«i> Depaftmrai. I <ii»«r*tc> of Tcaaract. Ka»\*wV 
3 L L. HKTIH^CT el jd.ntrf Ret Lett JJ. I34* 11974|. 

MEASUREMENTS OF UFETIME AND MULTVLE 
COLLOMft EXCITATION IN '* J D» 

P. P. Hubert' N. K. Johns.*) V.. Iichlei 

Previous measurements2 im the Coulomb exciiathm 
of ' * !Py with :*Ne and "CI mm have shown what 
appeared to be possible deviations from the rotational 
model for the 6* and X* slates. In an effort to clarify 
this point, we decided io nuke a direct measurement of 
the K2 matrix dements from these rotational states. 
For this, the half-lives of the 4*. t»*. and X* members i»l 
the ground-slate rotational band of '* 2 Dy have been 
determined by the Doppler-shifl recoil-distance 
method. These levels were populated by multiple 
Coulomb excitation produced by a l4*».*»-McV *" Ar*" 
beam at ORIC. The target was a 1.5-mg cm2 foil 
enriched lo«*.:f/7 in ' " D y . 

The bask principle of the measurement is lo record 
gamma rays emitted from the recoil nucleus in coinci­
dence with the hackscaltered heavy ions for different 
separations between the target and the pUingr Gamma 
rays emitted when the recoil nucleus is in flight give a 
shifted component, whereas those emitted when the 
recoil nucleus is stopped in the plunger give an 
unshifted component. The ratio \R = tiHu * s)\ of 
unshiftcd gamma-ray peak intensities to the sum of the 
unshifted and shifted gamma-ray pe.-ik intensities is a 

TaMe 1.5. Lrfetimr* of Mam in '"Yfc 

Trarw n>n Tu:tf»t<l 
1 Nprnmrnl.il Wcjk Rniiititm 

coupling jlqwrnrni 
Strong 

loiir^inr. 

• v • •v 87 • 8 1.40 t 0.13 0.83 1.38 1.45 

'V • 'V 10.5 • I.I 1.461 0.14 1.17 1.29 1.53 
J V • J V 4 • 1 P.94 • O:J 1.20 1 06 1.57 
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*. H. |L H M A i . f l n Jbr €" 12. I**? I|*?S|-
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M O U R N STATES * i " S r 

H L l U m 1 G. I H j p u n n W 
P O . T I . I M - B HrrduM* 

I. E » V M. S e n * * * ' 
HOtscMcr* 

" N . by " O . o f in SI MtV. « m *w«Wd » a variety 
«f cxptriamut. F « M iRMslmu iii c « K i f a w with 
(mm wrviwndy b w w traasMmts M T *Se were # v 
cvwctrd M o n m n o n on etKf |k i . anpnlar dMnbmiuns. 
JHcwMits. inatapfccirtri. awl Mctnars wwe obtained 
(m d m * irawsHioMv b u n a f i m ftmciMis far this and 
several other chaw el i went ncaswrcd. Statistical cafcw-
buuws are a saudaciory i p w w t m with cxperimrM.* 

1. FxdMWpr mMM j l M«H •>*» totMoK. t'wtvrm; M 
Cnfnifaam.ntMMfc. 1974 1*75 

2. Vmmtt I T •»> 0*». *—»••?. 
3. Nvh M M tmniMr. 1-HRCTOCT H( C»f> WWJH ». IVMnarfc 
4. On kmc (mm nV Mjx-fbatt-te'MitM -•( fctmfh)Mk. 

IKtfVarr£. tWTMBMy. 
5. t a t fepwi K» jyyr Jt»,\wr»w Hrrwrx. 1*7*. 

U G H T - I 0 N R E A C T I O N S 

INELASTIC PHOTON EXCITATION OF 
GIANT RESONANCES 
IN wr SHELL NUCLEI 

F. F. Icrlrand F. F. Gross 
D. C". Kocher F. Newman' 

The existence of a giani qnadriipolc revmanccKKJRr 
is well established in nuclei wiih / I ^ JO. I I D W O C I . for 
sd-shcM nuclei ibcrc have beer? confliclin;: report* of 
tRiadnipok strength in ihc giant-resonance region, larly 
proinn inelastic scattering results' - 1 tin : T A I were 
consistent with ^5(fV depletion of ihc isoscalar hi 
FWSK strength in a broad structure 1*10 McV wider 
cenlcvd at an excitation energy of * 2 0 McV. However. 
fo.a')mca*urcmcnl*4'* on several*/-shell nuclei did not 
show i peakiii; of t.l strength, and alpha-capliire 
results reported *HT'r of ihc A.'2 FWSK strength spread 
uniformly ti»er a forge energy region.'' In an cffori l«> 
•CMIIVC ilii* appai ni discrepancy, inclaxlk »callcring 
nicaMirrnicnis were made nn 2 4 IMp. l R M g . : T A I . and 

: *S». M M ; «ax-MeV ptutuM Ir.wi O K K . The »cai 
ta*4 p a m d n w n r wrMcKd on M K I C M ei—lMtw p b m 
p b c N m tte loc* plane trf the bund tmft maewetic 
ipttui<%nfk. The ewerp icstmuiua «av * I 0 0 keV 
IFWHML 

l-ipHe IbO ihuwv ihr f f a t i i c speclra m ihe cvcjta-
M enrtfy r j j iy «H 10 h» 32 MeV toi the l««i Urptfe 
slMfcnl. AhhMi|h m t w rewtoacc simciMe » prtmi-
• e i l k «eeii M M l*» h» 20 McV n a l the «fe«:ira. mly 
l « Ac * M A I and. H> a feuer exiem. ""Si t* a latec. 
broad rnuKincie peak uhxrved. The ptc^ni Al d a U T 

aw m p»oJ afr«emtiii wiih ihmr prokwtly pwb-

A Kwwpanwi » node in Fiy>. I O I afcd l.f»2 between 
tpe.ua frunt ihel/*j» }and<WJB'I reaclmn^«« : T A l and 
: * S i . Ftw hmfc nadci. no sirwclwe is «ih*ened n ihe 
16- h» 24-MeV rcpon in the I O A ' ) reacinm. alih«w=h 
Urwcnre n ptcseni m ihe pttntni ipecira The alpha 
parihie havmy zero tMnpin due* urn exciu ihe IMWCC-
hn I f * I I pani diptwr rewnance <(>DKl u» any 
tioarnrabkr exien:. Ikmever. rhe l/»^»'» rcacinm ha> 
been dmwn h> escne the CiDR.* Thu* ihe aiHcnee «»» 
reiuManee Ktuciure m the alpha data sujjeiis lhal ihe 
Ip/t'} MriKiurc may arise prcdtmnnanlh Iron* cxciia-
inm nf Ihe (.DR. 

The n i w sevirom Itir ihe renwiance urueiure <»h-
«ened in ihe \pj>') reaclHW tm : 4 ! * f . 2 T A ! . and : * S i 
near 20 MeV are drnwn m Fnj. l.t>}. The C H I H scvinmi 
were "Named hy auhiracrmg an assumed smuoih 
c«nimuiim Irum ihe resonance rejum. The cakulaled 
AI cn>» seclnms arc hased «m iwn diflcrenl (>DR 
models described by SalcNcr.' ihe Cioidhaher-Teller 
l(iT» and Jensen Sieinwedcl I JSl iiH»delv Ntirmali/ainm 
oC ihe h\ catcnlainm b based on ilie perceni ol ihe A. I 
Mtm-ruk ilrcnph meaMiied hy loial phoioniKlear 
Kxinm$*-,m wilhin ihe excitation enerey liniils shown 
m Fig. I.CvV For each ot the nuclei studied, ihc h ' 
cr»>s seclitm predicted by the JS model is adequate In 
account fur the iiK'asurcd cross sec I ion. I'se ol' the GT 
model requires no more than W- depletion of ihe hi 
FWSK strength in the resonance region to provide gmid 
agreement with the nKaMiren'cnl%. This rcvill is in good 
agrecnKiii with A - FWSK limits set hy the (a.o't and 
alph^-capture ineasnrcitKnis. 

Recently. several W-shcll nuclei have been studied 
using 159-McV alpha inelastic scattering" In */-shcll 
nuclei, the cross section lor A.2 cxcilatnw by l5f>McV 
alplias is .* to 5 limes greater than at % McV. Thus, 
smaller W)R strength c<mld he more readily observed al 
the higher energy. The 150-McV alpha data show * 3 0 r ; 
A.2. T a 0. I-WSR depletion in a rcwinancc peak foi 
J*St. This value is in excellent agreement with the 

http://PO.Ti.im-
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4 I. * » ~ ( < J . . n n «W tell M . I * f l * 7» l 
5. r. r. b « k M < U ( * - * - » • l * . ' « W » » n * W « < * r 

imp* *mu*r4mm. *rpt » /»74L w l I . ft f a M .aal 
A J I.. Dream*,. M v . SdMw'« fvrm. taMte. 1*74. 
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#rtf M.22lll*75»-
4. 1. M. «<.cMt rt 4 . f lkn Jtrr * IJ7.57* • m*» . 
I*. I AI»riK«ijl . . .Wf Shr* A2SI.47* 1197)1 
I I . K. I . b k t * k - fn i jK aHMMRMUM. 
12. M ». Ix»» . t I anion*. «Ml«". • tatarf. ffcr, A T 

("7. l*ft»l|*7Ji. 

EXCITATION OF Q A N T RESONANCES M 
• • ^ J t t W ' A a V U 

MtOTON INELASTIC SCATTERING' 
F. F. aVrirand D. C. Kocher 

The pani resonance rcpun* m - * * f h and ' "** Au tare 
been invcstnptcd by metallic scaitcrinf of 61-McV 
protons vriih an energy restitution of jhoul 100 kcV. 
(r.»ss sections M H ihc G O * al A, * h.M ' " McV 
cxhausl ahinil 'W* of ihc F.WSR st'eneth lot an 
isoscalar A"2 excitation in both nuclei. The anpilat 
distribution for ihc GQR plus the GDR in ***Pb B 
compared with bmh mactosc«>pk and microscopic 
DWBA calculation*. A pronounced line-structure rest* 
nance is observed in r , * P h al A, * $M',I> McV|«>4 
McV). The anpilar distribution for this resonance K 
well described by DWBA cakulalions for an A.2 or A3 
excitation, but not lor an A"0 excitation. The spectra for 
J 0 * P b ard ' * 7 A u show lililc evidence few a resonance 
af A A * 5.M ""•' McV. interpreted ax an AD excitation 
in recent cle« tion inelastic scattcrm; studies. The 
spectra in the nound-sfatc report for ' , T A u show a 
pronounced structure ccnicrcd al A.T * 4 McV. for 
which the angular distribution is best described by 
DWBA calculations for A3 or A4 excitations. 

t. AbttMti irf piper i»bc submitted l«> the Phy\ual RIVI,-* 

STUPV OF H E snurTUK or THE 
C Y E H < V B ( I S 0 « t l K S O F C a M A r a i J M 

mtU TNE f^.r | K A C 1 M N 

A . C Retfci' ILAJMMC J . B . M 

KWRSL If V«tt NHMM H O I wVf 4Wn«^£Wli HKIC I WMR 
aMHwakNHlv fcvlywy A m 0* n c t M l Ua*r» O M J M be 
f m r d M > a w | p l * panem 4M««a; a tuwag coneta-
aua fccBBMJi * V fcMcriaf «4 * e e t r p r s «4 aW*t 0 " 
CJKIJ}>' lrv<v» anw lac Maaae I N a^ *̂ ajcnvtvai aaa 

aaalo was arupaitd- 0 * e t p iaaj l < * . wC. 31 haar 
sagprsw M I ajc asavntfr «a a w aaasaai caenjy 

naajd a alack * c h a* ja—rjlnai O*' oa*r aaatd he 
A r drforaied brad «f s (otaaaaai baad ~curawaaf~ • 
die sanr wacfca* avA vdJraiaatii tfiwciare hwrd ua 
die MjapmrJS saWfKal 0* pmmi stale. As a da> 
cassed at re*. 1 <ft,/> leacUaas *m die evew-even .V » 4 0 
•ackicaa prusiac apmd irsi<•( lac nvodtctwsr*. 

MrasaiemeMs erf the waviiuas ~*iielpjt~*lwc aad 
" * C e l a ^ r : < < at . '^MeV pnMua enerp vndt nV 
bnnd-raaar fCvUoyraph at ORK' have awar been 
conspklrd. aad the expmed ahut*ipapW plaits ate 
hrwc svaaned. Prehmaurx malls fnaa tat 10* plates 
atdKale thai the 0" stale m * : I M T n excited ajach 
more micnsrt) than the 0 " stale m T * ( i e . reiaioe to 
then pound slates, as is expected U"m the paWM -̂
phonon vtbralHiNal explanatinn. Uetawed cak-wblinas 
<•( ihc stroclnre of the even rsntopes of prrmaniMm with 
j n unproved parrme-phivt|uadriipi4e model ol Kumar 
are almost completed. Wave fimclnms tor the reaction 
analysis have been arncraied as well 

1 lm««> 1'nmruly. AiUnij.lM 
2 I. Ibdrrmjnn JMI \ ( HcMvr. Ami f%v. .\2». *2n 

}. ) I I lUmai.mc-1 j|..fhv< Rrr l.rti tt. 2J9llV74i. 

INELASTIC SCATTERING OF isVMcV 
POLARIZED mOTONS FROM 

" , ' : Z r A l W 2 H v i » 

R. de .Swiniarski' M. Bediidianr J. Y (rrossiord* 
(# Bapen' ( B Ftiltner' M. (msakow4 

M.Massaad' J. K. P I / / I : 

Previous studKs4 of inelastic svaliering n*. pol^n/cd 
protons from the low-lying 2 ' slates in ' " " ^ / r and 
1 , 2 M o at 20 McV have SIH»WI» po<* ugrcemrnl between 
tlk* ccHiplcd-chaimels f( O or DWBA collccliveinodcl 
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KVtl 
hi 

* s&crr fee M k > ) 
dr f«nNai»«i and 

£ fe» 3*aJt/B*f fOTCf' 
i « i fervr t o r n K K gmeia fe «* *" fe-fvoAked 

9feiiOAcv. (•tOfwflfcro m nse 
t 2 " t iate* • facte Battel have 
at b * angles, fee * * / i j d 

* : M w da«a wcfv w r f a b s i dnJettwi I r a n A C J H J K / -
X $ p » t l Ml * 2 Z f . ( m * J y « t M Wk% ihf jnwd. 
k m c v e f . between fee anaty/M$ p w e i K n « n fee 
J » M c V o p r i — m i l • * fee l i r a 2 * « t r m * * / i and 
fer CI" %«4kincc-a»«ic 

A * * w * i n • " * <nef««»»ai»»« •<• "fcr icncrsi n»«trntialt >*a* 
nvreated M .v t t R J I H I ' ha* «apr t *cd J p w m H r 
W i t t * * <4 few p v a a r k i X to fee Mtr te j i t l i m t s t c 
vfch.it. fetrefat*. « a U w r y I rani nnclcni. lt> i w A i t 
Rctcnrty. bw*e»eT. VVrinar* ha* $.«en an a K w t n ; 
a»4 innate c \ a b * ? f i " « I M fee ufctcrved w < n w ••! 1 
*» fcr m m nhrn aneatei fern I O. ba*rd i « rile I A I fe*. 
ihc f an*r »< fee «.~*niral imw-budy Um« t* h<*$ct than 
ifca* «n fee i«»>-bnd> wm-fwfcn l«mc. I n fee W dtell. 
(•« MtlanVC.'"'* ibctC I t t t t t w ; rttdcBiC fell fett IS.*» I* 
d m r fc» 1 5 . I l ha* ab»« hern tngjjetted ff««n an 
c\penineniai puta l ••! « * r« lhai i b n ran» nuy he 
flinp Jcpredcnl. '* mvh hcha»»i i - ' i \ retail l o r n 
cilhc: j pi>MihW l o i u a c r l i f f<lteni.mvR»in >« a 
«r<«jirihnfM<n i m m fee . u n i rcmnaiK-c 

InatnNR'h at cocnptwnd niKlcut e?lc«:lt may he 
mtpmi j i t i al Hi M r V and t h e r e i n - pailly l o p t i i M M c 
I'IW ihr dnayrormeni between ibe «.-<4kxinc-mi'dcl 
cakwialiiiR ami the analyzing pitwer o h t e i w d ai iht» 
energy, a new mcaturemciil <4 ibeic Jala al a h i ^ v r 
eneiyy it needed. »'c have obtained Jala al an ciKitr. <»l 
Ml MeV vtuli a beam l i m n ihc (iicnuhk* »>ilt»m>n. An 
tivcrall iir%t>iwlNin H M ) i.t i«MI kcV l h « I I M l « a t 
••hlaiiK'ii !•>! ni i i t i ?•! the tlala. I 'p •<• .» n.A ••! 
eneip> -anaiy/ed pi4at i /cd (HoionMveie detncied «n» ilic 
larjK'l. wi lh a pnian/a l i»n «»l "•• 7 l f . . which » j » ineav 
med » i l h a caihim pulannk'ler. I IHK.IK-«I l a i j x i t <>l' 
"* l - m j r e m 1 i b w i m o s wcie n*eil. 

Thi" f ixwl reudiilnH! acl l ioed iieii l i i l led I - M I J « >MXI n| 
analy/inj: piiwv.» I « H Mrvcial l<m-l \ in^ tiaie>. M K I I at 

ihe l ' , . • " . a»d 5". Ifce J a b * v r « aaaK /cd mMii n c 
f l " i « d r K B M u( l u % « a l ' a M fee l i a « c « « V . « i 
fee c*4kvusc w M a t • * • at * i * fee fe*wfcrd-ma»c 
a y p M U M M * M i aad fee • • • . ' i a t^ i fc : r»»dr i w i fe Vfcael-
le« o j f e U f e l A TOL*' f i p > c | jb4 V U M M O ^ ( « 
j 4 k i w w n i r i f«ifcfai»Muil cakabiSMnt m i * M B I 
• K a i w w d «afcKt >4 fee a K s K / » $ p u s e i t l« i ihc 
h»«-hatp 2' mt - ; t taiet • fee few M k i n and ah . -
I .« fee 5 -fc " A aftd " : > S . ' The . ^ i « . a j n* .Od 
faraNVtert t i t led ai lahJe I * meic . * l a i e d by » * » -
fee o«de M a o M 1 * «a><.fcw$ • « a l p w a w f l e i t » i l h fee 
v-latlK' o«»» « v t > i « a»d ffc4aiwan>« dala •nBwillawc-
• o n h . fee i — r f u j c a r i e t * *c»c ««cd !•« b» fe " " / i 
a M i * : / a . 
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Ftgwc l.#4 flw die CXCCMMC agjpecMCM iibttaMcd 
by * t CT caitcfi»r —ii M fat * r m*?emt p w e n M 
dvfaw-IVMf r . V . jadS'statcsadttdMcMKlri. 
The raWbiiwii wed d * M i I k a n K m fae the 
drfaiaMd Mia—bit apteral p w a u i and a •«*» X * 
^ s l i n M i of l - 5 ^ l b » f c M * f e w d t * 9 « e * e b n i 
ajKCMtat fat dar r data. C-*d agMuntM fat * r 5 ~ 
arf 5 ' m m C N M an* br 4 U M J by keep** die 
defarMJOt* paCMKtm < M H M U l S « rf„.,r*L l l B 

•Met «uc ^sami jrfttmtmm B energy depewdeM 
became valncs at" dat ben* as targe as J.O ate needed 
M repniduce die 2MleV data. Si i» t . in *»«!»$ v? acsc 
dw Mod ayxecnacni n b t i f d by dK calcMannnj fat dtt 
Maty<Mg pwwctafhigl •, m m m fate die S M*»Zr 
M d * : ) f o . far whhil dK*e arena are***** drta. 

Macroscopic Model vafcaiatMNs fat the kM-|,Mc J* 
state* a rite dwee wacki were ahwpcffatMed awd a*e 
described elsewhere.*' (MM*! agmMtM mas obfaMod 
with the crast-sccnon data fat al rfn«e targets. The 
anafyMg p M m prcdWtcd by die Macrascinoic Mudrt. 
however, are «i iwot Tpeement «ndi die data (cspr-
cialty fat **Zr acd * ! M n | m contrast to the gwod 
agreement obmned with the ctiikvinr-modei „j|:wa-
riuns. 

1. btttMat 4t% SCMMK SaciAMr*. tWm'fcte. FrMKC. 
2. I M I I M I « ffc) MJM NwltMtc. Lynn. ( n M t . 
J On iMpMKM J I I M M S I *r* Sociwrt NMCIIMCV f*t-

M H c . t n M . !974 1975 
4 t.GtoajMKr r i a l . Mrs. fer | M . I . M 7 H W I 
5. J. Rayml. «i Ircimri prr«aictf at rhr ~X«ctrat Tbmry 

C«w»." T n w . W l . DtVm <7l,'l. S*cbr- F U M Y . 
». • . J. Verfcar./ftrs Hrr /<•« M, J071I974|. 
7. R. 4c SwiMM-Ai ct al.. re- fee fMuhrJ m .Vwrfair Fftnirt. 
S. R. «r S*iMarAi ef a t . C M J. thyv 51. 1293 < 197 J». 
9. fc i. V M Hall ci j i . . private cvmnwiiKaiinn; l» be 

pnMobeJ. 
10. J. Rayiui. "Mojuh." DTVT »"M2. Swtqr. l-isncr. im-

paMbhrrf. 
11. R. Schaeffef. unpuMrirttd ihtwi. f jnv FrwtcT. 
11. R. 4c Swmimki r% it., jubnwllcd lo fhyvc* l.rllen 

EXCITATION OF NEUTR0N-H0U 
STATES IN THE xo*f*p.p) 

REACTION AT 61 MrV 

Alan Scon' C. T. Chul̂ I!, 

F. T. Baker' M. Owais' 
M.I iVhitcn* 

The purpose of our experiment on the excitation of 
neutron-hole stales in the 10tVb(p,p') reaction at 61 
MeV was lo compare Ihc cross sectiors for excitation of 

nmt K« iu« Iwlt states m : * *Pb vfach w WM4JC 
cMMKtcd* •» dke M j c a m w h a l e states caused • 
o « fiveu e%p»MteM «• * v T r h M * * l - M e V fm.wj 
C I M J I I I I I • tfi dv * * ? rb rcMks «nfe dM*t fat 
i M u e a w g "tHfcwu dm—d d^ c w c v i f h ^ pan—e-
ter .•4tfc» be btpn Mt 2WleV p o h a i d m fat dMarat 
» l MeV W San. 1 5 ^ . a«d ^ W i »«» m i m d i l -

Track M M f ui dv Mck-at ptatcs t» v pt^ess. 1 '* 
ExciKaiKMs «d •afcal panes scales f d i f . Harden 
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addHwn fc» m r » ndket states. 
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ft. «JM Sewn. M. O a i JO* « . «.. l «K . i r t l l i i »• 

1«rfc«r fhrart. 

*Ht AND ALTMA^AKTICLE SCATTE*WT. 
H W I I - ' A I A N D I ' - 1 * a , S 

(. Bapeu' ILdeSKwatski' P.N.feu** ' 
A. J. < .4e' C. IV FnMcr* G. >^Jo.4«Tol*n , 

frcsMtnsty measured anpriar d»in*Him«s of eiastk. 
scaiicmf of J i le and alpha particle* Irnm neijdtbarMf 
e«en and odd mscln show s^tilKant difrerenccs.1"* 
For example, al anyJes brynnd "-50*. the dbiribaiiiiits 
for **CV> il * %l have minima dial are apptcviaMy less 
deep. These differences have been acciwnted for bs a 
quadntpnie coninbuiimt'* to die etaslk scattering 
from the / # 0 nucleus. For an / s V. nucleus, the 
quadrupule coniribuiion is zero: hence data from 
neighbormf tar pels that include an / a V- nucleus ate 
favorable cases for further studs of target spin effects 
to determine whether there are effects that cannot be 
accounted for by a quadrupule contribution. 

we explored 3 He and alpha-particle scattering for 
evidence of target spin effects in a different mass region 
with a group of targets that includes an / * '/j nucleus. 
With 45-MeV ' He and 41-MeV alpha-particle beams from 
the Grenoble cycJ-Hroo, angular scattering distributions 
were measured for * " Al (/ « %). " S i (/ « 0). **Si 1/ » 
'/3 J. and , 0 Si (/ ~ 01. The silicon targets were in oxide 
form (>*>5% enrichment in the principal isotopel 
evaporated onto plastic backing.7 The oxygen and 
carbon imiuritics limited inelastic scattering measure­
ments to angles beyond -45°. 

The measured 'lie clastic scattering data arc pre­
sented in Fig. i.65. At angles forward of ^-SS" the four 
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SELCmVE ENHANCEMENT OF A PROMILE 
PAKTKLE4I0LE STATE 

C D Gottdmm 
F F.. Bcr-rand 

D. f . Ktvhrr 
R L. AuMr 

Wc reported in I M I V O T S process rcpnn' it ' l l lite 
i ' H c r l rexiMin a' 70 MeV on «evrrai ;V * Z \aip\s did 
nor shfW any iekcir*e excilaikm of the GDR How-
w r . in , * 0 l , l * ' j | , * F the tpecitum » dominated hy a 
«er>- larite peak, a* shown in Figt. 1.67. thai corresponds 
lo the analog in ' * F of about l t .2 MeV of excitation in 
' * 0 . The angular drsiribution for ihe peak is shown in 
Ft*. 1.6*. Figure 1.69 shows where this peak fits on an 
isobar diagram. 

We believe thai the peak corresponds to a large peak 
observed in back angle electron scattering.1 

, * 0 | r . r ' » l * 0 . at an excitation of IS.7 MeV in ' * 0 ( t h e 
energy- discrepancy is probably within experimental 
error). 

The angular distribution is similar to that for a 2' 
slate observed in ' : C ( 'He./ ) ' 2 N . Therefore, we suspect 
that we are seeing a concentration of/. * I particle-hole 

http://whfc.1i
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strength. Because we do no! ex pec I a particle-hole stale. 
as such, to he an eigcnlunciion of the nuclear Hamil-
lonian and because there are live 2 .stales that belong 
to the Ip) ' isJ)' c»nfi|Eiiraiion. it *rcms surprising lhai 
the strength is concentrated. We plan to investigate this 
reaction with heller resolution, at more forward angles, 
and at another energy to heip us in make a more 
definite interpretation. 

I (' I) (HMidm.in cc .it., ffivt. Pn- Annu. (fng. Rr/r. lk> 
ltl4 ORNL-5('25H975».p h5 
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NUCLEAR CHEMISTRY 

MEASUREMENT Of THE ELECTRON-CAffTimE 
HL\NCHOFTHE DECAY Of " N * 1 

R . j . s a « : 

P. F. Dinner2 

C. E. Semis. Jr. : 

D. C. Hendey 

The granddaughter nuclide. 223-sec : ' * N o . produced 
hy the decay of the daughter nuclide 2 * * 104. has been 
used in the identification o l " : * J 106 hy its discoverers.' 
However, quantitative analysis required the postulalion 
in - " N o ot a substantial decay branch (—SO**) via 
electron capi'ire (EC), a mode of decay nut observed in 
the identification experiments. We have produced 
2 5 5 N o in the I 4 , C f l , ! C : <*.2«) reaction using the 
1 : C** beam at an energy of 86 MeV. accelerated at 
ORIC. After traversing a I-mil beryllium vacuum 
isolation window and a 0.5-mil r/rry Ilium target hack­
ing, the , : C * * energy (~73 MeV) matched the maxi­
mum in the excitation function for this reaction. The 
recoiling reaction products were collected on aluminum 
catcher disks in a helium gasjet apparatus. The catcher 
disks were periodically ( -10 mm) transferred to the 
laboratory via a pneumatic tube. 

To determine the EC branch of : 5 * N o . the alpha 
J«cay ol" the parent, its EC daughter (27-min J , 5 M d ) . 
and the EC daughter of - ' "Md (20.1-hr " ' E m ) were 
unserved. Because these activities and others having 
similar alpha-particle energies can also be produced 
directly in the bombardment of I4"l'( by ' : C ions, it 
wa» necessary lo do radiochemical separations. Initially 
the nohelium was chemically separated from the triva-
lenl aclinides produced ir the irradiation hy soivenf-
extraction chromatography. The extraction column 
separations were carried out with bis(2-ethylhcxyl)-
phosphoric acid (IIDEHP) adsorbed on Bio-Glass 500 
(particle si/c. 200 to 325 mesh). The heads were haded 
with 400 mg of I IDt l lP per gram of support. The 
column was heated to 70"C and run under pressure to 
attain an elulion rat..' of - 5 sec per drop, the activity 
was loaded in M drops of D.I ,V IK'I and edited with 
0.1 .V rM'l. Under these conditions, monovalent and 
divalent ions are <>n!y weakly adsorbed and pa>* 
through the column in a few column volumes, whereas 
trrvalcnl and ictravalcnt ions are adsorbed strongly 

In the case of nohclium. the activity was removed 
from the catcher disk with 0.1 ,V IK I and loaded on the 
column. The first ten tuition drops w re collected on a 
f. aliniim disk, (prickly dried, and placed in one of four 
counters. The total elapsed lime for the separation was 
about 3 min. l-'otir StfAu) alpha detectors allowed us to 
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measure the alpha energy spectra from each sample at a 
geometry of **2*Z. 

Thirty-iwo 10-min horr bardmenls were made. The 
first 28 samples were counted for 4 0 ro:n each )unng 
this period, all of the ' ' ' N o ant? ^ K U I I Mri of ihe 

} " M d decay were deleted. The last four samples 
were counted for about *K hr These longer counts 
enabled us to measure the ;mount of ; , , f - m as well, 
h'riwn these data, using an ? -'-.^ value4 " * « f K.H •. 
OM f«w the alpha branch « t 2 M Md. we determine the 
EC branch o f 2 ' * No to be .W..'» i 2.5?, 

I . An account nf ihn work ha» appeared in Ckcm Hit 
h»K. Krp. Nm. I. 197.%. OR* I -5111 119761.p.6l. 

Anm. 

2. Chrnwiry Diviwon. 
i. A. Ghinn.. ?; at.. /*»•• Krr. /rff. 3 i . 149011974). 
4. P. R. I «*h »•! at.. VIH-/. r»vi. AIM. 4f>7 < |970». 
5. T. S*kcbml el at.. Hiyr Hrr 140. R27711965!-
6. R.W. Hoffet al.. I'CRI report 72WB. 1971. 

DECAY PROPERTIES AND £ X-RAY 
IDENTIFICATION OF ELEMENT } * ° I 0 S 

P. F. Dinner' R.J.Sirva' 
( h BemisJr.' R. L.Hahn 1 

DC.Hensley J. R Tarrant' 
L D. Hunt' 

As part of our continuing study2 of the identification 
and properties of transfermium elements, we carried 
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out an experiment to identify, by observation of 
characteristic x rays, the atomic number of the previ­
ously reported3 isotope : " " 105. We produced J * ° 105 
in the : 4 ' C f | " N . 4 « » reaction using 99-MeV " N 4 * 
urns accelerated at 'he ORIC facility. After an energy 
loss of about 14 MrV in the beryllium target chamber 
window and target backing, the ' ' N ions had an energy 
optimized for this reaction. The reaction products 
recoiling out of the : 4 * ( ' f target were transferred l<> 
our counting station via a tape transfer syi!*in. The 
tape was advanced about every 3 sec so that the spot of 
collected activity faced an SK Au) surface-barrier alpha 
and fission detector and was viewed through the i »pe 
by an intrinsic germanium photon detector. 

We measured the energies of the emitted a l ih j 
particles, fission fragments, and photons and deter­
mined the time from the end of irradiation associated 
with any individual event and/or the lime between two 
events (such as alpha and x ray). During about 200.000 
irradiation and counting cycles, we observed 850 alpha 
events grouped into three peaks at 9.041. 9.074. and 
9.120 MeV. with relative intensities of 0.53. 0 2ft. and 
0.19. respectively (see Fig. 1.70). and a half-life of 1.52 
f 0.13 t-.-c. which we ascribe to the decay of 2 * ° 105. In 
coincidence with these alpha events, we saw "150 /. 
x-ray events whose energies and relative intensities are 
Hi excellent agreement with the calculated values4'" 
(see f-ig. 1.71) for the /. x rays of lawrencium ( / -
103). To establish a genetic link between the ] * n 105 
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Fig. 1.71. L x-iajr wftctnm m comiHtnct wilfc alpha cvmtt 
taring 9.0 « f t 9.2 McV. 

and its daughter2 ** Lr. whenever an alpha event having 
an energy between 9.0 and 9.2 MeV occurred, the tape 
was slopped and the same spot was viewed by the 
Sif Au) detector for 35 sec to observe the alpha decay of 
the daughter. The spectrum for this "extended mode" 
corresponds, in the energies and the relative intensities 
of the alpha groups and in half-life, with the known 
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properties7-* of " * L r . Thus, we have identified the 
atomic number of 1 * * I 0 5 on the basis of the coinci­
dent I. x-ray spectrum, and its mass number from die 
genetic link to t h e 2 5 * Lr daughter. 

1. Caraaiiliy Dmnoa. 
2. Aa accawM of ihit awtt has appeared m Oarat. Mr. Ammm. 

/ta«. Krp, Nor. I.191$. ORNL-511 i 1197a). p. 57. 
3. A.GkionoctaL.Mirx itrr. Irtl. 24.149S < 1970). 
4. C. C. La. I~. • . Mai*, aad T. A. Carina. Vart / * « A175. 

2*9(197 IK 
5. J. H. ScniicM. Lawrcacr Lnnanre Labofatcry. Uawiriity 

of Cafcforao. Uarranrc. report WHL-5I2JI. 1972. 
a. T. A. Carina, private man—kaliua of olcablcrf /. x-ray 

arteaatn. 1974. 
7. K. f-jkola et i l , » n ffrr. C4.632 (19711, 
8. r. K. Dinner el aL. to be pabfaaed. 

ATTEMPTED PRODUCTION OF 2 * * 104' 
P. F. Dinner2 R. L Hahn2 

R. J. Siva 2 J. R. Tarrant1 

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

D.r.Hensley 

The nuclide 2 5 * 104 has been reported3-4 to be a 
"-5-msec spontaneous fission (SF) activity as produced 
in the I 0 , P W ' ° T i 3 i > reaction. However, no definitive 
elemental or isotopic identifications were possible in 
this prior work as only fission fragments were detected. 
The SF half-lire for 2 5 * I 0 4 . - 5 msec, was taken as 
evidence supporting a substantially different empirical 
trend for the even-.4 isotopes of Z - 104 than for the 
isotopes of fermium {Z ~ 100) and nobelium {Z = 102). 
Taking the resull for 2 5 * I 0 4 together with the SF 
hair-lives of 2 , , I 0 4 ( I I msec)5 and J * ° I 0 4 ( O . I sec).* 
one would be tempted to predict substantially longer SF 
half-lives for other neutron-rich even-even nuclides in 
this region than had previously been predicted. 

Because of the somewhat speculative nature of this 
prior work on : , * I 0 4 and the importance of this 
nuclide in determining SF half-lire trends, we have 
attempted to provide independent experimental evi­
dence based on an x-ray identification using the 
coincident alpha-x-ray technique. Previous empirical 
trends suggested that the nuclide 2 * * | 0 4 should have 
an SF half-life of - 1 0 sec and should undergo predom­
inantly alpha decay (8 5 £ f 0 o % 9.2 MeVj with a total 
half-lire in the range -0 .2 to I .Osec. Observing /.-series 
x rays that follow the ^207 alpha-branclmg decay of 
2 5 4 1 0 4 IO the 2* ground-band rotational state in 
2 " N o would identify the nuclide. Additional identi­
fication information would be provided by observation 

of the time-correlated direct genetic Ink with the 
known daughter nuclide.2 * 2 No. 

Initial experiments using the 2 4 * C m | , * 0 . 4 n ) reac­
tion were unsuccessful because cf poor recoil yields 
from the target, and our major efforts were made by 
using the 2 * * C f ( , 2 C 5 » > reaction, a less favorable 
reaction because the predicted cross section is about 
five times smaller than for ' * 0 • 2 4 4 C m . Approxi­
mately 200.000 bombardments using a tape transport 
assembly at bomoardment-countmg-time cycles of 1.5 
sec were performed. The predicted yield for 2 5 * 1 0 4 
under our experimental conditions was expected to be 
~1 alpha couni/hr. 

No obviously new alpha groups were readily apparent 
in our spectrum in the energy range of 8.5 to 9.2 MeV. 
The simultaneous production of 4.83-sec J 5 7 104 from 
the ( , 2 C,4/ i» reaction interfered with the /. x-ray 
identification, and no definitive information could be 
derived from the time-correlated genetic link aspect of 
our experiments. Obviously, better experiments can be 
performed by using the 2 4 4 C m t * *0.4»ri reaction as we 
had planned originally. No interference from 2 5 ' 104 is 
expected when using this latter reaction. 

1. An acciiaiit of thh work has appeared m Chrm. Dn. Atmu 
trm. Krp. \or. I. 1975. ORNL-5111 11975). p. 62. 

2. rhrmiMry Divhion. 
J. CI. N. t-lfro*. p. 459 in friKmlmp of the Intmttioml 

Omfetrnce on Rracikm Betwren Complex Mudei. .V«aVrrinY. 
Tiffin.. Jimr 1974. *ot. 2. R. L. Robawofi ei at.. M i . . 
NoriMMbfMJ. Amsterdam. 1974. 

4. Vu. Ts. Qpaesyan cl at.. JVTT l.rtl. (Intf. Trmul.) 20. 
26511974). 

5. A.UIiinrKietal-.r'Avs Rrv Int. 22.1317(1969). 
6- C N. llerov et li.At Knerg. 17. 310(1964) \Sm At. 

tnerjo (Ungi. Trnnl.) 17. I046II964)|. 

X-RAY IDENTIFICATION AND DECAY 
PROPERTIES OF ISOTOPES 

OFLAWRENC1UM 

C. F.. Bemis. Jr.2 D. C. Hensky 
P. F. Dinner2 R. L. Hahn2 

R.J.Silva 2 J.R.Tarrant 2 

L D. Hunt 2 

During the course of our experiment to identify 
element 105.' and in a separate experiment where wc 
bombarded a 2 4 * f f target with ' ' B and then with l 0 B . 
wc produced several isotopes of lawrencium. The 
isotopes I 5 * L r and " ' ' L r were produced by the 
1 4 » C f l , 5 N : ojr»> reaction, where x * 2 and 3 
respectively. The same equipment described in the 
, * ° 105 article3 allowed us to determine the half-life. 
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f-'ifp 1.72. Prompt photon spectrum cwncidcJM with alpha 
pnmpi uupui to the decay of l s * L r . The unK|in- cnerey 
siptalurc confirm-. I In- jiorrav number *% / = ll»l: lliu* Ibc 
alpha-dciay parent is confirmed In be / - HO. 

energies, ami relative intensities of the alpha groups of 
2 M L r and 2 < 7 L r (see TaMc I 'M In addition. ~600 
/.series x ray* ol incndclevimii ( / = 101 > were seen in 
coincidence with the alpha eventsof : < " L r (Fig. \J2). 
thus identifying the atomic number of lawrencium 
as 103. 

In another experiment. : , * L r and 2 5 5 L r were pro­
duced v:i the 2 4 , * < T i " B . + f » and 2 4 * (T | " , B.4 i i> reac­
tions respectively. The experimental apparatus used was 
identical with our earlier work on the \-ray identifi­
cation ol noneliuin.4 Tbc hall-lives and alpha-decay 
properties of ' * *Lr and 2 * * L r are shown in TaMe I *>. 
(Kir result* are in excellent agreement with previous 
ineast.: ncnts* and. in some cases, ol higher precision. 
Further, the x-ray identification of 2 < " U is the first 
unequivocal confirmation of the atomic number of 
lawrencium; earlier genctK linkage experiments are 
fraught with uncertainty because the mcndelcvimn 
daughters either are not well characterized or do not 
undergo alpha decay. 

1. An aeciHim i>f I hi* work has appeared m C firm Itiv \nmi 
Ft»g.Krp. . W /. I»?$. ORNI-*l l lf l97fr).p 58. 

2. (hcmisiry Division 
3. Sec ihn report. P. I . Dinner el al.. "Decay Properties ami 

I X-Ray McntilHafmnol I knicnl 2**MI5 *' 
4. P. I . Dinner el jl.fftvs Krr I ill » . In ." I W l » 
5. K. f%k»laclal..*lri< Rrr ( 4.h}2 (I97|». 

DETERMINATION OF THE HALF WAVE 
AMALGAMATION fOTENTIAL OF 

NOBELIUM (ELEMENT 102) 
R E . Meyer' P FDi i lncr ' 
W J. McDowell1 R.J.Silva' 

J R . Tarrant' 

The hall-wave amalgamation polcnlial of nobclium. 
clement 102. has been determined for the reaction No 2* 

file:///-ray


75 

1.4 
0RNL-0W6. 75 -7M0 

1.2 - T 

T~ T 

H-+-
«. ( 

_L _L _L _i_ 
-l.O -1.2 -1.4 -1.6 -1.8 -2 .0 

POTENTIAL . V rs SCE 
1st Ron * ai/WTEnUMCTHTL WWrOWUM OHDfnDE 

2 - K K M I • O-lffTCTRMtCTKYL OMUOWIUM CHtDtfcDC 
2nd ft«n O O.tffftH^CI 

Fig. 1.73. Ratwsor •toned vs 

• 2«' — No (amalgam).' The noheiium isoiope : * * No. 
with a half-life of 223 sec. was produced a few hundred 
atoms al a lime by ihe reaction : 4 , C f ( , : C . o 2 w ) : ' , N o 
ai ORIC The nohelmm aciivily was caught on an 
anodi/J liuminum disk and transferred pneumatically 
to the lahouiory where i l was washed into a small 
eleciroiysis cell wiih solvent (0.1 M leiramcihyl ammo-
n;>im chloride of 0.1 M NFM'Dand eleclroly/ed into a 
mercury cathode. Comparison*!)' the nobetium activity 
in Ihc solution phase were nude before and a'lcr 
electrolysis. By repealing the experiment al various 
electrode potentials (nuintained constant by use of a 
potcniiostat). the half-wave amalgamation potential 
was determined lo he 1.85 ± 0.1 V vs the saturated 
calomel electrode, as shown in Fig. 1.73. The half wave 
potential is estimated by taking Ihe midpoint of the 
final drop in the ratio. The lower ratios at intermediate 
potentials for the runs with tctramethyl ammonium 
chloride can be explained by an adsorption phenom­
enon. By combining this measurement wilh Ihe system­
atic* of Nugent.4 wr may estimate Ihe standard 
potential for The No No 2 ' couple to be 2.6 V vs the 
standard hydrogen potential. Thus, by making use of 
only a few cyclotron-produced atoms, a fundamental 
and important thermodynamic properly of nohclium 
was estimated 

1. ("hrnblr)' 
2. Chnakal TcvJaulupy Diriuoa. 
3. Ait accural of ihn *ork hzs *fvmt4 m Chem. Mr . An 

FfmRrp * . » / . 1975. ORNL-SI11 ll«?«>.p. 30. 
4. L J. S*rt*t.J. Im*x Vac/ Ckrm. 37 . 1747 I I97S>. 

EN Tandem Program 

MGH-SHN STATES OF THE K' = %' 
AND*/,* BANDS OF : > N i 

D. fc. Guslalson' JL.C. Ford. Jr. 
S T . Thornton' P D . Miller 
T. C. Schweizer1 R. L. Robinson 

P. H. Sielson 

The present experiment was undertaken to investigate 
high-spin slates in : * Na by examining the * 2 C( ' * Nik) 
: > N a reaction in the framework of the statistical model 
employing Hauser-Feshbach (H-F» formalism. Previous 
heavy-ton-induced reactions in this mass region have 
indicated thst the primary reaction mechanism should 
be of a compound-nuclear nature.''* In the present 
experiment, suggestions for spin-parities of the levels 
populated have been extracted from a comparison of 
energy-averaged angular distributions wilh ll-F calcula­
tions. From the high-spin suggestions we have consid­
ered ihe possible rotational-band structure of the A* = 
•Vj* griHind-siate and K* = %* bands. Flnergy-level 
predictions for high-spin slates from shell-model calcu­
lations have been compared with the energy levels of 
high-spin stales suggested from the ll-F analysis for 
several of ihe higher spins (J9 ? ' V \. 

In the present work a ' * N beam was extracted from a 
duoplasmatron charge-exchange source and accelerated 
wilh ihe ORNL FN tandem accelerator. The reaction 
alpha particles were delected al the focal surface of an 
I nge split-pole spectrograph wilh a Borkowski-Kopp 
type* * counter. At 0|.,b = 7° we measured excitation 
functions for stales from 0 to 18 MeV of excitation 
energy in ihe bombarding energy range A^b = 36.0 to 
.39.2 MeV in 400-keV steps. Cross sections were also 
measured al 0 M = I5 C . 22°. and 2KC for four of these 
bombarding energies, and al 3M.5 and 66.0" for 3M.0 
MeV. The excitation energies observed were limited at 
the nunc backward angles. 

The , : C ( , , N . a ) : ' N a reaction populates many lev­
els, as may be seen in Fig. 1.74. Many of the more 
strongly populated levels are labeled by their excitation 
energies (taken from ref. 6) for ihe known low-lying 
levels, and determined from an alpha calibration of the 
magnetic spectrograph for ihe higher-lying energy lev-
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represent the presently preferred *pm »jlucv Crowe* inditate 
level* tront thefl-roodel caknbtmn* iref. 7» f « J" • '%*: the 
open irianrtr* indicate Ndv*>>n-mndcl prediction* iref. 9) for the 
A" = V a n d V b a n d v 

els. The excitation energies determined in the present 
experiment are quoted to ±30 keV. Energy-averaged 
angular distributions for the proposed A.'* = V 
ground-state band members and the corresponding H-t-
cakulations for these states are shown in Fig. 1.75. 

Remarkably good agreement is seen when comparing 
the high-spin states proposed in the present experiment 
to predictions for the energy levels of high-spin slates 
obtained from large-basis shell-model calculations.'' 
Indications that the shell-model calculations give good 
agreement with Ihe rotational structures and also 
account for slates that are not in these bands implies 
that ihe extensive shell-model calculations consider the 
collective shapes of these bands implicitly, as is also the 
case in the " N a nucleus.* Figure 1.76 displays our 
suggestions for the A,'* = V,* (ground-state) and K* * 
' / / bands in Ihe form of a plot of excitation energy vs 
J{J * I ) . Those experimentally observed high-spin stales 
which have two spin possibilities are shown with the 
favored spin as a solid point and Ihe other possible spin 
as an open circle. The band members according to 
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shell-model calculations7 and Ndsson model calcula­
tions* are indicated by the crosses and open triangles 
respectively. 
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STUDY OF THE COHERENCE MOTHS I 
IN "Si MEASURED IV THE 

" Q ^ O A ) REACTION 
J. Gome/ del Campo' J.L.C. Ford. Jr. 
M. FOr t i z ' R. L. Robinson 
A. Ducal' P- I I- Stelson 

S. T. Thornton2 

The coherence width I* of highly excited compound-
nuckr r states depends on the excitation energy and 
total angular momentum J of the compound system, 
and possiMy the excitation energy of the slate in ihe 
final nucleus populated by the compound-nucleus 
decay.' Heavy-ion reactions may be a useful technique 
with which to investigate these effects because these 
reactions form compound systems ai high excitation 
energy with high angular momentum. 

Natural carbon toils with thicknesses of 7 to 10 
pg/cm : were bombarded by , < v O ions from the Oak 
Ridge tandem accelerator at laboratory energies be­
tween 40 and 46 MeV. The reaction products were 
detected by a 60-cm-long position-sensitive propor­
tional counter located ai ihe foca! plane of a split-pole 
magnetic spectrograph 

Figure 1.77 displays the alpha-particle spectrum 
recorded at 3 bombarding energy of 40.4 MeV and 
laboratory angle of 7°. The energy resolution of ihe 
order of 60 keV made it possible to sufficient ly resolve 
stales such as the 4 * and 2 * levels at 4.12 and 4.? J 
MeV respectively. The slates i n : 4 Mg are labeled in Fig. 
1.77 by the presently measured values for the excita­
tion energies, whereas the spins and parities are gener­
ally those of ref. 4. 

Fxciutkffl functions for the ,:C{'"Ox>) reaction 
leading to the levels or muttiplels listed in Table 1.10 

Fig. 1.77. A 'Wo»\2*»g * t c 
rof 4 *4 MeV a r i a 

M a i 
•rr. 

were measured in 200-keV intervals for incident ener­
gies flab) between 40 and 46 MeV. The table also 
presents experimental and theoretical F values for levels 
m 2 * Mg whose spin and excitation energy values are 
those of refs. 4. 5. and 6. Some of the levels in 2 * Mg 
thai were not resolved are indicated by brackets in the 
table 

The coherence widths T were obtained from the 
excitation functions by the usual techniques''" of 
autocorrelation functions and counting maxima per 
unit energy. Table 1.10 shows as F.j the resulting F 
values using the autocorrelation functions, including 
corrections for finite energy resolution and sample size 
in ihe manner described by Haibert el a l . 7 The 
tabulated errors are the relative standard deviations as 
defined in ref. 4. The r w of Table 1.10 correspond to 
ihe coherence widths obtained from counting the 
number of maxima in the excitation functions, and the 
tabulated errors are based on an estimation of the 
uncertainties in ihe number of maxima. 

The coherence widths obtained from (he autocorre­
lation functions show large deviations from one level to 
another (Table 1.10). However, the variation of the P w 

values from level lo level is less and indicates no 
significant dependence on the spin of the final nucleus. 
Because of the effects of finite sample length, the 
method «( counting maxima should in the present case 
be ihe more reliable method o( determining P. Similar 
conclusions have also been drawn from other analyses 
of the , 2 C V * O J » ) reaction.7 as well as from other 
heavy-ion reactions.1J 

The coherence width P can be evaluated in terms of 
the statistical model by calculating the partial widths 
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T4Mrl . l t . I values tin fceV) extracted 
t *« * , 3 a , »a*» s *N f 

mmmi • « r * 

ft-/ f 1.4 'w • in 

1.3*9 • > * 120- 28 152 • 30 139 
4.123 4* 145- 32 101 • 30 120 
4.239 • » • 81 • 19 130- 22 156 
S.236 3 ' 530; 30 114' 16 163 
6JOIO 4* 135' 30 114! 38 132 
7.341 2* 91 • 21 114 • 38 184 
7.553 
7.616 r 

3 ' 
166 i 37 91 : 10 222 

159 
7.812 5** 69! 15 101 13 123 
C I 20 6* 42 9 91 23 110 
«J58 
*-436 

3" 
4* 214 • 46 114 38 166 

145 
8.654 2* 79- 19 114 16 242 
HJ44 2" 122 • 27 130 52 243 
9.002 2* 77 • 18 114 < 38 250 
9.283 • » • 212 
9.300 4* 76 16 91 10 152 
9.300 4" 176 
9.520 6* 126 27 130 22 IIR 
9.827 1* 73- 20 I K • 16 293 

10.027 5" 280 62 114 16 112 
10.161 J"* 64 ' IS 91 10 154 
10.355 7 * IIS 28 101 13 231 
10.578 5 - 113 25 152 • 30 142 
10.683 0* 5* 16 114 16 330 
10.822 
10.922 ? • 69 16 114 • 38 

242 
I1J>|7 2* 168 -39 101 • 13 244 
11.163 
11.220 

»3> 
4* 88 • 19 83 >9 

202 
168 

11.313 )}~i 85 •23 130 >52 202 
11.457 2* 72 - 17 83 ' 9 254 
11.594 
11.693 

5" 
4* 86 > 18 114 > 16 

148 
173 

11.8*0 »* 120 > 25 130 • 22 98 
II.980 2' 90 •21 101 • 13 268 
12.050 
12.120 

4* 
<5»" 

112 > 23 130 •22 
176 
153 

•Value* from rrf. 4. 
* l roro ref. 5. 
f Thn spin included in the H-K calculation*. 
rfFrnm ref*. 5 and 6. 

rjn of compound-nucleus levels at a given excitation 
energy Kx and spin-parity r . The compulation of V, 
given in the last column of Table 1.10, has been made 
using an H-F treatment and the parameters given in 
ref. 13. 

Figures 1.78 and 1.79 show the dependence of the 
coherence width T on the excitation energy in J , S i . 
The first three experimental points are those obtained 
by rfalbert et al.. 7 averaging the I ' values for ihe ground 
state and first four excited slates. We obtained the 

C . la * Si CN*VI 

R f , 1.78. The dependence of • 
energy in the tnanpoand nuefcus Z S S . The tint three 
from lef. '• the a r m were calculated wine; the 

value* A = 3.89 MeV. .-</IT = 4.26. and« = 3.86. 3.54. and 3.26 
M e V for the dol-dashcd. wnd. and dashed curie* respec­
tively. 

O M M l OUJC l<A>3%?U 

-

1 1 1 1 ..i l _ l 

* 

* 
* * 

f 
i i 

, 4 » 

1 1 
U ft St 

f a IN«VI I n 1 * ! ! 

of in* 

• -

Fit, 1.79. The depwdmn of the m h w m u width r on the 
excMMto* energy in the inniaound nudrui " S i . The l int three 
point* are from ref. 7. The dashed curvet were catcidaled mme 
the valir* of 3.86 M e V ' and 3.89 MeV for • and A 
re«pecli*ei>. However, the moment nt inertia ."//h* was varied 
a* indicated. The solid hnc is the jresull obtained by usine the 
expression r * 14 e*p I 4.69 *//l/A^» Iste ref. I4». 
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fourth data point by averaging the l"w values for the 
first four excited stales shown in TaWe 1.10. The 
different curves drawn in Fig. 1.78 correspond to 
theoretical f* values with values of ^ = 3.89 MeV and 
•ifhr = 4.26 M e V . corresponding to a radius pa­
rameter r„ = U fm. and for different choices of the 
level density parameters. As can be seen from fig-1.78. 
the slope of T *s t x a independent of the parameter a. 
This was also the case if Awas varied. 

However. Fig. 1.79 shows that the slope is sensitive to 
the choice of the value of the moment of inertia. Turves 
indicated in the figure correspond to values of "*/tr of 
4.26. S.I. and 5.3 MeV ' which result from choices of 
r, of 1.3. 1.43. and 1.46 fm respectively. These 
calculations were done for values of a and .1 of 3.86 
M e V and 3.89 MeV respectively. 

As can be seen from Fig- 1.79. the best fit to the 
experimental T values was obtained when r, = 1.4b fm. 
Although this value of r 0 is slightly larger than the 
recommended figure of 1.4 for the rigid-body value, it 
is stifl within a reasonable limit, as were the ones given 
in ref. 12 for '"Al. The solid line in Fig. 1.79 is the 
result from the expression l*= 14 exp <-4.69V.4'A' I| 
suggested in ref. 14 as reproducing systematic* of T vs 
the mass number A. 

The dependence of the slope of I* vs #Vr on the 
moment of inertia is due to the fact that the actual f* 
value is a weighted sum over the distribution o\J values 
in the compound system, and because for heavy-ion 
channels this distribution extends over high-spin states. 
the importance of the spin cutoff parameter will be 
mure significant than lor light-urn channels- The de­
pendence of the coherence width I* on the compound-
nudeus excitation energy in systems formed by heavy -
km reactions provides a means It* extract the effective 
nuclear moment of inertia .*» and. therefore, the spin 
cutoff parameter <r. provided a reliable talculaliun of 
the ll-F denominator. f»V>. and partial cross sections. 
oj. is available. 
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EVIDENCE FOR ROTATIONAL 
STRUCTURE IN 7 4 S c 

R. B.rVrcey' J. II. Ilamilion1 

A. V. Ramayya' K. L. Kobinson 
R. M. Ronningen' II. J. Kim 

To test our interpretation2 of the coexistence of 
spherical and deformed shapes in : Sc and the sug­
gested roleJ of Ihe px , 2 orbil that closes a subshell at V 
= 40. we have studied the levels in 4 Se . In-beam 
gamma-gamma coincidence and angular distribution 
measurements were carried out with two (jetLil detec­
tors of gamma rays from the *°Ni | l *OJ/>| 7 4 Se 
reaction. The primary results of our studies are summa­
rized in Fig. 1.80. The spins are based on angular 
distribution measurements. Lifetimes of many of the 
levels were measured by line-shape analysis of the 
Doppler-shifted peaks in the 0° detector as obtained 

Fig. I JO. Level srhenw of T*.V. 
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from coincidence with the W detector. Coincidence 
spectra are essential to eliminate effects of s>de feeders. 

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

O ^ t O M C * * ! * 

• 0 120 
J(J*D 

Kg. 1.82. EMtprs of fcvfb in Arte T 4Se 
A / * I). 

plot la* vs 

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

The most striking new feature of 7 4 Se is the 
discovery of the negative-parity band built on a 
collective (~9 spu) 3 ' level reported at 2350 keV in 
Coulomb excitation studies.* In Fig. 1.82 we have 
plotted the energy levels of these bands vs 7(7 + I) 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 thai 
h2/2.*f is remarkably constant compared to the posi­
tive-parity bands and is about 26.0 keV. This is much 
closer to the irrotational value of 34.4 keV than the 
rigid-body value of 2.5 keV calculated for 0 = 0.3. The 
deformation of iht- negative-parity level as extracted 
from lifetimes of the (9") and (11') levels is larger than 
for the positive-parity levels. This is the first time that a 
negative-parity band built upon a collective 3" level has 
been studied to such high spins in medium-mass nuclei. 
In ''''Zn. negative-parity levels are reported but are 
attributed In excited neutron configuration stales.5 

Fig. 1.81. Moment of HMrtto extnclad for tttfaof 7 4 S*. I. Vandcrhilt I'mvrrMly. Nashville. Trnn. 
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TESTS OF THE COEXISTENCE OF SPHERICAL 
AND DEFORMED SHAPES IN T : Se 

J. H. Hamilton1 V. Maruhn-Rezwani 
»; L. Croweil1 J. A. Maruhn 
R. L. Robinson NCSinghaT 
A. V. Ranuyya' H.J.Kim 
W. E. Collins: R.O.Sayer3 

R. M. Ronmngen' T. Magec* 
L. C. Whitlock4 

Final results for the lifetimes of the 4 * to < 12*} *;ates 
in the yrast cascade in 7 1 S e were obtained from 
coincidence spectra where the gate transitions were 
higher yrast states to eliminate side feeders. This is the 
first time to our knowledge that lifetimes have been 
measured for the yrasi states from spin 4* to (12*>in a 
complex decay populated by a nuclear reaction where 
all feeder problems were eliminated r>y gimma-gamma 
coincidence work. The lifetimes are 4.5* j *. 2.6 ± 0.7. 
a 7 5 -ooa- ° 3 5 s ° 0 7 ' a n d ° 2 5 *' 0 0 4 **' 
respectively. These values reveal a pattern of increasing 
deformation to the 6 * state and constant beyond that 
as would be expected in a coexistence model/ Our 
results d i not agree with values of the 4 * to (12 *) 
lifetimes extracted from singles data in refs. 6 and 7. 
where side feeders and extraneous gamma rays in the 
vicinity of the transition of interest create serious 
difficulty. Our results clearly show that coincidence 
data are essential in the extraction of lifetimes in some 
if not ail such cases. 

A recent theoretical work* has suggested that no 
second minimum exists in " : Se: if correct, this would 
invalidate our earlier interpretation.* To further test 
our interpretation we have used the (meuss-Greiner 
approach*-10 of varying the potential to see what type 
of potential energy surface can reproduce the experi­
mental levels and our JNA/2) values. The data used and 
the resulting theoretical values are shown in Fig. 1.83 
together with the potential energy surface. The fit used 
six parameters in the potential energy and one for an 
anharmonic kinetic term. The latter proved to lie 
necessary to give both the correct moment of inertia for 
the rotational band and the level spacing of the 
vibrational levels. 

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

QM». amLmmm 

Fig. IJH. fttfnlM energy nrface mafmdy akM. In the 
riphi-fcand pari of the figure are shown cuu through the uwface 
a! > - 0° and y * 60° plotted as a function of J. The mils of 
A£2>arc I0 - 4 "*- 1 cm*. 

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

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

The high-spin states in '"'Ti determined via the 
in-beam study of gamma rays from the 3 V K | I ' C . 
op7) 4 kTi reactions for incident energies of 32 to 3(> 
McV are shown in Fiy;. I.H4. Also shown are the 
high-spin slates in *°Cr for comparison. The level and 
transition energies ;ne very similar and suggest that they 
may he the simple shell-model states. Since they a:: 
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conjugate to each other, a common set of shell-model 
stales can exist in both. It is hoped thai the analysis of 
experimental angular distributions md direction cor­
relations from orienied stales tftCD) ratios, which is in 
progress, will lead to spin assignments for the higher-
tying iwo new slates. 

I. Vjmletbili Cmvrttity. Nxdnrulr. 
5 °Cr HIGH SUN STATES 

H. J. Kim 
R. L. Robinson 

W. K. Tuttlc III1 

R. Ronningen2 

R O Sayer* 
J C. Wells. Jr.* 

Based on thei- analysis of in-beam gamma-ray spectra 
resulting from the 4 , ,Caf "O.lpayfCt and 4 0Ca<' 2 C. 
2f>7J,0Cr reactions. Kulschera el al.5 made an 8* 
assignment to the 4.744-McV level of s o Cr. which 
decays exclusively to the 6* level via a 1581-keV 
gamma-ray transition. They then used this spin, in turn, 
to make siiil lurlher sssignmenls to higher-lying slates. 
Figure IKS summari/es their results. Also shown for 
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comparison arc the calculated shell-model states as 
given in ref. 5. They measured gamma-ray angular 
distributions, linear polarizations (at *K)° onlvr. and 
gamma-gamma c .ncidencc relations, but did not meas 
ure D f O rat ir**• ' As lias been demonstrated. DCO 
ratio fiusurcments t'or a cascade such as thai <>f '"Cr 
(sec Fig. I.N5) would provide additional bases for the 
spin assignments." - 7 

We measured the DCO ratios between the 1581-kcV 
and subsequent b* -»4*. 4 * -» 2* . and 2* - 0 * cascade 
gamma rays from < a C r level-, populated via the 
*nC*,2C.2py) reaction at 38 MeV. A typical pair of 
coincidence spectra from which DCO ratios were 
deduced is shown in Fig. IM. (DCO ratios are 
essentially those of corresponding gamma rav peak 
areas. W proieclion vsO" proic\<i*m. afttr rorrecting 
lor detection efficiency differences.) The anguk; dis­
tributions of relevant gamma rays were also measured at 
.'H MeV. The present angular distribution of the 
1581-kcV gamma rays is consistent with the 8* 
assignment, but the DCO ratios arc not. The DCO ratios 
from any pair of gamma rays for the 8* -»6* - * 4 * -* 
2' — 0 ' cascade should be R = I . whereas the observed 

average value of the ratio is A f c x p = 1.27 • 0 0 7 . This 
rather large discrepancy warrants an alternative spin 
assignment, and presently wc arc analyzing all available 
experimental results (i.e.. angular distributions, polar­
izations, and DCO ratios) hoping lo find an altcrrativc 
assignment that resolves this discrepancy. 

I. Present ^ddrcw Department of Nik-tear Mcdhir.cv Madman 
Army Hospital. Fori Lewis. Wasb. 

Vindcrbi!' I nivcr%ily Nadnilk-. Ictin 
Computer Sviriuct Division. 
Tcnnevwrf Ttvhnolotkal l'nivcr*it>. C\KI*C*I I IC tern.. 
»'. kulnhcTa cl j l . fhyt ««•- I.ru 3J. I I0R * i<>74» 
i. A C r a m : at . . / * is . ft.i. lx:t J2.*.7? «l*»74> 
I I . J Kim el at . VMCY W i n , \ !50 .211 i t *?* l . 

HIGH SPIN STATES IN * *Ge 

A. P. dc Lima' 
B. van Nooijcn' 
R M Ronningcn1 

H. Kawakami' 
A . V . Ramayya' 
J. H. Hamilton' 
W. K. Tuttle I I I-

R B Picrccy' 
R. L. Robinson 
H J Kim 

Recent studies of neutron-deficient nuclei in the 
region / > 28. S < 50 ha"c established band structures 
and unusual behavior in level energy spacings. Anoma-
lously low-lying 0* excited slates and rotalional-likc 
level spacings are two fascinating aspects of these 
studies. (For studies on 7 2 5 c and 7 * 5 e see J. H. 
Hamilton et al. and R. B. Pierccy et al. in this *an.c 
progress icport.) 

The germanium isotopes are interesting bc.ausc in 
7 n G c a 0* excited state lies just above the firs; excited 
state of / * = 2 ' . and in 7 2 G c the 0 * stale is the first 
excited state. Thus we have done in-beam gamma-ray 
spectroscopy on the more neution-dcficient **Gc via 
the ' 2 C ( 5 " N i . 2/»)* ,Ge reaction with a beam energy of 
.W MeV Angular distributions and gamma-gamma 
coincidence measurements were made 

Preliminary analysis ol our coincidence data agrees 
with the results of Nolle et al.' for the yrasl band up to 
(8 *). However, we tentatively assign a 1124-kcV gamma 
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ray for the <I0"» —«S*> transition jod a l40»-keV 
gamma ray for the (12*) - ( 1 0 * ) transition. The 
angular distribution measurements are being analyzed 
to make these spin assignments definite. 

The striking behavior of the plot vf 2»/rr vj fhu>) :, 
where » is the moment of inertia (see Fig. 1.87). 
indicate* sharp structural change* near / " = 6 * and 
(10*). Mean-lite measurements via the analysis of lin? 
shapes for Doppler effects ate also planned to help 
elucidate our findings. 

I. Vandcrbill UMvenity. NaJmBr. Tciw. 
2 Proem i N m : Deportmert of Nuclear Medicine. gfecSpii 

A*»y Hospital. Fort Lewis. Wadi. 
3 I Nolle ei al.. / Urn. 2M. 267 (1974) 

IN-BEAM GAMMA RAYS FROM THE 
• • N i f , , C » 7 l ' C « A N D 

• ' NH* * C , W 0 G f REACTIONS 

L. Robinson 
J.Kim 

R. M. Ronningen1 

J. C.Wells. Jr.2 

R. 0 . Sayer4 

J. H. Hamilton1 

C. J. Smith* 

An yrasl band in T , S e with spins up to 12 was found 
to have properties that could be explained in terms of 
coexistence of rotational and vibrational bands: the 
rotational band was built on a low-lying excited 0 * 
state. The nucleus 7 0 G c has a similar low-lying 0 * state. 
To determine il it too has properties attributable to a 

coexistence model, we nave milialed an m-beam 
gamma-cay study. 

The reactiom **Ni|'- 'C.^»» and * * Ni l ' 2 C ^ m l were 
used to produce 7 * C e . Unfortunately, a large amount 
of , # A s was abo produced, which, because it decays 
with a 53-mm half-life to T *Ce . * compbcaietl interpre­
tation of the in-beam gamma rays of T *Ge . A 
nary level scheme obtained from a 
coincidence spectrum and reflecting miensilies from a 
singles spectrum is shown m Fig. I JS&. Intensities have 
been corrected for decay of r * A s . The levels marked 
with an R m Fig. UJ8 are the ones populated by this 
decay.5 

Two new cascades of gamma rays are observed, one 
initialed at the 3956-keV stale, die other at the 
6592-keV state. The latter cascade has gamma-ray 
energies suggestive of a quasi-rotational band. Interest­
ingly, it decays to the proposed third 4 * state5 lather 
than to the usual first 4 * stale. 

1. Viufcrbin Vmtrmy. Wwlwint. T*w> 
2. Itmrnm*. Tctlmulmkal Uwwewiry. Cookcwlt. Tew*. 
3. ORAD PoMdoclorai Fcwvw. fteiciM tMnn: ftnmfchavra 

Natioml Laboratory. Uptoa. N.Y. 
4. Cowpylcr Science* Prriwon 
5. "Nvdcaf Lcfd Schemes .4 = 45 ihrnorh A ' 257." from 

Sminr A M Sftrrrs. tu. by Nackar Data (kirop. Academic 
»rc». New York. 1973. 

COULOMB EXCITATION STUDIES 
Of " * ' " D y / " - • » • & . AND " 5 Y » 

VTA THE <«**> REACTION 

R. M. Ronningen1 R. B. Flercey1 

R. S. Grantham' A. V. Ramayya' 
J. H. Hamilton' B. van Nooijen' 

W. K. Dagenhan 
L. L. Riedinger2 

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

These stable rare-earth isotopes of low natural 
abundance ($0.3'*) 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-cnergy-kvel ( < 2 MeV) 
structures have several / * * 2 * . 3" slates that may be 
collectively excitable. 

We have obtained high-purity 0 9 9 % ) targets of these 
isotopes from an electromagnetic isotope separator. The 
( a V ) reaction was used, delecting scattered *He ions 
from the ORNL tandem Van de Graaff in the focal 
plane of the Enge magnetic spectrograph with a 
20-cm-iong proportional counter. We used energies of 
12 to 16 MeV and detected the scattered ions al ISO9 

for 12 lo 13 M e V ; . ^ 9 0 ° for higher energies. 
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Our preliminary BiHX) values are presented in Table 
I. I I . Interesting results are evident, some of which 
deviate from what we have found in our similar studies 
of gadolinium and hafnium nuclei.* Although the 0-
and 7-type vibrational slates decrease in energy and 
increase in strengtrt with decreasing mass for the 
rare-earth region in general, the trend for the 2*0. 
Bi£2) strength for " * • ' M D y is reversed from this. 
Also for ' * 4 F r . a possible4 fourth 2* slate at 1483 keV 
is nearly five times as collective as the / *K * 2*0 stale 

at 1315 keV. Other collective states with / " * 2 * o r 3 ~ 
are also weakly excited in l $ * p y . • *» •» • •£ , . and 
""•Yb. 

The B(t:3) strenglh for each nucleus is found mostly 
one state, with an average value of ~0.22 e2 b 1 . in 

I fc4 | except in ""*fcr. where two/ * * 3 ' states share nearly 
that strength. 

Our B(£2) and 0f£3) measurements should provide 
good tests o( collective models for this region because 
such models must not only predict the strengths and 
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trends of 2*7, 2*0, and 3 ~ stales but must describe the 
other observed collective modes. 

The 0f£2) strengths of the 2*g states should be of 
interest for experiments and caiculatiom involving 
properties of ground bands of these backbmding nuclei. 
Also of interest is the measure of hexadecapole defor­
mations for such neutron-deficient systems; HA 
moments for these nuclei are now being extracted. 

1. WndcrMi University.NaskviSe.Tenn. 
2. Uniwitity of TCHUCMCC. KnoxviNt. 
3. R. M. RniMMKm rt al. to be published. 
4. P. 0. Tj»W» Md t. FJbck. Hurl. fhys. AI07. 3S3 (I9*S>. 

APSOLUTE CROSS SECTIONS FOR 
THE " NIC # 0 » T 4 K r REACTION 

J. C.Wells. Jr.' H.J.Kim 
R. L Robinson J.L.C. Ford. Jr. 

In our earlier paper,1 which reported the cross 
sections for a variety of channels from the *' Ni(' *0JO 
reaction, one channel, ihe *'Ni('*0.3n) 7 4Kr. stood 

out in serious disagreement with calculations based on 
statistical evaporation of partkki 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 Nolle el al..J were the 4 -» 2 
and 2 -*0 transitions of 7 4 Kr. However. Nolle et al.4 

more recently have suggested energies of 455.7 and 
557.8 keV for these two transitions. Also, several 
beta-decay studies*'7 of 7 4 K r have become available 
since our original work was done. Reanalyzing our data 
with this new information, we obtained the limits (none 
of lh-.> 7 4 K r in-beam or decay gamma rays were 
observed) on the cross sections given in Table 1.12. 
These are consistent with the calculated cross sections. 

I. TcHmwctTechnologicalUwmrwiy.Coofcevite.Tew. 
2 J C.Wefc.Jf etal .Wn Rn. CII.S79II97S). 
3. E. Nolle cial.Jftrf. Lett. 331.294 (1970). 
4. E. Nolle«al../ Ptiys. 2M,2*7(1974). 
5. H Schmeii* ci .1 . Unci thyt AMI. 232 (1975). 
« AH Cohan,/ Phys. fljondouf A7. 170S (1974). 
7 t. Roccklet al../. fhys 2U.6S (1974). 
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INTERACTION BARRIERS FOR 
THE """OPLUSNkKEL. 

COTTER. AND IMC SYSTEMS 
R. I . Ritbinv-fi J K Ba-r 

The crm* vcliom lor ihc *»•**••• * J *4\,. 
*' *'( u. and * 4 ** * 7 • • 7 * Z m , * - , , O j w l roaeli-mr. 
reported hy Bair el J' have hrcn compare J with ihc 
liHal reaction . n » MVIHHI ijkubicd with the %hjrp-
vulort miidcl and ihc paraholk harrier pmcniMl. Tn 
cxlriKl ihc IIMJI rcavlHm crm* HVliiin* from ihc 
cxpcrimcnial rcsulu. whWli iinly pvo urns *cclnm» for 

*• 
'4 

KJ». 
4 0 V «« ^0 2* 78 M * 

1%. IJH. NwiWim yMM fat lb* M h r a M i PW-IIMWI. IJHTCI 
ihhkm-Mrt **t< 2»in 5i»>»i;'«i*>: 

nciilnm-cmtinn-i channch we iiicd a i-umpuicr pro-
gram which awumcN parlK'k* arc Mali>lkal!> cvap-
malcd from a compound niK.1cii» : 
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2. Nuclear Data Project 
R. I AwbW' D J H . * « r « B. twhank 
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mrmnurnQN 
lh»* tear ha-> «*vn Ac »ulcmultim ••! V u l c j i |kj«a 

•V«tc»i I N I I T I cti<«i* m social J ICJ* the K j iu j icJ 
W t e a i S»«IKIUU- UUU Tde l t \ S I » » hjx been «ktol-
•HvJ f» abcic H . j n verte a» (he I < V I ^ l«i \ |X^ 
etahulfc«t .KiitiiKv Standatd l \ M * 4 J I J set* aie 
rvwijr ined r<Hil«ert !•• pf.iJuiv o*r»pute--fKi:>'cd 
nuclei! data dlCrls a» »cl1 a» drj*M«£v AddHhWI*' 

output t<*nuK ale hemic doci.^cd In meet ihc needs 
••I ««*hci itwiv Ihc pmtcct's tile >A Kc>»<Kt|-»idc*ed 
iclcicm.es tn inhlcai vtHKluir liieialMic has JKI> h.vn 
used HI new *a>» duuny: thr tear 4 »<4umc <4 
sumulalcd leleience* i«> lift: rtprrimcnial nuclei situc-
lure liteuiuir I I '** 1 ' h> l'»"4l * j \ ivaacJ a* 4 supfiic 
n m i !•• VtJ Hi .4 W f c y r fob Shew*.' i f f vintents 
t<( the stimulated »ot<imr were ji*> placed •«! the 
R H O N twtcm l<>f tfctcti Kilcracirvc scarth h% jn> 
ifwahfied iner 

I he ttandaid initials* dr*cl.iped In <he \ f l f t.w the 
•epenenijlMW ••! nuclear striKtwc data arc jpimnc 
wider Mttdctsiandmy and acceptance 4% the existence %-' 
t-\S|rv become* kr»o»n lapr copies id data »*i% 
nmtxmmf adopted level* jnd de«,j> tcheine* lute been 
imt • « icuucv In teverat labmainriet in ihc I nued 
State*. Turope. and the Soviet (mon. The data vcn'ci 
at the lenmpad Intiuute •'" Nuclear Ph\*Ks 11 INPt 
ha* jlti> uwd ihe standard Itwmats i<> describe tetidit •»• 
nuclcai p*i>%»ct experrmenis' 

EVALUATED NUCLEAR STItUCTUItE 
DATA FILE (ENSDF) 

The r.NSDr n > deuped to orfam/c nucleat » I I IK 
ittie mf<HRHinNi m tiandaid Untiui* mii> e<m»enicni 
hfcwk* and in prnvide Un4* Uw tinrinf and telrievipf! 

ilk- mt<*nuii"ti *> needed. The iik- it n u t lamed m r»«> 
pori« ><n magneiK Jitk* at t l R \ L . The permanent Ide 
! •« piitaie JrA TNSIIf-!! i> n<>aitaM> >A; I N K and t> 
Imkcd t«» the k.i>mpuiei «>nl> «hcn needed. A iemfM*ai> 
but lei Ide ipinaK dnk NSHI-OO. whwh i» al«a>% 
jtjNaNc (•• the IBM yrAt >>>tem at CIRNLl i> u>ed lm 
m>ic aclite dala v l v M R I I M lh»«e cur tent l> heme 
fetiwd The v<mtcnt% ••! NSOt-OO can he teineted. 
ediicd. and letiwd iem»lei\ v u ihe lime Slwnne 
Opfton I T.VOl neiw.wlk. 

Cni<Krrui»in HI the I N M * i> xifani'etl into "Jala 
ye%>" <»| ihice pnteral ttpe> 

I. adi>pied rods wmmari/tnf; ( IK pttipetlKs 
f ene ip . tpm. pMitx. hall-bte. deva> mndol <>< each 
level kn«*wn m a niKleut. 

1 devat H.heme> pttwidinf! ihe heti avadaMe hall-
l iwt. decat enerpet. and mientiiiet im die deca> <d 
ea^h tadhiaeiite noeleui and 

.'• ieawiH<n da'j JBftmf. t<n each nucU-ar tejk.iHm. ihe 
niKleai tinniure mhrnnalnti ImclttdiRf tfvclnv 
wofK MiliHrnainm. hut exeludinf cr<«t tevinmtl 
derrtaMe lf»m lhai leaeliim. 

At ihe end <H l'» 75. ihe prrmaneni file had pin»n 10 
HKhide Hihwmaip»n «n ahuul IXM) nuclei acini* the 
primdK- lahk The initwmalhw) » cnntainrd in ihe 
UHUmwf data * i v 1170 «ei» <»f aditpied level*. X50 
d(va> xhemet. and 1250 *ci» <«f reaction da la The»e 
}2~>0 data *ei* nrpni/e 1 he infivnuiion nn rnrer 
\ 20.000 punched card* mm eatdy retrievable MtKk*. 
Another 35.000cards are held on die buffer disk durinp 
preparation of nuclear data dwelt 

t9 
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Nactnr U r n Sberts fro« ENSDF 

I.w «cxeial voais. the dia*in«. in -Vjit-fc-ar Data Sheen 
haVsT K.V11 piodUVcd tl'MI -.TjlidjfU INSIM" J j l j \CIV 
IXmiie l*»"5. the \l>i* u»+. steps u» (vein thc 
preparation >>i the p'in 10J JJU dvcis lr«nn Iho data 
:ue A standard tKMp: ! J \ - I I t.i proxiiuthii •>! uhuljr 
djrj was lust used tor .1 = ~5." The addition i»l a text 
ediio- jnd use i«t itK special iMKTuijvtei piiru nam 
now produce acceptable computer-enmp--»sed parfs tor 
photorepr oduct ion 

Ihc combined capabiiitv ••! -dcctini certain data 
lrt»m I\SUf- jnd picpaiins is in readable tabular t-nm 
lu-> J y been used ii» prepare ii-»i-» in ro^tise to a 
number «>t special requests, I xa npies are 

I a listing ••! all levels with known -itclimev .1 - 45 to 

2- tahulafKui ,•'. halt im> tor nu»k-! w i t h . I - Ml i.. UNI 
jlid.l = i-UtU' I5l>. 

5 ubuladons ol levels and omrra raxs observed ;n 
«HI._w>» reactions. 4 = l40iol*«O. 

4 A = II hand^ in even uncle:. .1 = 1411 to I'M 

Decav RjditfM* froM ESSDF 

(hie addni>4ia( outpnr ro'riu; !•>: miornijiiif] I'om 
INSIM has rveti rested Ibe XiMHISf pi.viani. *huh 
..ak'.ilatcs absolute intensities lm both JI-HU I and 
iiucicai radiations toltowiti:: udt »jcfivc de«.av. :"-.nuliv 
prepare-* a tabular format l«»r phoforeproductioii le.s.. 
>ce publication flRNI.-^IMt Ihe pr>>i:fain was ex­
tended in i"~s (,, prinijc a list •>! ihcse radiations in a 
-.aid-Mitase formal, easify leadaNe b\ IORIRAN pi->-
sria.iis. Mans conventions ol the IN|>J- B-IV tjpes wore 
adopted to taciiitate inclusion <>l KNSDF data in some 
lutiire version "I INDf- Radiations I nun I'M radio­
active nuclei were written onto a tape. which has been 
sent to several uxrs lor icstine. A copy is also availahlc 
or. data veil t<* testing, by OKNI. users ol radioactivity 
data 

MXLEAR STRUCTURE REFERENCES 
General Untrifliow 

In support <>t its data .valuation program, the NDP 
conducts a search ol the world's x;ciitiiic literaime l<.i 
reports ol nuclear structure results All relevant work, 
whether published, preprint. laboratory report. <>t 
abstract, is tapped with ke>words that describe tin 
appropriate mclei. leactions. measured data t>pcs. and 
deduced run k*ar properties. The keywords are enleied 
into a nuclear structure reference tile, winch is cumu­
lated at intervals so that an up-to-date tabulation of 

iek-xanl ailick-s »n a subject IN always available at thc 
\1>P Du.in?: l*»~5. moo published articles and JWKI 
preiinururv rep>>rts weie ta^ed and added to IIK-
nuster leteieiKre tne. whi-.h now includes son* 55 (*m 
eniries. 

"RrcvM Referrnco"CM—blinn 

At tmii-iiHHJlh inte-vals. newlv puMislK-d expen-
mental artick's are selected t:otu the lelerence tik- and 
puMished as a "Recent References" i»sue ot \iuintr 
thtm Sknrtt. The conipk-te tik- is also used t.> fulfill 
reifuests f«n rete.ences *w specui topics. Dunne !''~5. 
ihe contents «H f:; i»ue> ••! ""Recent References" were 
cumulated and reof tuni/ed into j volunK- titled Xmlear 
StriHlvrc Rtferemn. /WW IH14. which <u> puNished 
as a supplemeiit to \utfem /4f« Sheen.' 

Xsdrar SiraefMv References on RECON 

In carl> l'*~5. the ciunulated tile ol nuckai str-.Klure 
ii'feieiwes tor I'th'l to ll»"4 was prepaieu lor uivlusfon 
jni-as the releretKe tik-s available IIH seaishins iioin 
II..- RICON iK-twork Ihe file ^MI be seaiclK-d tor 
ke\w<nd description-* jnd releiences isi iiiulear simc-
tuie lopK- IHHII an\ ol '" dnectlv ^oniiected RHflN 
sites within the I uited Stjtes Since t'le int-ojiu tiou in 
Hilsl-l,'~5 o| a dial-up vet sit >n ol K l s O V an> IKDA-
ap|si"v-.d user ».an HTaich Ihe tiles timn an\ teleplntie 
Ihe RICON veision ol the \ | ) P teteieiKC tile doov itoi 
take lull advantage ol the kevword siiiuluie. ixii :i 
d«vs provide an mteiavlive sea'^li ^apabilils tl»at v.n> 
HK. link ^••mhiiutuHi- ol ke\ r»:nis liv>l>|V. I.-.K!I>H.. 
els I IIH: Rl ( f>N tile can also be used !•> seaisli -m 
aicthiH •»! pobliv.afii>ii sear, and ..an pii>vid>.' [Minted 
iefeieiit.es il needed 

PURLK ATKKVS 

Duriiii: l'»"5 i|K- \\JP prepaied nine I vh.iin issues 
IIH puN'.caiion in \nth-ar Dulii Sheets, as well as iw.. 
issues ol "Receiil Keleieiices" and ihe tiiinulatioii o| 
nuclear stnutuie references loi rUs'i io |«»~4. de­
scribed above Ihe J-chain issues c<Hiiaiu kompk:c 
revisions ol nucleai data slieels lor -H> mass S.IIIKS 
Kifteen ol these involved a Nucleai Intoriuaiion Re­
search Associates IN|RAI author m coauthoi Iweutv-
threc ol the rcvivd A chains were prepared eniuelv b\ 
«.<miputer Irom l-NSIM- The iuinieik.il iiilorm,ii;on 
contained in all revised A chains is included n< I NSDI . 

Pholoreadv cops tor an appendix to NBS liaiidbook 
H(). A Manual i>f Ka<Ji"a< livily Pr<Kednre\. was pre 
pared h\ the MIDLIST program Irom standard INSDI 

file:///iuintr
file:///utfem
http://iefeieiit.es
file:///nth-ar
http://iuinieik.il
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Jjtj »-i> The l iHn ••! [j«Ju(i<m-|j(i«m>. and nuclear! 
Ifiini l'»l udn>.Klrte iyi|t>pc> have alto been cullected 
ill vliifitK dillcicnt !<>mui j> a Lib>rjlur> report.* 

SPECIAL SERVICES 

The \ D P ru\ retpunded in >pevial request* tor 
mi«.!cai Ntruciute tnt»rnuti<«i un the average ul' «wce a 
week. dunne l ^ r The lequestt unpf trocn the small 
I precision nt the ! i " ( ' e hail-lite I to the averafr 
|r*hli teraphv t<> the |w>l .<.xtnm| to the txiciiMve 
InutseiK. tape ofit.-inifi jik'rxed levels and level 
pii-pertK'N !»! jll nuclei). Simp.- :--uuests <:an <><i-rn be 
jintteied troni existing cnmpiiaii. ns «>t trum • idexed 
reference iistme contained in the NDP librar.. Mtnt 
Nfxvul responses involve a mixture <>t data pr.ntuuts 
tiifii TNSDK and reference lists from the nuclear 
>uuctuie reference tile Fur users «rf l a w tpi*niities of 

data, a number ul special subset* ul ENSDF have been 
prepared un maptetk tape, aad these tapes ate copied 
for dtsfnbuuun. 

I fjtiumc «m^nmrni ;o \mjltjt Dt»u r>d)rct. 
? Na.ir.tr U>u Ptoicct Owcelnf. IJ— M> Vmafcu 1*~5 
? » ft tvfcaak et ai. -%Kkv Strornur References 

IW9 |»?4 "War/ Dmu Skrett K 'ajpat lH'Sl 
4 m ft twteak ct aV. \aeirar Sa*x;»ir £**I FaV A 

Jfca—I \r frrpmmnan vf Out &-ff.ORM--$US4 < Janr 1975. 
5 I A k»a4«u» «ai Y» V Serpen**]*, JftaOrfm of Ihr 

/#.%» OKU Lmitr V. *. L um^itd bntnate of Najr*r 
rhv«.v IS$*.Stp'nwfcTT I9?5. p J 

» D J I**** jatf M • leans. .".-«/ One Starrs I*. 25 

7 .Varl /Jar* Skerty Mi 51 « » precunei nwtl ) bv coaj-
pater from ENSD* 

n M J Mann. U . Vy,A*r |»«*, OtU f«r SXnfrrf 
A**»*»*Mn. 'JKSL-5114 tMuca 1*7*, 

file:///mjltjt
http://Na.ir.tr
file:///aeirar


3. Exf jrimental Atomic Physics 
prnphtn! ngmprnttnt 

I A S 4 H ' ( H l w 1 I S T k . v ' 
S t E B W DJf fc»« H.C HataVar 
J. P. FOWSWT1 R. S. Pctc«sm f M GnfM 

Otei 

Oar praafoi tatard! aantty caacent* oar J M 
• M ! cafcHN p l i f J l f j of IngWy ttnppctf 
rraagrZ* lOto35.1»«pmi«\o*r.-i iwof 

teatmk B AC **•*> of ana**.- 4trarf**r > I kipW> 
heary m » aai flam a o i n of forme- m mi 

•rstrvctNxi M caftMB The dean/ of « u M » U M * oi 
». by ramrm mi m» »? <wxtro». 
. » die sattwaaeaai mw «•*> « carry**/ >wi 

cxpeiMKMs. O M Major look are the varum 
heaty-toa accelerators at ORSl; v o y . «oft-*-r*y. a»J 
CTIIUWC whranntei ytvlminctv. dectroit *ptc-

> 4 ranrn «l 

tkpnawMal aLfwmo «* the |v-a %«t jrr 
m ifcr «K«.-craiRK fwapapfcv 

X4b» 

•*<• havr voammrd the aa<tv ** the ptwoWiion «•» 
both cUarattrmiK iCRl JMJ iMickaiaL-irinfR l>(~Rl \ 
tay* m tvaaaKtrv »>a-.iia*> c*4hM»«v at R W M K 
pfuavtaV caeffjn The NCR aa**a> 4r4nb«n»m 

p|j—f4 a >car aj» <« the CC\ Of. 
Al-AI. and S»-AI COMVIMH H U O K hair varMnl 
dwiopunM* NTR »-ra> p>4jtuai«wrk that a*r **n. 
larpr .YBicaty m thr raacc 0.5 to I 0 mi Mt 
wmmtnHs JrwmaVfin K»di •*• *-*a> **«*«>» cnrifv aad 

F+M.r^*mtmmmmm0ntmmmmm9£to!ttxmrtmmw*lmN-At 
ham «mf>Rk Swwtim «aufcMantlM*c pit** of rtw vwjr annuity m amm* i * « f r t jt W° m ifct 
*k** »t*m M a 12v *wcMr WWMW MHJ a *>» Mylar akmrbrr. rVnatMM* of the cfcjfjcremtw 

jwc JMA vmwi, aTtcf 
. J** RM' * MJF» j«r 
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% r f A l pw*K»»" a * acwrmes pmendy M * * 

_J3 *r-• - « ^ •» A flMMP V0CCM 4Ct <M C4 
w r * m « . ( M i «xpe«Mc««lccM»oflcl«al»forSS-llcVS~AI 

Mi 4MfcV S - Nr VOMMM. when Mrkaei MM Me 
l « U favvMhi^MMbniiiloiMVIk p o i K t m of NCR o f a i M * » ncabr for a t M i 

v«*» «onw* hsBt feces aanMMei *» Mr «boM K vu* ton. 
j c A « j i n . i . 4 , « I M k V a * r « U A M M i __^ _. „ , ,_ 

<• i r i mi f < ! • • Tn r u m r l °* * * pwf»cMr w i . Sotfc a m i l woali wikj ie dm a 

famm when notmafctti w Sir donctemnc M W 

i w l l r m k j i l i l r t i > t e ! » I H a * c « U u p n « l o t< i i f c iM medMMM for NCR 
«pM(^rj»»M«KcniJf>n. a vacancy m Sir JT Aril is 

O M new experiments on projectaV k o a enTrm-.*"* Saw of the rcsahs arc 
* M m a F « » . J l M i 3 J 

A rrmcam) nMGwaaon for * n r expernmnts is * * we lor* torn* M M me y id i of x rays 
" • ofaeccsst*mespettrojcopyofmpeme»fy uMbnwiaiwn ff x-ray MMM I f . ) for 4frMrV 

lo Mr Sr**-»SiH* it smwfkmtJy M f c i M M MC yirii of 
iMMMM ckctroiyMMio of strong. *KaRei mprr- NCR for 4frMeV Sr**-»A1* Fifwc 3.2 M O M J R 
critical mMi. Rcccwfy. Moler. Smth. mt Gmner7 ampatatri* raw iata from 4<MfrV aJmwnwn M M 
oreiirtfi a OMMC ripamrc lor MotecMar JC x ray*M MKON m* S * V tmt*mdf*%of present remitsMi 

pcafcei at <tf lo M C beam Miction awi tarnrat wear year, former MCTMOW wrl be icfcrwi lo a wbnownt 
Me MMiMf tfoMiMei-MoM x-*»y energy- A H M M C M report. 
t-nre»jpooimj lo MBotropic •- *s *4iate proinction 
amaho k a i lo asymmetryofaw form.Mimesneof f l m w l M i i j M m i mCcojfJnmw: 
me asymmetry obscrvei n Me present cxprrMMMs 

lo nMfy connictaMe jngnment. Hence, the 
i of me proposed mincci-raMiiion riMatarc 

Beyoni coafirmmg Me existence of direciknul Atoms M i iom may frequently be excilci lo > w n 
annoiroBirs in NCR ememan. tne presMt work rants mat. in ram. sponianeowty iccay by eiecirMi ralher 
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ut pro* «fde eitcttoo 

buMB-Mbr n a n "I 

The ipecuaM of die —tiiiiMiMj stay of core-
exiled stales of pouoMHi tabooing die passage of a 
* W * V K' bea» dtroaflh a hifc—jii tarart cdl «w 
also ftooiM. The tam pwsent in BK spcctran represent 
the antoioMting decay of stales fanned fro* core-
excited configurations cf die type Jp s 4t *Hn>3) . 
V 3bW (« > 3), V V ^ C * > 3>. etc. The CMqy scale 
U N K I w ran npon we najny nnposiiion D M two 
prominent Beaks aie associated with the / * ty mi % 
levels of dw opticany aRowcc ttnnfJf? 4i ) * ' . which 
had bom observed to) canktr phut onbsuipliun work. 
Tlw fine-stnicivre splHting between dtesc two levels m 
ovr spectrwn is in food agreement with the photo 
absorption data. 

The spotter MM M M in oar at die ORNL i 
accctefator is Meal foe pradorMf beam of Metal IONS 
snch as sdjeon. m , MdBri.efc.at eoerpsesof "H MeV 
pet iMcleoaj. Stripping at these energies pfodnccs 
Moderate to bifh degrees of nmimim of ions M this £ 
range hi die L and J* shcRs. In mdabouthw with 
S. fadlldn (Unrvenity of Arizona). T. Knew (Rutgers 
University), and K. Jones and D. ftano (kVnuMtjvcn 
National Laboratory), we haw wry recently bepwt 
investigating die spectra and lifetimes of An -=01.-shell 
resonance transitions in beryttiwn-tikc. boron-like, and 
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ijriMm-bk? ^nV.<«i irj«MiH>tr> and Jit = O.V-diril rrvi 
fLMor ttaRMttxi" n aMpN*Minn4riit M*«I A i \p*. j l 
^pevtrom iv 4»>m m r « • 4 

MJHV hr% « ••dirt M J O O • * »*H/ai»iii ••? »«ih 
->4K«« and M « * K j S 4 V I ;.» SE M i l hj>r JI<M> beer. 
i«»î r««<d n nV ranpr 100 to 400 A i tr t l M . and * I 
« u i M I p w n w h • * » « * and \«t !•• be idemi 
tird ii«t«aii«t> haw been <**ererd The J M - M re-»»-
njav<- ira«Mt»4tv i t* c *—pV. * i * 2slp tijnMfn«% m 
•-?r\li—1 H r MiK>ia ••» *** »i-V» iramilsuNA n 
auffte^umHtJt • • « . »*r pactKalariY mtrirrfaty ••» 
Miid> •«* J wmhrT nf rcavoiv f-ir\t * k h fMMm:i>4i> 
«4(cn lu*t Mr imto m ifce x . n v N c !•»- t» IOO-p*i 
ranar. n^dua? tcawnibh a>.v«tair h k i « K mtavKr-
n*rnf% I ^ - M M T dr f f ie bnM<rd hran mWwttcN and 
•patal f«-**jTn»i Scowd. apart lr<*n «»M omwrr-
mrmi-* ihcrf w a i i.» be m> "rttfi /. • * .*#•*** 
i f«nanir irjrr>.in« p t« *aMm W M u n n n i h br>tmd 
/ = SO. and (hmwiwai vahart !•* .4 uhe rantem 4 

o«t tkMni 1 • » « fcj*e t K R i M l i n appr»*duac 50 
Ihnd. «^.h .4 »ih.«> hue htdi jMf<c4t\«h;ji >taBi?i-
..jfH.tr r-*irih_ aich kno • *.cu> pr^uwiv m pijsnu-
• t f c i ; %A.UURI cTK>->utc «?JH omijtn MA.II imr'jlliv 
ckmrai*. **' that unt idrntilicaliiwi jttd .4-ijiui- IACJV 
ufTMcnis haw intrudrrabk- plasma dup»»(k: tafor 

An •nctiyMma »»t car. ium<aptvt« pruce***^ iranf 
V * 19 r I i» 4» awMfeni «*i ihm H : . He. and Ai iatpr!> 
m the pf«nc« V crsfffi ranpr ~5 to * 0 kcV k » hern 
made Tbc w w * at.rnv hyit-fen larprt «ni] hf 
undertaken M«n Interofmg <rclunvcncni> of dc\.ia>c 
..jpfurc «:*•»»» i^vtiun^ b> nwidciit • * * brMR% v> B*" 
tej«r"> hjvr hreti •<Hcr\cii Thr> « » r i HJ> hrrn J«*»c m 
v<4LiK-trjtt<« with J k Bj\tieid L Gardner, tod 
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P Ko-.-h of Yale University and D. H. Crandall and 
M L Hallory of ORNL. 

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

I University of Tennessee. Knoxriilt-
2. University of Connecticut, St om. 
3. R. S. Thoe et al.. to be published in Bean-Foil Spectros­

copy. Hruiv ton Aiomk Fhysics. I. A. Sellin and D. J. Peff. 
U i . Plenum Press. New York. 1976. 

4. k. S. Thoe et at., p. 312 in Flextronic and Atomic 
Collisions. J.S R»ky ind R Gebalte Eds.. University of 
Washington Press. Seattle. Wash.. i975. 

5. R. S Thoe et al.. p. 78 in Proreedmej of the Third 
Conference on Application* of Small Accelerators. Denton. 
Tex. Oct. 21 2i. I'M. KRDA CONI -74-1040 PI. ERDA 
Technical Information Center. Oak Ridge. Tcnn.. 1975. 

6. R. S. Time ctal.. Mrs. Rev. Lett. 34.64 H975). 
7. B Mul!er. K. Smiih. and W. limner. Hist. Rev. Lett. 33, 

469(1974). 
8. !•'. Bellelal.Hivs. R^> l-rit 35.841 M97S). 
9. R. S. Peterson el al. i<> be published in Beam-Foil 

Spectroscopy. Hetvv ton Atomic fhysKS. I. A. Sellin and D. i. 
Pegg, Kds.. Plenum Press. New York. 1976. 

10. I. A. Sellin. to be published in Beam-Foil Spectroscopy. 
S. Bashfcin. Ed. Springer-Verb):. HcidenVrc. Germany. 1976. 

II D. J. tegf et al.. Hiys. Rev. A 12.1330119751. 
12. D- J. Pcff. to be published in Beam Foil Spectroscopy. 

Heavy Ion Atomic Fhysics. I A. Sellin and D. J. Pen*. Kds.. 
Plenum Press. New York. 1976. 

13. P. J. Pejqp el al.. p. 869 in Electronic and Atomic 
Collision*. I. S. Risley and R. Ceballc. Ms.. University of 
Washincton Press. Seattle. Wash . 1975. 

14 D. 1. Pc f f et al.. Ayr. Lett. S0A.447 119751. 
15 H Beullcr./. /*v» VI. 131 11934) 
16. P. M. Griffin zt al.. to be published in Beam-Foil Spectros­
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CHARGE-TRANSFER MEASUREMENTS 

D. H. Ctandall D.C.Kochcr 

A number of atomic physics experiments arc in 
progress using :hc heavy innsourcc tesl stand JS a 
source of slow multichargcd ions.' Lxperimentt to 
measure charge-transfer cross scclions for ions of 
carbon, nitrogen, and oxygen in various gases were 
started in March W151 At velocities below 4X 10" 
em'scc. charge transfer \f the dominant inelastic process 
in collisions of multichargcd ions with atoms or 

molecules, thus playing an important role in many 
physical phenomena, especially in high-temperature 
plasmas found in fusion research and astrophysics. Due 
to the difficulty in obtaining usable fluxes of multi-
charged ions at iow velocities, only a small amount of 
experimental work has been done. 1- 4 Some of the 
relevant cross sections, including electron capture and 
electron ionization and excitation, have been com­
puted, particularly by astrophysicists. 

As a first step in the systematic study of these 
collisions the electron-capture cross section of multi-
chargsd ions of carbon, nitrogen, and oxygen h?*e been 
measured in H 2 gas in the energy range 10 to 110 keV 
The single-ekctron-caplure cross sections for oxygen 
ions from charge state 3 to charge state 6 as a function 
of km velocity or energy are shown in Fig. 3.5. Of 
considerable interest in collisions of multkharged ions 
is the question of how the cross section should scale as 
the charge state q. For high energies, where the Born 
approximation is applicable, compulations suggest that 
the cross section should scale as q*. Referring to Fig. 
3.5. one can see that this scaling is not verified in the 
low-energy region. The crovs section o\»j (going from 
charge state 4 to charge state 3) is approximately three 
times o,i. For initial charge state S. the cross section is 
smaller than that for charge state 4. which is a 
consequence of potential curve crossing in the near-
adiabatic energy region.5 

* H * l k * v > oxvfcn tons 
10 20 30 SO 70 tfaO 120 

vtti HO* « • / • «» 

t-'ig. 3.5. Sing); electron capture for various ion* of oxygen 
coHtdinf with molecular hydrogen. 
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An interesting feature of these data is that the cross 
sections do not decrease at the lowest energies, indi­
cating that potential interaction at fairly large i.."-r 
nuclear separation s the primary sourc* of electron 
transfer. This in turn implies that the electrons are 
transferred into excited states of the ion. since the 
potential curves of the excited states are the ones that 
cross at large nuclear separations. 

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

From both theoretical and experimental considera­
tions, single- and double-electron-capture cross sections 
of the reaction C** • He are particularly interesting. 
Double-electron-capture cross sections have usually 
been observed to be one to two orders of magnitude 
less than the single-electron-capture cross section. Re­
sults for both single and double electron capture of C** 
in He are shown in Fig. 3.6. For energies of S to 10 keV 
ihe measured cross sections are approximately equal, 
with double capture im-reasing at tower energies. 
Theoretical results are also shown for the two cases. 
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Fig. 3.6. Crow section* for smgte and double cfectron capture 
from C** incident or helium. Solid curve present calculation 
of i»4i f f " C 4 * * H c * < > * "'*"• Crowes present experiment 
tot t»4j. Dashed curve present calculation of 0 4 j for 
C * * * lie —C" 3 * * He*. Open circles present experiment for 
04 , . Closed circles a4i from ref. } . 

Extremely good agreement between theory and exper i ­
ment was found for the double electron capture , but 
agreement t o w i t h i n a factor o f 2 was found fo r single 
capture. 
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ELECTRONW ACT EXCITATION 
AND IONIZATION CROSS SECTIONS 

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

For modeling plasma behavior and interpret ing line 
radiation from a plasma, the electron-impact exci tat ion 
and ionization cross sections are crucial data . A n 
experiment has been designed and an apparatus fabri­
cated to measure the exci tat ion o f bery l l ium- and 
lithium-like ions and the ionizat ion o f charge slates 3 t o 
6 . A mul tkharged ion beam f rom ihe heavy-ion-source 
facility wil l be crossed at right angles w i t h a modula ted 
electron b e a n in a chamber whose base pressure is 1 0 " * 
t o 1 0 " ' ° t o n . W i t h this residual pressure, the signal-to-
noise ratio is approximately I 0 " 1 . necessitating the use 
o f beam-modulation techniques. Measurements arc 
under way . 

1. Participants, 
Boulder. Coto. 

Jotnl Intitule Laboratory Astrophysics, 

MULTTfLE EUCTR0N LOSS CROSS 
SECTIONS FOR oMfeV I»°* 

IN SINGLE COLLISIONS 
WITH XENON 

L. B. Bridwell1 G. D. Alton P. D. Miller 
J. A. Biggerstaff C. M. Jones Q. Kessel2 

B.W.Wchring 3 

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



98 

state of a particular ion may fluctuate many times. The 
charge-state distribution of such a beam of particles 
reaches equilibrium after traversing a certain thickness 
of the stripping medium. A recent survey shows that 
extensive in format ion has been accumulated concerning 
charge-state distributions of heavy ions as they emerge 
from both solid and gaseous targets.4 Most of these, 
however, have been obtained with experimental ap­
paratus thai confines the emerging beam within a very 
small solid angle in the forward direction. The work by 
Kessel shows that the emerging charge-state distri­
butions produced in single-event scattering depend 
strongly on the distance of closest approach.* We have 
previously reported a series of experiments in which 
absolute yields of highly Purged ions were obtained 
from high-atomic number stripping gases at target thick­
nesses somewhat above that of single-collision processes 
b> t somewhat less than equilibrium thickness.*-7 That 
work was performed specifically for determining design 
parameters for a terminal s; ripper in a large tandem 
accelerator. The present results were obtained using the 
same apparatus but with a smaller target thickness to 
examine single scattering events and to obtain cross 
sections for the loss of several electrons in a single 
collision. 

The experimental apparatus is virtually identical to 
that reported earlier.'" A momentum-analyzed beam 
of 60-MeV I 1 0 * ions was produced in the ORNL 
tandem accelerator. The exit apertures of the differ­
entially pumped target-gas cell were slotted to permit 
measurements at scattering angles through 3*. 

Charged particles scattered at a given angle were 
analyzed with an electrostatic charge-state analyzer that 
has been described previously.* The charge-state resolu­
tion was determined by a 1.03-mm-high vertical 
collimator positioned at the entrance to the analyzer. 
The angular resolution was determined by a slot in a 
4.1 -mm-wide mask positioned directly in front of the 
detector, which was 429 cm from the center of the 
target. The resulting angular resolution was A0 = 0.054° 
and the solid angle was Aft - 2.9 X I0" 7 sr. Pressures in 
the flight tube before and after the target cell were 
approximately 2X 10** torr throughout the measure­
ments. Target-gas pressures were 5.1 X I0~ 3 and 
11.9 X I0" 3 torr, and tht scattering angles were 0.05°, 
0.10". and 0.20°. 

Figure 3.7 shows the charge-state distribution 
measured at xenon pressures of S.I X 10" J and 
II.9X I0" 3 torr at a scattering angle of 0.2°. The 
similarity in shape suggests that these target thicknesses 
are essentially in the single-collision region, although 
there is some evidence of electron pickup at the higher 
pressure. 
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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 
A? of IS, the last jV-shell electron must be removed in 
the collision. At a scattering angle of 9 = 0.05°, the 
range of 0 actually extends from 0.025° to 0.075°. so 
that the distance of closest approach, r 0 , varies from 
0.17 to 0.26 A. Selfconsistent-field calculations* 1 3 

show that the radii of maximum radial charge density 
are approximately 0.13 A for the M shell and 0.42 A 
for the N shell in iodine or xenon. At the minimum 
distance of closest approach within the allowed range 
for 8 - 0.05°. the M-shell electrons of the iodine-xenon 
system are just beginning to merge during the collision. 
This may result in the excitation or removal of one or 
more of the jH-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 
removaj occurring in the A" shell. At 9 - 0.10° the range 
of r0 extends from 0.13 to 0.17 A. In this case, the 
merging of the M shells within the iodine-xenon system 
is substantial: therefore.M-shell electron excitations are 
more probable. Finally, at 0 * 0.2° the interpenetration 
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of the Ml shells is complete, with r 0 extending from 
0 » » to 0 11 A The probability tit renuwing all V shell 
electrons relative to other processes then becomes 
greater. At these selected scattering angles. JL-shell 
inteipeneiration did not occur: thus very little itf-shell 
MMit/aiion was observed. Numerical integration ot" the 
differential crov> sections lor the rermivaJ ot II. 12. 13. 
and 14 electrons over the angular range observed yields 
the results shown in Table 3.1. 
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Fig. 3J1. Differentia) xalHring cross KCIMMM for tkr removal 
of da drctroiM m • angle COMMO* between AO-McV I 1 0 * and 
xenon at angles of 0.05°. 0.10°. and 0.20°. 
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From these data and those reported earlkr.5 •* it is 
clear that very high charge-state ions are produced in 
single collisions with the target atoms. With the large 
magnitude of the cross sections for these events, it is 
possible to make experimentally useful beams of such 
ions with a relatively simple gas cell, provided that a 
sufficiently large acceptance solid angle is employed. 
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SCREENING BY BOUND A ELECTRONS 
IN ELECTRONIC STOWING 

S. Datz J. Gomez del Camper 
P. F. Dinner' P. D. Miller 

J. A. Biggerstaff 

In previous studies on the motion of fast ions passing 
through crystal channels it was established that 11 > 
well-channeled ions interact only with relatively slow 
conduction and valence electrons that simulate an 
electron gas: (2) a considerable fraction of oxygen ions 
[q = 6+. 7*. 8+) at ~ 2 MeV/amu pass through channels 
(up to I fim (hick) with no charge-changing collisions:} 

and (3) the stopping power for these ions is closely 
proportional to q2. implying that bound electrons 
screened the nuclear charge by one unit each.4 A 
quantitative test of this latter point has been made by 
measuring the slopping power for channeled B 5*. 
C'*-*\ N***°*. Or**, and F"**** at 2 MeV/amu. 
For one-electron systems the screening ranged from 
0.°l for carbon to 0.97 for fluorine, whereas for the 
two-electron systems the screening per electron was 
approximately 0.92. A comparison of channelcd-ion 
slopping powers for bare nuclei ( Z * 5 to ° ) with 
proton slopping in the same medium also permits the 
extraction of higher-order Z effects' (Z,5 and Z\ *) on 
electronic sioppinc over a much larger range than has 
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been investigated heretofore (Z = I. 2). The data have 
been accumulated and the treatment is proceeding. 
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PLANAR CHANNELING AND 
HYPERCHANNEUNG OF CHARGE4TATE-

SELECTED 27 SJHeV OXYGEN IONS IN SILVER 

S. Oatz B. R. Appleion' 
C. D. Moak J. A. Biggerstaff 

T.S.Noggk 1 

The trajectories of ions penetrating crystal channels 
are controlled by the interaction between the charged 
particle and a continuum potential made up of an 
orderly sum of the atoms in crystal rows or planes. For 
most ions, charge capture and loss probabilities are so 
large that the formal charge on the projectile must be 
treated as a statistical average over a distribution. 
However, in some cases, charge-changing probabilities 
can be strongly suppressed, and one objective of the 
present work was to ascertain whether the change in 
restoring force due to different ion charge state could 
be measured. Previously we reported that 20- to 
40-MeV o**-7*-** ions channeled in gold and silver have 
electron capture and loss cross sections such that 11 > 
crystals up to ~5000 A thick are "thin targets" for 
charge exchange and. hence, capture and loss cross 
sections may be measured2 and (2) the energy loss of 
transmitted panicles that had not undergone charge 
exchange were accurately proportional to the square of 
the ion's charge, that is. the nuclear charge minus the 
number of bound electrons.3 - 4 

We therefore measured channeled-ion energy loss 
spectra fot 27.5-MeV oxygen ions in silver (41 SO A 
thick) as a function of input (7* or 8+) and exit (7* or 
8+) charge state. For both planar channeling and 
hyperchanneling. the charge-state effect on slopping 
power is set.i for the minimum energy-loss ponton but 
decreases rapidly with increasing transverse energy, 
indicating a rapid rise in charge-changing probability 
with increasing amplitude. Although the effect of ion 
charge on restoring force could not be determined, two 
new aspects of channeling were disclosed. These are (I ) 
equilibrium charge distributions as a function of ampli­
tude and (2) the observation of a peak in the exit 
energy distribution at a greater than random energy loss 

when the crystal was tilted into a planar Mucking 
direction. 

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

1. SoMState Dmaon. 
2. S. Dtai d J . , ftadter. £//. 12. 163 < 1972). 
3. S. Dt»U et al.. p. 63 in Atom* Colli%Mms in Solkh. rVnum 

Tmt. New York, 1975. 
4. C. D. Moak et al..ffcri * " - B 19. 26*1 11974). 

ELECTRON EMISSION FROM FAST OXYGEN 
AND COPPER IONS EMERGING FROM THIN 

GOLD CRYSTALS IN CHANNELED 
AND RANDOM DIRECTIONS 

S. Dttt/ J. A. Biggcrstaf! 
B. R. Appictun1 T. S. NogcJe1 

H. Verbeek: 

The spectrum and yield of electrons accompanying 
the emergence of a last Um turn a solid contain 
information relating to the excitation stale of the ion 
inside the solid and the nature of the response <>l the 
electron plasma to the moving pmieciile. We have 
measured yields, energy distributions, and angular 
distributions of electrons emitted b> 27.5-MeV oxygen 
and 20- and 30-MeV copper ions emerging from a thin 
(3000-A) gold crystal in both channeled (110) and 
random directions. In the case of oxygen we concen­
trated attention on the electrons observed in a peak 
with velocities closely corresponding to the emergent-
ion velocity3 (-90f>eV electrons). Under channeling 
conditions the yield of these electrons was lower than 
for random orientation, and. moreover, the yield for 
channeled ions depended on the charge state of the 
entering inn (6+ or 8+). For entering charge state 6+. 
the ratio of the random yield lo the channeled yield 
was 2.0, and for 8* entrance charge it was 3.0. Because 
the electrons are emitted from exiting ions, the de­
pendence of yield on input charge simply reflects the 
dependence of exit charge on input charge and the lack 
of charge equilibrium for channeled ions.4 The exit 
charge distributions were measured and found to be 0.2 
(6>). 0.5 (7t) . and 0.27 (8+) for random emergence and 
also closely the same for channeled ions with initial 
charge stale 6*. (Note: This does not mean equilibrium 
is achieved.) For initial charge srate R+. the exit charge 
fractions were 0.12 (6+). 0.35 (7*). and 0.53 <«•). The 
ratio of emergent ions that retain ekctrnns(i.e.. nnn-ft+ 
ions) for 6+ in to those for 8* in (07/0.47 2 I 5> is 
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thus identical to the ratio of the electron yields. This 
observation implies that the tota'ty stripped *• ions •* 
not contribute to this peak and that the electrons in 
this peak do not. in this case, arise from capture to 
continuum sines. Instead, in agreement with Burch.5 

who measured electrons lost in single collisions of 
oxygen ions at these energies, we propose that they are 
electrons removed from the moving ion in the last 
ionizing collision. The fact that the random yield is 
higher by a factor of 2 than for the 6+ chamteled-ion 
yield is explained by the larger ionization probability in 
random collisions. 

For the copper ions, where charge equilibrium should 
be rapid and charge-changing cross sections higher, no 
sensible difference in the yield of electrons traveling at 
the ion's velocity is observed for channeled and random 
2»MeV copper, but for 30-MeV copper the channeled 
gave greater yields than the random. The absolute yields 
here are in the order of 2 X 10 ~2 election per ion. 

The yields of higher energy electrons, arising from 
violent collisions with electrons m the medium, are 
reduced for channeled ions because of the lower 
electron density penetrated. The total yield of electrons 
with energies from —100 to 1200 eV integrated over 
—15° of forward scattering angle was no greater than 
—0.5 electron per ion. For copper ions at 30 MeV. for 
example, differences in charge-state distributions from 
gases iq= 9.3) and solids \q - 13.61 are anticipated.* 
The theory of Bel/ and Orod/im' concerning the 
excitation states of heavy ions in solids would predict 
the loss of about four Auger electrons per ion upon 
emergence from the solid. The ipidjti Auger electron 
energies, for example, should be *-50 eV. which, 
translated to the laboratory system, corresponds to 
energies of - 5 0 0 eV for forward scattering. The 
observed spectra show no departure from the smooth 
distribution anticipated from electron collision theory, 
and no evidence for the presence of Auger electrons 
could be adduced. 
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SPATIAL ION TEMPERATURE MEASUREMENTS 

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

Spatial electron and ion plasma temperatures can be 
measured using coherent Thomson scattering. Analysis 
of the spectrum of scattered photons from a plasma 
provides the electron temperature if the wavelength of 
the incident laser beam is less than I for. for 3 scattering 
angle of a few degrees. Increasing the incident wave­
length to 200-500jam results in the scattered spectrum 
containing ion temperature information. 

Feasibility studies have shown that spatial tempera­
tures in a plasma whose density is I 0 1 4 cm' ' can be 
determined from a l-MW CH,F laser operating at a 
wavelength of 496 fim. Present technology indicates 
that a l-MW CH,F laser can be obtained when optically 
pumped by a 150-J CO; laser operating at a wavelength 
of 9.55 jim rather than the normal 10.6-pm wavelength. 
Commercial C 0 2 tunable lasers are not available at this 
power level. To force the COj laser to oscillate at 9.55 
Mm. a 25-cm SF« gas cell has been placed in the Ct>2 

laser optical cavity. The SF« strongly absorns and 
suppresses the lOsun band lines but has high trans­
mission for the 9-fim band lines. A few mtDiwafts of 
°.55-fim radiation from an idler cw laser, which has a 
diffraction grating as one of the optical elements, is 
injected into the 0 O 2 laser cavity through a 0.5-mm 
hole in the gold-coated back reflector of the CO : laser. 
This cw signal overrides the spontaneous emission thai 
normally starts the laser oscillating and locks the CO, 
oscillator to the mjection frequency. Using this method 
a I0J. normal I0.64im. Ct>2 pulsed laser has produced 
10 J iff 9.55-*im energy. The next step in the 
development of I MW of 496fim power will be to 
modify a commercial f t ) 2 laser to operate in the 
9.554fm mode, which will pump a CH,F laser using 
either waveguide or unstable resonator techniques. 

A 30-W cw COj tunable laser has been used to 
opticaRy pump a cw waveguide-resonator CH,F laser. 
Sufficrenl power has been obtained to use the 49641m 
radiation as an mtcrferonrter source to measure 
electron hue density in present toroidal machines and as 
a local osriRator for a far-infrared heterodyne receiver 
needed in the Thomson scattering experiment. The 
system is now undergoing upgrading by replacing the 
optics and increasmg the f Oj pump power to provide 
100 nrW at 496 um. 

I. (VMMHJMI. Lowril bMUtoM. Lovel. Mas. 
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STARK MEASUREMENTS OF ELECTRIC 
FIELDS IN ORMAK 

K. Vandrr Shtis P. M. Baksm' 

Previous investigation of die intensity profile of the 
hydrogen Balmer lines radiated by the ORMAK plasma 
indicated satellite structure due to static and dynamic 
ekctric fields. Analysis of the spacing of the harmonics 
suggests electric fields of 5 X I f / V/cm existing in die 
plasma. Since electric fields of this magnitude are not 
expected in the apparendy stable plasma, an intensive 
effort has been made to validate these measurements. 
By appropriate changes m the detector system, the 
signal-lo-noise ratio has been increased by a factor of 
10. Since a computer is used in die sigt.al analysis, a 
systematic study has been made to elminate the 
computer as a source of the harmonic signals. Corre­
lation of die satellite lines with plasma impurity-line 
radiation revealed that lines of N III coincided with the 
shifted hydrogen 6 line. At the present time, the 
statistics of die line shape for a single time interval 
during a pulse are so poor that reliable electric field 
strengths are not obtainable. On averaging many sets of 
data, the lines are broadened, presumably from the 
electric field fluctuating from pulse to pulse. Measure-
menu are now being conducted to detect forbidden 
transitions of helium when small quantities of helium 
arc 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 disadv-^age 
of hydrogen Balmer-series line radiation is that the 
radiation originates at the plasma periphery. By using 
impurity radiation, the plasma center is accessible fur 
study. Of most interest is the manner in which the 
wavelength and the required resolution scales with Z. 
The hydrogen Lyman-alpha equivalent wavelength for C 
VI. N VII . and 0 VIII are J4, 25. and 19 A respectively. 
For these ions the wavelength scales as Z ' 1 and the 
Stark displacement as Z'x, which results in an effective 
scaling of Z~*. Resolutions of the order of I 0 " f arc 
required, which for O VIII would result in a resolution 
of 3.4 X 10 ~* A. These resolutions are not obtainable 
by known techniques. Thus Lyman or Balmer series line 
studies are impossible. 

Another possibility exists in going to higher principal 
quantui.. numbers n. As n increases, die wavelength 
increases and also Slark splitting increases as m> I). 
This scaling implies thai electric fields in the plasma 
center are amenable to measurement by using O Vi l l 
lines from states n > 8. Present plans are to investigate 

the spectra of lines being emitted by the ORMAK 
plasma to determine if Nnes that twrjiiuie from high 
terms are present. 

I. Co—Waai. fcww Cofcyr. Brgfcum.Ma». 

ENERCT-MOftENTUi* NEUTRAL-PARTICLE 
ANALTCER 

J. A. Ray C I . Barnett 

A velocity-energy anafy/er has been designed and 
fabricated for the ELMO Bumpy Torus (EBT> experi­
ment to determine whedier neutral impurities escaping 
the plasma are influencing ion temperatures as meas­
ured by die present energy analyzer. The components 
of the analyzer include an N 2 gas stripping cell to 
convert the neutrals to ions, a Wien velocity filter, a 45 s 

parabolic single-channel energy analyzer, and a channel 
electron-multiplier detector. Since the EBT plasma is 
«. mtinuous in time, die spectrum will be scanned by 
programming both die Wien filter and energy analyzer 
to a step change in electrode voltage. A major require­
ment of the EBT analyzer is the ability '«> measure die 
fiux of particles for energies less than 100 eV. Difficul­
ties are encountered in this energy range due to both 
the extremely low efficiency (~10"*) of die stripping 
cell to convert neutrals to ions and the inability to 
determine neutral-particle fluxes. Recent measurements 
have shown that when neutral particles arc incident on 
a surface, up to 70-70% of die particles are reflected as 
neutrals, which also results in .<n energy reflection 
coefficient from 0.1 to 0.5. Thus, large errors are 
introduced when thermal detectors, which are now 
relied on. are used lo measure absolute neutral-particle 
fluxes. To overcome these difficulties, design studies are 
in progress to replace die N 2 gas cell with a cesium heat 
pipe and to design a thermal detector in which reflected 
particles are intercepted by die sensitive detector walls. 

EXCITED ELECTRONIC ST ATES OF 
HYDROGEN MOLECULES 

C. F. Barnett T. J. Morgan1 

J. A. Ray 

Previous observations of Rydberg or highly excited 
electronic states of H 2 and Dj have failed to confirm 
ihe quantum-mechanical calculations of level popula­
tion, lifetimes, and observed quantum beats.1 Recent 
theoretical results of A. Russtk of the University of 
Connecticut suggest that upper electronic levels 
( « > 10) nf die molecules arc being populated from 
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lower levels (n ~ 4 J by mci lap ol the vibrational stales. 
T> verify this h> pothesis. j n H . * beam was accelerated 
lo energies of 100 to 400 keV and passed through an 
H- gas cell, where electron capture collisions formed 
energetic H 2 * molecules in ail state* of excitation. The 
excited H 2 * molecules were passed through an intense 
longitudinal electric field, which ionized all states 
n ^ 10. Following the field wni/er was a 30-cm drift 
region in which the lower vibrational levels would have 
sufficient time to repopulate the n > 10 levels. B> 
passing the H 2 * beam through an identical second 
electric field it was found thai the n > 10 levels were 
repopulated as predicted by theory. l*owever. on 
performing the «ame experiment with H* atoms, we 
also found the n > 10 levels repopulated. This observa­
tion suggests that the levels n > 10 are not being 
completely ionized by the first ioni/er because the 
transit lime through the electric field is approximately 
the same as the mean lifetime for ionization. Another 
explanation for the H* repopulation is the mixing of 
the n - *f with the n - 10 level through iiverlap of 
angular-cm.iienium states. Work is continuing to eluci­
date I he I I * observations and to attempt to devise an 
ex penmen I to overcome this difficulty. 

ABSOLUTE X-RAY-ntOUUCnON CROSS 
SECTIONS FOR HEAVY IONS INCIDENT 

ON A WIDE VARIETY OF TARGETS 

I. Cofi«alfcini. WcJcyan InncTMly. Mnhllci.Mi.C'onn. 
Z. C. I ftiineu. I. A. Kay. ami A. Ruiwk. Phis #crr I 5. 

: i i o i i 9 7 > i . 

NEUTRALS ARTICLE REFLECTION 

E. Ricci 

Measurements of &n reflection coefficients for 0.3- to 
5-keV 11° incident on i'opper. stainless steel, and gold 
have been principally concerned with characie;izing ihc 
surface condition. Measurements with helium-ion back-
scatiering indicated lhal after any surface-cleaning 
procedure ihc surfaces become con lamina led in a few 
minutes. Experiments with cleaning surfaces by ultra­
violet radiation in the presence o f approximately I mm 
of ray gen indkale that carbon and other contaminants 
can be readily removed from a surface but lhal an ( ) : 

contaminant remains on the surface. Presumably, (he 
cleaning action is the result of chemically active O , 
reacting with the surface impurities. To provide clean 
surfaces for a longer period of l ime, the base pressure in 
the syslcm has been decreased to 10 ' * lorr. To increase 
the reliability of the data al low energies the apparatus 
has been moved lo a low-energy ion source where the 
beam intensity is one or two orders ol magnitude 
greater than previously available. 

P. D. Miller 
G. D. Alton 
J. L. Duggan1 

F. D. Mc-Daniel1 

R. Merita' 
G. MoMgokl' 
J. Tr icomi' 
G. Pepper1 

R. P. Clnturvedi 2 

R. M. Wheeler 
F. Elliott* 
k . A. Kuenhold 3 

J. McCoy 1 

L. A. Ray burn 4 

S. J. Cipolla* 
A . Zander* 

J. L i n 7 

For the past three years a large group consisting o f 
the above authors has been investigating the systematic 
behavior of x-ray production by heavy ions. A StiLi) 
detector with approximately 170-eV resolution has 
been used, and absolute cross sections have been 
determined by detecting Rutherl.xd scattered particles. 
The absolute efficiency and energy calibration of the 
x-ray detector are determined by a series ot precisely 
-alibrated sources. The bombarding particles used have 
been boro i . carbon, oxygen, fluorine, and chlorine. In 
each case !ne energy range covered has been from 0.5 to 
3.0 MeV/amu. Som.* of the authors have participated in 
supplementary measurements using proton, helium, and 
l i thium beams I these measurements have been made at 
North Texas State University and Florida Stale Univer­
sity!. 

In the A' shell, most elements for which it is possible 
to prepare thin solid targets on carhon-f-ril backings 
have been investigate*: in the target atomic numbei 
range from / = 20 through /. = 47. In each case 
absolute Art and A>i production cross sections have been 
determined, and the corresponding energy shifts, re­
flecting multiple ionization of the target atom, have 
been determined. Knots in the cross sections are 
typically of the order of 10^. and the energy-shift 
measurements are accurate lo about 10 eV. Typical 
examples of the cross-section data are shown m Fig. 
3.0. where total A x-ray-production cross sections are 
plotted for nitrogen ions incident on a series of the 
heavier targets. The significance of the various theo­
retical curves is as follows: BE A binary encounter 
approximation:* PWBA plane-wave Born approxi­
mation :* BE. ctHrected for the effect of increased 
binding of the electron in the target nu.leus due to the 
close passage of the positive bombarding pan ic le : 1 0 

CD corrected for the effect of C oulomb de flee mm of 
the incident K O . " POL corre«.ic:< for ihr effect of 
the polarization of the target electronic wave function 
due lo the passage of the incident i o n : ' ' and 
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REL - corrected for reUtiristic correctiom to the 
target ware function.' * For each of the theoretical 
curves, the calculated ionization cross section has been 
multiplied by the single-vacancy fluorescence yields 
given by Bambynek et a i ' 3 The principal uncertainty 
in the comparison of theory with experiment is these 
fluorescence yields, since the energy shifts of the K x 
rays indicate that there is multiple ionization of the £ 
shell present, and there is no detailed theory of 
fluorescence yields of multiply ionized atoms. Figure 
3.10 shows typical energy-shift data for carbon ions on 
four of the lighter AT-sheM targets. The abscissa is the 
square of the ratio of the velocity of the bombarding 
ion to die average velocity of the I-shell electrons. In 
general, the peak energy daft* occur for this ratio in the 
neighborhood of I : however, for heavier targets there is 
a significant shift toward a lower value of the ratio at 
whkh the energy shifts peak. 

The /.-shell x rays were investigated rot the same 
incident ions and energy range for an assortment of 
targets ranging from Z = 50 to Z = 82. Absolute cross 
sections were deduced for all of the resolvable satellites. 
These data are being analyzed. More detailed de-
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17. 1 . TfK»aa et aL. ~K X-Ray ProaWtwa Cross SevtkMs Itw 
Elements of / * 20 to 37 by lacidmi t l km* of I t 4 ) SleV 
t-mcity." paper presented at thr YaB Mectaa: of the Texas 
Sect poo ui the American A,soctali>M of" fays* * Teachers. 
<Bai«<*fctBlWeis«).*klNta t a l k Tex..Nov. I 2. 1974. 

18. J . Tricoiw n J - . ~ U U K I Shell kmua lMU Produced fey 
K m vlduanc Ions." paper presented at the 7>th Texas 
Academy of Seance Mectinc, Sa» Hoaston State linncnily. 
I kmlndk . [ev.Mar. 20 22.1975. 

' 9 . R. Menu el a t . atoll ,4m. "*.-,. St*. 21. 33 I I97fc». 
20. h.D. McDtuurl ef JI . . "A Systematic Stady of A-Shell X 

Rays from Ti and Rb lor IntafcrM Ions V * H e . L i . ' * C . ' * N . 
" F . " $ i . and , S C I m ihr Ranee U.MU I 3 MeV/amu." 
abstract subaattcd to the Tacson Meeting »l the America* 
fbywal Society. Ilec. 3 • . 1975. 

21. J. Trtcoaa el al.. "AT Shell X-Ray Production V , 4 N tarn 
MKaknt on Thin Tararts of G*. Rb. Y. Zr. and Af." abstract 
sabrrattcd to the Tacsoa Meeting of the American Physical 
Society. Dec. 3 6. 1975. 

CONTROLUEO FUSION ATOMIC DATA 
CENTER 

C. F.Barnett M. I.Wilker 

In view of delays caused by updating and insufficient 
manpower, the compilation Cross Sections of Interest 
to Thermonuclear Research has been rescheduled for 
publication in April 1976. The compilation has grown 
to approximately 800 pages with 2500 data sets. In 
ciMperation with the Atomic Transition Probabilities 
Data Center of the National Bureau of Standards, a 
bimonthly publication entitled Atomic Data for Fusion 
was started in January 1975. One of the major 

objectrmn of the newsletter has been to place in the 
hands of fusion researchers tabulated numerical data 
penitent to high-temperature plasi.ns many months 
before the data appear in the published literature. 
Because the data have not gone through die refereeing 
process, the data center staff makes an attempt to 
evaluate data before placing them into the newsletter. 
Topics covered by die newsletter include atomic struc­
ture, atomic transition probabilities, particle inter­
actions with surfaces, and atomic collision cross sec­
tions. 

Searching and evaluation of the current published 
literature has continued with the MM»graphical data 
entered into die computer storage file. A small effort 
was begun to transform tabulated cross-section data 
into reaction-rate data for both MaxMellian-Maxwellian 
and beam-MaxweHian distributions. Future plans in­
clude storing cross sections, reaction rates, and analyti­
cal expressions for reaction rates in the CTR Lh-ermorc 
computer for on-line retrieval. 

During the past year, discussions have been held with 
the International Atomic Energy Agency (IAEA*. Neu­
tron Data Section, in regard to the participation of the 
IAEA in dau compilation and analysis in the field of 
atomic data for controlled fusion. Approval has been 
grained for the IAEA to start a small two-year test 
program in January 1977. The exact role that the IAEA 
will perform is unclear, but it seems probable that they 
will have as a major task the coordination of the efforts 
in many countries. 
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H E A V Y 4 0 N LABORATORY 

HEAVY JON FACILITY PROJECT 

J. B. Ball J. W. Johnson 
J. A. Martin R. F. King4 

J. A. Bigger staff J. D. Larson4 

R. S. Lord M. L Mallory 
C. M. Jones J. E. Mann 
R. L. Robinson G. S. McNeillyJ 

J. K. Bair W. T. Milner 
R. M. Beckers' S. W. Mosko 
E. Ekhler* J. A. Murray1 

K. N. Fischer' J. D. Rylander' 
J.LC.Ford.Jr. R. O. Saver* 
C D . Goodman J. A. Steed1 

E. D. Hudson N. F. Ziegkr 

Activity on the new Heavy-Ion Facility project which 
began last year has continued on schedule this year, the 
major concentration of effort being on design. The 
elevation view in Fig. 4.1 illustrates the major features 
of the project: the 2544V folded tandem electrostatic 
accelerator, injection of beams from the tandem accel­
erator into ORK* for energy boosting, and a building to 
house the tandem, its injector, and auxiliary equipment. 
Abo included in the building addition are two experi­
mental areas for use of beams directly from the tandem 
accelerator. 

Detailed design of the buMing addition was provided 
by the architect-engineering firm of Chas. T. Main. Inc. 
This work, begun in late December 1974, was finished 
in December 1975. The drawing and specification 
package will be issued to prospective building con­
tractors early in 1976 with bids due in mid-February. 
An architectural rendition of the final design is shown 
in Fig. 4.2. 

Site preparation for the building addition was started 
in late July and was 6 5 1 complete by the end of the 
year. A view of this activity is shown in Fig. 4 J . This 
work is expected to be completed by mid-February 

1976. about one month prior to the scheduled start of 
building construction. 

On the basis of competitive bids. National Electro­
statics Corporation (NEC) was selected to build ihe 
tandem electrostatic accelerator. Final approval by the 
Energy Research and Development Administration 
<t£RDA) of the contract with NEC was received in May. 
The accelerator system to be supplied and installed 
under thb contract is shown schematically in Fig. 4.4. 
The system comprises all of the components shown, 
including the high-voltage generator, the pressure vessel, 
the injector plat form with ion source, and the inter­
connecting beam transport and vacuum components. 
Also included, but not shown in the figure, are a 
computer-based control system and a complete gas-
handling system with liquid-storage vessels. The com­
plete technical specifications on which the accelerator 
system is based are available as an ORNL technical 
memorandum IORNUTM-4942). For specific detaib 
about the system the reader is referred to these 
specifications and lo the Heavy-hm iMbimtirry Vwj-
lenen which are published quarterly. 

The design of the ORIC modifications required to 
adapt the cyclotron for use as an energy booster rs 
proceeding on schedule with 50 of 1«»2 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 S. 1975. About 125 people were in 
attendance to hear a talk by ERIrA Administrator 
Robert Seamans and remarks by ERDA Assistant 
Administrator John Teem. VS. Congresawornan 
Marilyn Lloyd. University of Tennessee Chancellor Jack 
Reese, and ORNL Director Herman Fosima. 

Overall completion of the facility is still projected for 
late 1978 with initial testing scheduled for early 1979. 
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A users' organization for the facility became func­
tional this year with the first annual n .*eting held in 
October. About 70 people from outside ORNL and 58 
ORNL staff scientists met to ratify the charter pro­
posed foe the group by a six-member executive com­
mittee. 

ewe n-zn»* 

1. UCC-ND Eneneering. 
2. Chemistry Dwision. 
3. UCC-ND Computer Sciences. 
4. Consultant. 

HEAVY ION FACILITY -
PHASE II PROPOSAL 

J. B. Ball 
J. A. Martin 
J. A. Biggrrstaff 
E. D. Hudson 
R S. Lord 

J. E. Mann 
G. S. McNeilly1 

S. W Mosko 
J. A. Murray: 

R. L. Robinson 

Phase II of the expansion of facilities for research 
with heavy ions is being planned to extend the range of 
beams useful for nuclear research to include the full 
range of atomic masses and to significantly increase the 
maximum energy available for the lighter heavy ions. A 
new A' = 300 >o 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 2S-MV 
tandem or the new cyclotron are to be provided. The 
sepaiated-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; (he plan will also allow changes at a 
later titi* 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 1% ft long. 60 ft wide, and 47 ft high. 
A 35-ton bridge crane is provided to handle cyclotron 
components, experimental equipment, and movable 
shielding. 

The new experimental areas will provide 6000 ft 2 of 
additional space, arranged in two large rooms. Each of 
these spaces will be served with three beam lines. The 

80 120 «60 
KM MASS (omul 

240 

Fif. 4-5- lo« c*crc> vs km mass fa rhr K - J00 SSC with ion 
MftctM from nV 25-MV tandem. This w for the case of p» 
tlnppinc in I he undent terminal with foil stripping before 
injection mlo the SSC. Abo 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 mce* the requirements of different beams from the 
tandem and the matching requirements for beams from 
ORIC. 

The magnet sector angle is 52". a choice that gives 
strong axial and radial ion focusing well away from 
resonances due either to magnet imperfections or to the 
fourfold magnet periodicity. Additional details of 
magnet design and its ion-focusing characteristics are 
given in another section of this report.1 

The cyclotron rf system consists of quarter-wave 
coaxial resonators. The dees and respective ground 
plants are cone-shaped structures. Smaller resonators 
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operating at twice the main rf frequency are mounted 
within the main resonators. These harmonic resonators 
serve to effectively "flattop" the accelerating voltage 
waveform to increase the phase acceptance. The system 
is expected to increase the phase acceptance for the 
0.1 "-energy-spread output beam from ±3° to ±10*. 
This feature eases bunching requirements for tandem 
beams and provides better phase matching for beams 
fromORIC. 

The vacuum sysiem for the cyclotron will be designed 
to provide a base operating pressure of I X I 0 ' 7 torr to 
avoid significant losses from chargs-changing processes. 
The system volume of approximately 100.000 liters is 
to be pumped by a system of heiiiim-cooled cryopumps 

aided by small oil-diffusion pumps for noncoadcmaMe 
gases. The system will provide a pvmping speed of 
140.000 liters/sec for air and 10* hten/sec for water 
vapor. Pump-down time is estimated to be IS h i . 

During the past year a formal prccoaccptual design 
study was completed to define the scope and cost of 
the propnsed aidrtkm. A conceptual design study to 
further refine he project design is authorized for 1976. 
Some changes in the design are being reviewed. Among 
the modifications being considered are an increase in 
the size of the cyclotron to K - 400. a change to a 
vertical half-wave resonator system possibly without 
second-harmonic resonators, and a change in rf range to 
increase the upptf frequency limit to approximately 20 

0 'O 10 V. »0 
^~^i -o 

Fig. 4.6. First-floor plan view of the Heavy-Ion Laboratory; the pna» II addition is jfcown at MM bottom. 
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Maximum energy* (McV/4) 
l i a n i o m . " » t ' 4 > 10 
Carbon.'V** 75 

Maximum Be' <k<;-cm> 2540 
F.nergy conaM.' K <t' * K<t1;A\ 310 
Maximum magnetic field (kCi) 15 
Extraction mean radius tm> 2*3 
Infection radius (m) 0.73 1.07 

Wnajneff system 

Number of sectors 4 
Sector ancle (deg) 52 
Cap (cm) 10 
Steel weight (metric ions) 1450 
Main coil power (kW) 300 
Trimming coil power (kW) 300 

RadioafK^iitM.j> system 

Main/harmonic 
cavities 

Number of cavities 2/2 
Frequency range iMKz) b - i 4 / l 2 2« 
Rfvnlta(tt.pcak(kV) 250/100 
Maximum rf excitation power (kW) 200/50 
Amplitude stability 1 1 0 * 
Phase stability (dee) •0.1 

MHz to better match the requirements for high-energy 
ions. 

'With higher magnet power (he design is capable of » m „ * 
• 7.32 k('t. ftp o 2930 kG-cm. and K * 400 and corresponding 
higher energies. 

1. IXC-ND Computer Science*. 
2. IKX-ND Kwpwtetwg. 
3. Sec this report. F.. D. Hudson ct aL, "Magnet-Model 

Studies for Separated-Sectot Heavy-von Cyctetrovu." 

RfclM-BUNCHER TEST PROGRAM 

W.T.MUner N.F.Ziegier 
S.W.Mosko R F King' 

The optimum injection of beams from the 25-MW 
tandem accelerator into ORIC requires that the incident 
beam be bunched into 6° or less of the cyclotron rf 
period. The double-drift harmonic beam-bunching 
system1"4 is especially attractive for this application 
because of its theoretical capability to bunch a large 
fraction of the electrostatic accelerator dc beam into 
the required pulses. A program to install and evaluate a 
prototype double-drift harmonic beam-bunching system 
on the EN tandem accelerator is under way. A portion 
of the EN tandem injection beam line has been 
redesigned to accommodate this equipment, and design 
of the bunching system is in progress. This program will 
include not only bunching-system evaluation but also 
the development of bom-pulse detection equipment 
and a CAMAC-based control system. 
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A study has been carried out in which the probable 
range of ORIC operating parameters was determined for 
a number of kms in the ratss range of 12 to 238 amu. A 
consideration of the ran-,* of orbit frequencies that 
might be required for these ions shows that buncher 
elements of fixed length (6 and 3 cm for the first- and 
second-harmonic elements respectively) can be used to 
cover the entire range of operating frequencies. Figure 
4.9 shows the frequency range that can be covered by a 
fixed-length buncher system operating on 450-keV ions. 
The region below mass 60 can be accommodated easily 
by reducing the ion-injection energy. For example, 
carbon ions will require injection energies of around 
200 keV or 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. 
1. fhn On. Anmi. hot. Pep. Dec. 31. 1974, OftNL-5025 

(1975). p. 155. 
3. W. T. Milncr el al.. IKEH Trtm. Nucl. ScL NS-22. 1697 

(1975). 
4. R. Fmigh, p. 338 in Proceedings of the I9M> Linear 

Accelerator Conference, Lot Alamo Laboratory Rtpoti 
LA-.VM9. 1966. 

DEPENDENCE Of ' : C AND • * 0 CHARGfeSTATE 
YIELDS ON STUTTER-GAS FLOW 

RO.Saycr' E. C. Richardson 

In contrast to the more typical emphasis on high 
charge stales, successful injection of , : C and " O 
beams from the 25-MV folded tandem Van de GraalT 
into ORK* wiH require acccieration of charges 3 and 4. 
respectively, at relatively high terminal voltage. V\. To 
investigate the mtcnsiiies expected for these beams we 
have measured charge-state yields as a function of 
stripper-gas flow m the ORNL EN tandem. Typical 
results for anaryred beam cunrat as a function of 
pressure m the high-energy tube are shown in Figs. 4.9 
and 4.10. These data indicate thai ample charge 3 and 4 
intensities at V, z 6 MV can be achieved al reduced gas 
pressures. 

With regard to yields at higher V,. the ' 2 C data at 6 
MV show thai, by a suitable reduction in gas flow, one 
can move 2 units away from equilibrium lo charge 2 
while suffering only about a 40% loss in intensity. At 
V, = 15 MV the most probable charge is about 5. so 
thai an adequate intensity for "C** with optimum 
gas flow can be expected. A similar argument can be 
made in the ' * 0 case. Therefore it seems likely that 
sufficiently intense low-charge beams of ' *C and ' * 0 
at moderately high V, will be available for injection 
into ORIC. Nonetheless, measurements in the 15 to 25 
MV range are desirable. 

We are indebted to Art McDonald and G. F. • r i b for 
helpful discussions. 

I. Coowwtn Sciences Diraon. 

MAGNET-MODEL STUDIES FOR 
SEPARATED-SECTO* HEAVTUON CYCLOTRONS 

E D.Hudson 
R. S. Lord 
L. L. Riedinger' 
J. A. Martin 
F.Irwin 

G. S. McNeyiy 
S.W.Mosko 
M. A. Barre2 

M. P. Bourgarel1 

T. T. Luong2 

M. Ohayon* 

A four-sector model of a 2200-meirk-ton K * 440 
separated-sector cyclotron (SSC) magnet has been built 
lo 0.15 scale. Magnetic field measurements have been 
made using a single Hall-effect element that was 
positioned by a high-precision numerically controlled 
table. A list of full-scale characteristics is given in Table 
4.2. The SSC is proposed as the second-stage accelerator 
to follow the 25-MV tandem electrostatic accelerator. 
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These measurements were also made to provide 
netk field design information for the GANIL project. 
Four members of the CANIL project (Fig. 4.11) spent 
several weeks during May. June, and Jury at ORNL 
taking data on the model. 

The magnetic field pr< Zt of the model was experi­
mentally mapped at excitation levels of S.8.12.14.16. 
and 18 kC. Figure 4.12 displays a normalized compari­
son of the average inatnetk field a a function of radius 
for 8 and 16 kC. Tim average at each point has been 
calculated along a path of comtant radios rather thm 
along the particle path. The avenge is smooth to within 
0.01% of the maximum field, that is. I or 2 G out of 16 
kG. Between the limits of the injection and extraction 
radii, the 8- and 16-kC fields are similar in shape to 
within 0.5%. The near absence of saturation effects at 
16 kG, the operating point of the full-scale magnet. 

leads to very nearly the same dynamics of particle 
orbits at low and high field levels. 

The effective magnetic angles at several radii are in 
wry good agreement with the calculated nlun and the 
design value of 52°. demonstrating that the steps 
around the Dole edne provide si exodknt aooroxt-
•v^^Pi^w vuu» ujr̂ ^^» *̂ŵ nw> BFv^^w^m^^ u m v « * ^ w » f * » • w v i * v ^ v 

nation of the desired Rogowsfci profVe. The constancy 
of the magnetic angle as a function of radius also 
demonstrates the success of the pole-edge design. We 
find, in addition, that the magnetic angle at a given 
fauns is constant to within 0.5° from 8 to !6kC. This 
once again shows the near absence of saturation effects 
over this important range. 

The results of General Orbit Code calculations with 
" C * * and ' " U " » injected into the 16-kG field are 
graphed in Fig. 4.13. Here the orbits at successive radii 
were isochromzed by adjusting the field level as a 
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INGRID PROTOSAL 

M J. Sahmarsh R r worsrum 

Some «>* the major technulopcal difficulties irui writ 
be encountered m the search lor commercial fusion 
power are associated with the radiation damage to 
structural materials earned by the 14-MrV neutrons 
rmilied from a J-T plasma. Investigation «>l lht> effect 
K severely hampered by the lack M suitably miens* 
sources of energetic neutrons that are capable of 
sinwlalinf the spectrum expected at the first wail of a 
fusion reactor. 

In response to this need a proposal has been prepared 
and submitted to the LRDA Division of Controlled 
Thermonuclear Research for the construction ot an 
•Heme neutron generator for radialion-.nduccd damage 
( INGRID). 1 The proposal represents a collaborative 
effort involving several ORNL divisions f Metal* and 
Ceramics. Physics. Reactor. Solid Slate, and Thermo­
nuclear) and staff from the Accelerator Division at the 
Fermi National Accelerator Laboratory. 

The INGRID facility is based on Ihe </Li concept, 
which also forms Ihc basis of similar proposal* by 
Brookhaven National Laboratory (BNl.r and Hanf.wd 
Engineering Development Laboratory (Hf-DI». ' A 
100-mA 40-MeV beam of dejierons produced by a 
Imac with a 100^ duly factor would he used to 
bombard a 2.5-cm-thkk jel of liquid lithium (rig. 
4.14). Neutrons arc produced mainly in the forward 
direction, providing an cxpcrimen'al volume of several 
hundred cubic centimeters al fluxes C I O 1 * neutrons 
cm 2 sec ' . equivalent to ihc flux on Ihe first wall of a 
fusion device operating al a wall loading of I M W ' m : . 
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The range ot vr and v. values is quite satisfactory for 
ihc successful operation of a four-sector cyclotron. 

I. I'ltrmwiy of Tennrucc. Knoxrillc. 
:. Propel';A*ll.francc. 
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Analysis of the effects of the resultant neutron energy 
spectrum shows them to be very similar to the effects 
expected from a fusion spectrum, in terms of both 
atomic displacement and nuclear transmutation rales. 

A pbn view of the facility is shown in Fig. 4.15. The 
r cotunoncuts are the following. 

1. The km source and high-voltage column, capable of 
producing a 200-mA dc beam of 350*eV d * ions. 

2. A 60-MHz cw Imac. approximately 45 m long, to 
accelerate 100 to 150 mA of the injected beam to 
energies of 20 to 40 M«V 

3. A beam-transport system to send the beam through 
145* to -me of the two trradialion ceHs. 

4. A lithium circuit that pumps liquid lithium to one of 
the two lithium targets, each of which consists of a 
10- by 2.5-cm jet of lithium moving at 15 m/sec 
across the end window of the beam-pipe vacuum 

system. The one free surface of the jet is exposed to 
the vacuum to enrrwrate the need for a window. The 
4 MW of beam power dissipated m the lithium 
circuit is transferred to a secondary heat-transfer 
fluid, tentatively chosen to be Dowtherm. 

5. The irradiation facilities, consisting of the heavily 
shielded irradiation cem containing the lithium 
target, the probes that hold the samples to be 
irradiated and carry the experimental services 
through the shMding. and the hot-cell facilities used 
for dismantling or repairing experiments. 

The facility must be conservatively engineered be­
cause irradiation times of a few days to yean will be 

The overall cost, including some prototype develop­
ment work, is estimated to be ""470 million assuming 
INCRID to be an FY I97S project. The time required 
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OtUCOfERATrONS 

C. A. Ludemann 
M. B. Marshall 
H. L Dkkerson 
C. L. Viar 
H. D. Hackler 
C .L . Haley 

C. A. Palmer 
J.W.Hale 
N. R. Johnson' 
A. D. Higgjns1 

t W. Sparks3 

R. C. Cooper4 

The ORIC operated on a 15-shift-pcr-wcek schedule 
essentially throughout CY 1975. Tabic 4..1 shows a time 

analysis for the year. With ORSL's engjnctung staff 
concentrating on the new Heavy-Ion Facdity project, 
scheduled downtime was devoted pnnr.nry to repairs 
and preventive maintenance. Our bunted means are 
being used to improve the operation and rebaNiiy of 
existing systems rather than to expand the research 
capabilities of ORIC. 

A comparison with statistics for Ihc previous year 
shows Jut ORH? was operable 1017 hr more m I97S 
than in 1974. A 26 to 3 5 1 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 dlustratcs the broad nature of the 
research activity as well as the breadth of collaboration. 
Ii should be noted also that "IW of the bombard­
ments were for materials research and the production of 
plutonhim isotopes for environmental research. 

Table 4.S summarises beam use by type of particle. 
Approximately 80** of the research was conducted with 
projectiles heavier than helium. The state of radiation 
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safety at ORK" dwrmg »"*75 remained too*. There were 
no pmormel exposures beyond penmssrbie Knits, and 
there were no radioactivity releases rcseitmg m a 1 
of contamination beyond zoned areas. The 
•teamed dose received by am/ mdhiduil associated 
•itfc cydotroH operatioiB was 0-5« rem. ibe average for 
the group being I SI mamems. Tbe cyclotron .pernors, 

receive the hjaxm exposures, had doses thai 
405 iwmuiiu. the highest single exposure 

that indicated above. No responses significantly 
above background variance were observed by con 
inwoBily operating air moniion in and around tl.e 
facility, unhealing effective containment of pariicu*Jte 
radioBciive HMKIMIS. 

Three major scheduled shutdowns n i l considerably 
reduce OWC research lime in 1*7*. The shvidowns arc 
for ( I ) ibe removal of the "fringe-field conccniraior" 
and installation of a new vertical posHhwing magnet. 
(2) the complete mapping of the cyclotron's magnetic 
field, and (3) the insfalation of a new dec. All three 
projects arc being undertaken in preparation for 0RK"s 
role as the energy booster for the 25-MV tandem. 

I. fhnuotrv PivfofciR. 

J. iMnMNrolalinn ant CnMw* IWrimm. 
4. Hcaltli Pnywa Dwirtcift. 

of two 
two tube type i 
and me 

Desamof the 
for the tnm and harmonic c o * was completed ami the 
first nut vmsbemgmrtanVdatibeemlof the year. The 
conuol computer was tested by using n 10 operate 1° 
power supplies waring five weeks of routine cyclotron 
operation. These tests were successful ami the computer 
control of aM magnet systems is expected to be 
completed by umi-l<>7f». 

The 153* analyzing magnet was recalibrated. Since 
the original cahmntwa. the sKt mnluniimi have been 
reflated and the avctear fhnmeier location has been 
shghdy changed.. To recahvrate tbe system at low field 
labont 2 kC). a I mm wide 1 # *Cm alpha source' was 
placed at the entrance ml location, and tbe image of 
tins somcc was viewed with a lohd Jiate pontkm-
sensitive detector at the exit sht location. Tbe magnetic 
field at the nndear fluxmctcr location required to bend 
the 5 J05-*kV alpha panicles along the beam orbit was 
found lobe rcproducibk to OJGm 2 kG provided the 
magnet was taken to saturation for about 30 mm before 

The absotate vanbration was extender at the same 
way to - 4 kG by observing singly charged 5 J05-MeV 
alpha particles from the somcc. The remaining caMbra-
tion was accornphmed by extracting a ""74-MeV 
1 # Ne** beam from the cyclotron and recording the 
magnetic Odds (at the nuclear fhixmeter location) 
required to bend the 5*. ft*. 7*. and 9* beams to the 
exit slit location. These beams remit from stripping by 
residual gas in ihe ORIC beam piping(~I X 10 * torr). 
The magnetic rigrdiiy of 74-MeV "Ne** is very dose to 
that of SJMflcV 4 H e ' \ and we need only to assume 
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mat the radius of curvature does not cha •gem a few 
gams variation near 4 X 10* G T k m a l hmimiun of 
dm metkjod is the enor associated wich dct mmnmtdie 
peak m< unty poiM of a broad energy spread The 
better die lesumthm of die primary beam, the < 
is to dticiiwmi die peak location. Within this 

. the method appears to be a qmck and easy way of 
n absolute cahbration for heavy-ion beam* 

i systems. 

4 kHz 
for many cases of ~+ 

form of dx program is smmar to 
nCGASTRlP ami ITSSE pro-

by W. T-
program does a punortmg of a l m at cVa and lists 

mto an array on disk. When die list array fits, the 
both to list into a 

array ami to update die i 
array from die first list array, Mack effort has been 

to ensare that OV nsc of a l dofc 1 0 activity 
interrnpts is uptmrnud. The program is kwutcd to I 

by the smt and lapnliiij of die 
present ORIC comptti system, ahhongh die actual 

•pabmiy of the program should be largely 
it of the actual array site. As long as d * 

rate stays below dw nmhmnn throngbpnt 
of dw program, die front-end dradfimr is 

scarcely affected by die ovcral compntcr activity. 
Om charged-particle experiments now routinely 

event rates of I kHz into SOQjQOO chmnrti. and 
maltiplicity experiments nsc an event rate 

of 4 kHz into 128.000 chauutlj. The program has been 
adapted to off-line piutuamg of hsi-modc data stored 
on magnetic tape and may be extended to handkr 
mmtiscalmg of enher charged particles or gamma rays. 

*/C. E. otrfcc 

ORIC DATA ACQUISITION SYSTIN 
DCVELOTMErfT 

D.C.rknslcy 

More than an order of magnitude improvement m 
throughput capability for data acquisition into large 
two-dimrnsional arrays has been achieved with die 
development of a qunst-feting program. 

Many of the "two-dimensional" cxperimenu at ORIC 
were increasmidy restricted by the limited throughput 

OCVELOTMENT OF A CAS-JCT-TO-TAPE 
TRANSPORT SYSTEM 

H.K.raflcT' 
J. L. Wood1 

RLMIekodaj* 

EHSpeewski' 
K.SToth 
R . J . S H W 

A helium f&jet transport system has been used 
extensively for radioactive decay work at ORIC for 
several yean. With expanded use it became apparent 
dial the coOection chamber needed to be redesajmed to 
increase its flexibility and to make more efficient use of 
cyclotron time. Therefore, some means of automating 
sample collection and data acquisition needed to be 
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developed. To •nrnmpiih these otjecthe we have 
conmvtr-d a cop*- of ihr nrnjnil reaction dumber* to 
ike UNtSOtt tape transport system* by a 13-mm-ID. 
15-m Teflon capdmry. The activity in the gas jet n 
deposited on the Mylar tape at the not port and can be 
mowed toeiiher of dttodpn two detector stations. T V 

greater variety of experiments to be performed as writ 
at alomrng a second experimea: to V set up wane 
another B being nan. The tape motion and data 
omttthm are coatroaVd by the FDF-I I based data-

n t Base touau mjc operafmg parameters ot mts 
system to compare favorably with the older Ishorter 
cammary) system. It is anise easy to ran at efficiencies 
(vis-a-vis a duvet-catch measurement) of 303. Standard 
dwstfr-gencraraon ttchniaacs were nsed pranaruy. 
Ihww.m. it tppnri. that pirrmg the h d n m over heated 
SM4CI increases the efficiency by abont a factor of 2. 
The transport tnae has not been measured accurately, 
however, we detected a 3-sec activity bnt mi not detect 
a 0.1-sec activity. To mustrate t V nsefnlness of das 
system we have obtained excellent comcatencc data m 
2 to 4 hr on previously oustudied decay schemes far 
from the hne of sfabvfcry. for r u m p l e . ' * * M An. 

To be able to do alpha or electron spectroscopy it ndi 
be necessary to move mr source from dke hnjh prcimire 
region into a lacwm tepon. Wc have tested an 
adaptation of a laiuum tape seaT and fonnd that less 
than 20% at the tas^t-deposited actmly is wiped off 
m passing through the seal. Work is continuing on dus 
aspect of the problem. 

1. ITOSOtt. Oak Rmjr K < K W I rmwruur*. Oak Rat**. 
Tern. 

2. Gtmgm Wwnr—» M Ti itwnlmj. Alfafa. 
J. Clusxwtf? D M M L 
4. W.-O. SduaiM-On mi K. $. To*. Xmrl few** Mrmutt 

121. •7(1*74). 
5. K. S. T*ffc r i aU f f tn Hr% C 2.14M (IVftl). 
t. H. K. Canrr ct «U A n Of Amm Frng. Hem. Ihv il. 

1972. ORNL-4M4 U971).n. 142. 
7. H. K. Carter mi R. L. SUffcedaj. Xmrl h mrnrn. Mntmm 
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O X K HARMONIC-tCAM STACE^HARCC EFFECT 

M.LMattory K . N . Fischer E.D. Hudson 

Wc have experimentally detected a heavy-ion beam 
lou when two harmonic beams arc simultaneously 
accelerated from the ion source in ORIC. This loss » 
dependent upon the pressure in the cyclotron accelera­
tion chamber. Two helium-cooled cryopanrls were 

•stated in the ORJC magnet gap. resaiune m lower 
pftsswt m the acceleration chamber. In beam-
traasHHSStou experiments with hrlinm-cooled ciyo-
panrli. an argon beam increased m intensity, as ex­
pected for me lower pressure. Therefore, use of me 
cryopanets was lecoanueadcd foe beams hmited by 
accelerator -dteasrty. such as O**. 

T V cry-jpaneb were first used with an " O * * beam 
aurmg a two-week perwd m JuK 1174. A imrd week of 
rmmmg vnthou. me cryopaneb M o w e d , and me 
expernaeaier reported mat operatson with me cryo-
paneb resulted m a decrease of me oxygen-beam 
nateasny. In March 1975. a series of mcaswxmcats was 
made of rise oxygea^bram mmaiity with t V cryopaucts 
at room tempi ijtaar and at ZO'%. whtch verified the 
difference. Results of these measurements JVC pIVfuTMCV 
m Fvj_ 4.16. In Fig. 4.16. O M T beam mteasty n. 
ptotted as a function of die square of me radius from 

MOW MOW** tori*! 
Fqg. 4.1* . T V UBMU aNcaarv *s mm* rnwmmu uj ,»< m 

mmmmt 1mm nw cmirr «T OWT mr m n t s t n t (mil 
nunimir) '*<>*' M U M . T M Vur orp m nw Mtflmiy « ~5t 
CM n imniirird as mr UBXWMMI n s w for tm rfirm fcimmnwi 
" o " bran. Thr ran n n n were afcijmrJ tut :nnm-
k M f f n i m mi 2rr*K crynnturH Ibntcr «acuw«l wiifc ;kr 
wuw numisfii tmomnm M ihr o-dmmn mi m* « « m . Tnr 
mwnwy of iter V M U 11 7A cm •orvntctaMy srcimri tot mr 
kriMr »jtu»w CMMMKMK fhr uadard me* m mumx%*m\ M 
i m " 0 " * u l ' * 0 ' * l « » i w . 
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the cyclotron center both when the coopands are at 
20°K and at room temperature. The beam intensity 
extracted from the cyclotron is directly proportional to 
the intensity measured at 76 cm and is less for the beam 
with the helium-cooled cryopanels. The other signifi­
cant feature in Fig. 4.16 is the beam loss that occurs at 
~58 cm: this is identified as the maximum radius for 
the harmonic beam '*0 '* . Figure 4.17a </ illustrates 
the computed phase-accdenKion histories of ' *0'* and 
1 * 0 5 * beam bursts for one rf cycle at intervals of ~-% 
rf cycle. The '*0** beam (extending from 2.54 to 76 
cm) was assumed to have an acceptance phase width of 
48° The five "buckets" of the accelerated beam of 
1 * 0 " are also shown. The significant feature of Fig. 
AMa-d is that the " 0 s * beam bursts are passing 
through the high-intensity beam buckets of '*0'* as 
they are being accelerated to full radius. This :s due to 
the difference in angular rotation frequency of '*0** 
and'H)". 

For the harmonic-beam conditions described above, 
the axial force balance must be integrated over the time 
that the brams overlap in $; this is shown by 

d2z 2 " 
. • n l - ^ t m l u 1

2 ^ | ; 1 , , J £ Z j d t ) , = 0 . (1) 
1 »i=o 

where the subscripts 1 and 2 refer to the different 
harmonic beams, m is the particle mass, w is the angular 
rotation frequency. vz a the axial betatron frequency, z 
is the particle distance from the median plane, q is the 
particle charge. Ez is the beam-burst electric field, and 0 
is the particle azimuthal position in the cyclotron. The 
average beam current (/) limit for no focusing of the 
higher harmonic beam can be shown to be 

where e 0 » the dielectric constant of free space. V is 
the voltage gain per tum, and A is the harmonic number. 

The results of Eq. (2) lead one to conclude that the 
space-charge force from high-intensity beams must be 
considered for beam losses of accompanying low-
intensity harmonic beams. 

Only a small number of ORIC beams are affected by 
space-charge forces. The principal beams thus affected 
are listed in Table 4.6. 

The trajectories of * *0'* and ' *0** starting fn .n the 
ion source are shown in Fig. 4.18. The ' 'O 5 * beam was 
started at an rf phase of 20°. dee voltage of 70 kV, and 
a magnetic field of 18.4 kC. The ' *0 '* starting phase 
was assumed to be 70°. The orbits do not continuously 
overlap, suggesting that a beam interceptor can be 

TaMe4ut. TWMHMKIWJ/ aucktled 
bcaasMOMC 

H%k-ch>rie- . Low-dorfe-
state bean state beam 

' u * 1 * U H 3 
, r C * 1 i i f . 1 * 5 

" c * I7f» j 
M M 5 » , I 4 N H j 

»*o* • * O H 5 
•*o** " O * 3 
l » 0 » ' » O H 5 
' V . I » F I » j 
" N e * 1 w N e * 3 
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Fit. 4.18. Tke cental wgfow orbit trajectories of ,*O l* and 
"o** starting from the ion some*. The starting phases are 70* 
and 20* for "O 1* and l*0* respectively. An ideal location for 
a low-charge beam interceptor is shown in the dee. its position 
should be variable for the different mass beams and cyclotron 
sfttmp. 

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,1 has operated almost flawlessly since startup 
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ami is presently being used to test and evaluate a new 
negative-ion source based on the sputtering principle2 ' J 

and to study the negative surface ionization of heavy 
molecular ions such as 'JF» by heated pUtin'ini metal. 
All aspects of the facili.*> have met expectations 
including the special compression lens employed to 
maximize the beam transmission through the limited 
direction of the magnet chamber < 1.59 cm. acceptance 
-I4n crrrmilliradians). The effect of the lens on the 
ion beam improves the transmission through the system 
by a factor of ~2 . Preliminary measurements for 
low-atomic-weight ions such as carbon indicate a 
transmission efficiency of ~W%. However, it is ex­
pected that the efficiency will oe somewhat lower for 
hijvier ions. During the next calendar year, the facility 
will be used principally for negative-ion-source develop­
ment, and an effort will be made to incorporate 
additional ion-source diagnostic equipment such as 
emittance-measuring and energy-analyzing devices. 

u*a.-3K i-vto* 

1. G. D. Alton el al.. thy*. Dir Anna Pmg Rep. Dec. SI. 
If74. ORNL.-5023 <l975l.p. 194. 

2. G. D. Alton. IEEE Trans. Suet Sci NS-23. 223 11976). 
J. See this report. G. D. Alton. "Frdinraury Evaluation of 

MurOcr-Hortig Geometry Nejalrw-lon Source." 

NEGATIVE ION SOURCE DEVELOPMENT 

G. D. Alton 

The Middleton Adams Sputter Sower' 

As indicated in last year's report.3 several major 
difficulties were expeiienced with the vendor-supplied 
sputter source which seriously affected its performance. 
Almost without exception, the difficulties were asso­
ciated with the surface ionization source; consequently, 
the source was totally redesigned (Fig. 4.19) in an 
effort to eliminate or reduce the problems. The 
previously reported modifications1 were incorporated 
in the design and have since been thoroughly evaluated. 

The ionizer and vacuum-seal designs have worked 
perfectly without failure or vacuum leaks during the 
past calendar year. During this period, a single ionizer 
has been employed, and it is still in use Although the 
ionizer heater-assembly modifications (described ear­
lier2) reduced the number of heater failures due to 
burnout and mechanical breakage, the burnout problem 
persisted even after redesign. Another heater-assembly 
design has been incorporated which ha* proved to be 
more reliable and less expensive. The new design has 
virtually eliminated the heater element problem. 

The heating elements are now wound at our labora­
tory from molybdenum or tungsten wire in the form of 

LEGEND 

0 CESujMOVEN 

<D MECHANICAL SESL 
(J) STAINLESS TO MOLTBDENUM BRAZE 
@ IOWKH HEATER CONNECTION 

( D MEAT SHIELDING 

© IONIZER HEATER 
© POROUS TUNGSTEN IONIZER 

Fit. 4.19. TkeOftNLsMface 

a spiral. Molybdenum is preferred because of crystalli­
zation problems that occur whenever tungsten is heated 
to high temperatures. After winding, the element is 
uniformly coated with aluminum oxide to provide 
electrical insulation. Since incorporation cf this design, 
only one heater has been burned out and that because 
of overdriving with the power supply. The cost of a 
heating element has been reduced by a factor of ~5 
over those commercially procured. 

By incorporating the indicated modifications, the 
original problems associated with the Middlelon-Adams 
source1 have been eliminated, and the source now 
operates very stably over periods of time approaching 
1000 hr between major cleaning operations. 

Charge-Exchange Source 

The problem of a continuous instability in the 
charge-exchange source was diagnosed. The instability 
was produced by the incorrect polarity of the einzel-
lens coolant lines with respect to their surrounding 
electrostatic shield. A Penning ionization gage (PIG) 
configuration resulted which led to periodic loading and 
unloading of the lens and negative-ion-extraction power 
supplies. The problem was eliminated by feeding the 
coolant lines through the vacuum housing at another 
point. 

Coolant was added to the magnet of the duoplasma-
tron, allowing the use of solid wire tantalum filaments 
instead of the conventional oxide-coaled platinum 
gauze. The length of uninterrupted run time has been 
increased to more than one week and the anode lifetime 
has been increased by several times as a direct come-
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quence of the added coolant. The mass spectrum 
emitted by the source is abo 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. Middkton and C. T. Adams. Hud. lustrum. Methods 
I IS. 329 (1974). 

2. G. 0. Alton, Hivs. Diw. Amm. rrog. Rtp. Dec. SI, 1974. 
ORNL-S02S (1975). p. 194. 

PRELIMINARY EVALUATION OF 
MUELLER-H0RT1G GEOMETRY 

NECATTVE40N SOURCE 

G. D. Alton 

Since the discovery by Krohn, 1 in l % 2 . that yields 
of negative ions are greatly enhanced by sputtering in 
the presence of alkali metals, several negative-ion 
sources utilizing this principle have been developed. 2" 
In recent months, a sputter source based on the 
Mueiler-Hortig source has been designed and is pres­
ently being developed at ORNL at the negative-ion-
source test facility.1 

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 (he later Middle ton-Adams source.3 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 Mueiler-Hortig 
source recently designed and constructed at ORNL are 
described below. 

of theSoarce 

The ion source, shown schematically in Fig. 4.20. 
utilizes the surface ionization source* to produce j I -
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 einzei lens which will be described 
bier. The incorporation of the surface ionization source 
extends the source lifetime to >500 hr. 

The einzel lens used to focus the ion beam onto the 
sample surface is designed to compress the beam more 
strongly in the horizontal than in the vertical direction 
to partiauy compensate for the oblique angle of 
incidence (10 s ) and to produce a more circular beam 
image as viewed along the negative-ion-extraction axis. 
Observation of the wear and deposits patterns on the 
negative-ion-cxtraction electrodes indicates that the 
shape is almost circular. 

The sample wheel contains (8 samples in a circular 
arrangement around the wheel; a particular sample may 
be selected by indexing into the beam position. The 
sample wheel may also be moved in and out to 
compensate for misalignment or beam steering by the 
positive-ion lens. The results given here were obtained 
without coolant on the wheel, which may affect the 
negative-ion yields; the coolant will be added later to 
evaluate the effect. 

A gridded electrode, biased I.S 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 

ICGCNO 

0 ttjftMcc amurioft souftci 
© »0S'T,v{ KMCSTMCTlOMlCCTOON 

(J) S W l E 
® ti'»*crio* accrued 
(i) KCIUIMTX* (iccTftooc 

Fig. 4.20. Tht ORNL neptive spHller source. 
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Sown Operation 

The source has thus far exhibited excellent opera­
tional characteristics- The surface ionizer b heated to 
~IIOO*C by an annular cylindrical heater that sur­
rounds the ionizer; the cesium oven b operated typi­
cally at ~2J0°C- The dependence of the negative-ion 
yield on positive-ion lens voltage b shown in Fig. 4.21. 
As anticipated, the current b strongly dependent on 
how well the beam b focused on the sample surface. 

Negatm-ion Yields 

A partial list of the negative-ion species that have 
been produced to date b shown in Table 4.7. The 
source b seen to be a good producer of many 
elemental and molecular ions and b an excellent 
producer of ions from high-electron-affinity, high-
vapor-pressure materials. 

The source b equipped with a gas feed system from 
which high-vapor-pressure materials can be fed. The 
sample surface, onto which the material a fed. may be 
selected by the indexing mechanism. The effect of the 
sample surface on the generation rates of several ions is 
shown in Table 4.8. The yield of a particular negative 
ion b seen to be dependent on the chemical properties 
of the sample surface. 

The results just described are preliminary, and during 
the next calendar year the source will be evaluated 
further. In particular, attempts will be made to maxi­
mize the negative-ion yields by incorporation of coolant 
on the sample wheel and investigation of the effects 
produced by using an oven for vaporizing additional 
surface cesium. With the incorporation of these fea­
tures, along with the optimization of the negative-ion-
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TaMe4.7. Partial list of 
gmtniae4 in ow OKNL avifter 

Ion Ion 
current ipA) 

l 
! Ion 
! 

Ion 
current 0iA> 

Al" 0.2 : r 26 
AK)" 3 N i " -0 .2 
Af 0.250 NW" -0 .3 
* - 1.2 Pb" 0.03 
An" 6 PbO," 0.4* 
C" 25 Pi 3J) 
C j " 20 S" 44 
CI" 100 Ta" 0.03 
Cu~ 0.5 TaOj 2.0 
CuO" 0.8 TaOj" 0.6 
1 " 40 T i " 0.04 
l e " 0.1 | TiO" 0.200 
FeO" 0.8 TiOj" 0.07 

"Siniered silver powder saturated with cesium. 

Table 4.8. Influence of the positive-ion impact surface on 
the rate of ncptive-ion generation 

Ion Feed 
material 

Ion currenl l*iA) from i on generation surface of 
species 

Feed 
material Al A« Au C Cu l e Ni Pb Ta Ti Pi 

CI" ecu 100 57 24 27 40 40 30 11 42 40 14 
1 * sr* 25 6 5 8.5 15 17 12 9 35 40 3 
1" CH, I 26 7 4.8 16 13 13 15 10 4 23 9 
O" O j 30 1.5 3.5 7 7 20 15 3 10 20 1 
S" <s, 44 4.7 2.3 20 16 19 13 2.1 18 35 3 4 
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extraction system, the source is expected to reach 
maximum potential. 

1. V. t. KIUIM. / AppL l%n M . 35231I9*2>. 
2. M. Mwarr aad G. Hotr*. K H r > w Vwt So. MS-HV. 

M O W ) . 
3. R. MiiUrtu* and ( . T. V t u n . .Vwl Annul . Mrifcafe 

IIC329<1974). 
4. P. Tykeno*. H. H. W n n . arf J. U t t w o t i . / « £ 

Turn. .*•*! SOL NS-230JI I97fc>. 
5. K. K. Cfcnrana. « H " 7<*a *mt Sri NS-23l2l (1974). 
6. H. V. Smith. Jr.. a l H. T. Rktafe . %urf. AnfMi. 

MrffcrtlZS. 497«19751. 
7. G. D. Alio*. «SHT Turns. Xmrt. Sri NS-2342> 11»7*>. 
t. See tint report. G. D. Alum. "NajtfivrJoa-SaaKr DcwJ-

9. W. B. Muiwuwiftl*. SLAC icuon IM. Stanford fw-
vcMy. Stanford. Canf- 1973. 

VAN DE GRAAFF LABORATORY 

TANDEM VAN DE GRAAFF OPERATIONS 

G. D. Alton J. W. Johnson 
R. P.Cumby E.G. Richardson 
J.L.C. Ford. Jr N. F. Ziegler 

The research activities on the tandem for the year 
1975. together with the principal ions accelerated and 
approximate beam-time utilization for each activity, are 
listed in Table 4.9. The research time was equally 
divided between nuclear physics research and atomic 
physics or solid-state research. The experimental pro­
gram on the accelerator is largely devofed to heavy-ion 
research. 

Finances have made it necessary to limit the opera­
tions of the tandem. From January until May the 
accelerator ran half time (one week on. one week off) 
Since May. however, the scheduled operation of the 
machine has been increased to about two-thirds of the 
available time. Despite these restrictions, the accelerator 
was used for approximately 4000 hr of research time 
(including hours between 4:30 PM and 8:00 AM and on 
weekends, during which the research groups operated 
the machine). 

Difficulties with the ion sources required an amount 
of time equal to about 10% of the total research hours. 
Most of this lost time was in the first part of the year 
and was due to sparking in the charge-exchange source. 
However, this problem was solved by relocating the 
high-voltage feedthrough for the first einzel lens of the 
source. Since that time both the charge-exchange 
duoplasmatron and Middleton-type sputter source have 
given routine and reliable operation. 

The principal downlines of the Van de Graft 
accelerator itself were three days required to replace 
resistors and springs in the column and four days to 
replace the drive motor and terminal alternator. The 
actual failure in the second downtime was in the 
bearing at' the terminal alternator, bur both it and the 
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 piogunas 
on the tandem are expected to increase in the future. 
These efforts will probably require new beam lines 
dedicated to new and specialized instruments for the 
anticipated research. Furthermore, these atomic physics 
and solid-state physics applications, as weH as the 
heavy-ion nuclear research, will requite 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 tines and 
additional beam lines are being planned. 

CN VAN DE GRAAFF OPERATIONS 

F.K.McGowan G.F.Wells 
M. B. Lewis' F. A. DrCarlo 
M. J. Salimarsh R. P.Cumby2 

C. H. Johnson Martha Inman 
N.H.Packan1 

The 5.5-MV accelerator is now used routinely for 
heavy-ion-induced radiation-damage studies1 by the 
Radiation Effects Group of the Mefals 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 I to 3S0 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 to a fluence 
~ 1 0 2 J neutrons/cm*). In the present arrangement of 
the radiation-damage facility, the effective sample area, 
produced by the 10- by 10-mm beam defining aperture 
upstream from the damage chamber, is I.I I cm 2 . 
Therefore, a dose of I dpa requires 300 pC of '"Ni 1* 
ions incident on target, and the average rate of 35 
dpa/hr corresponds to 3.0 pA of 2+ ions spread 
uniformly over the 10- by 10-mm aperture. Several 
samples have been irradiated at a dose rate of SO dpa/hr 
(4.2uAof2+ions). 

The Danfysik ion nourct was refurbished 18 times 
during 1975. With an initial charge of 200 mg of s"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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uA on target (during 1450 hi of operation the titewaes 
haw ranged between 60 and 113 hr). A summary of the 
u e of the * *Ni ion beam B 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 unpk-
mrautiun of the new radiation-damage chamber. 507 
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 drroted to ( I ) developing a moni­
toring system to measure both the on-line intensity and 
uniformity of die heavy-ion beam and (2) preparations 
for upgrading the performance of the terminal. The 
heavy-ion beam requirements for radiation-damage 
brmfcrfdmenfs are rather severe; a large area of I c m 1 

must be uniformly irradiated without rastering and with 
large intensity. This is accomplished with a ring k m 4 

which focuses the positive-ion beam onto the 10- by 
lOmm entrance aperture to the radiation-damage target 
chamber. A beam profilometer (Thywon model 
MS-10). located between Ibe aperture a n ' target 
chamber, scans the beam at a rate of 10 Hz with two 
vanrs sweeping nearly parallel to the X and Y axis 
respectively. A Mock 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 

TaMM.10. U s c a r o w ' N i i M 11975 

Activity Total 
hours rVrotnt 

Irradiation of 140 a m p i n < 12.545 dpa or 
35 dpa;hr) 

356 25 

Loading and renwrint. samples from damage 
chamber (-3.5 hr per sample) 

4*11 35 

Calibration of beam profile monitor to 
provide the total ion flux incident on 
the laqtet ( -100 calibrations) 

I * ) 13 

Microaperturc scan of the beam profile 
at the (arret position 

30 2 

Accelerator startup time and preparation 
of the ion beam for an irradiation 
(1 hr per sample) 

140 10 

Startup time after refurbishing the inn source 
(12 hr) 

Total 

216 

1420 

15 

100 

F«. 4.22. Mack of ntavy'fM 

assist the Van de Craaff 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 lime 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 
Ihe beam profile for an irradiation. 

A second beam profilometer is located upstream of 
the ring lens. This profilomeier display assists the 
operator in preparing an ion beam emanating from ihe 
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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J. M. u. U v B c t a L . p t 15 in Itunmnafs « / « 5ra 
ExpnmmtmUi Hrtkmb far ( navr** Arftr ir In 
W f . Tmm.. Srpt ». I*?5. tTtkXF 75-0*47. H t P A Te-»mral 
I f w m w < cwci . Oak Rater. Ten*.. 1*75. 

4. < . H. M M « K t / « » M JwVaWr 127. 1*3 <I*7S». 

O A K M O C C E U E C T R O N L I N E A R 
A C C E L E R A T O R 

J. A r t - t r e y ' T- A . L e w » : 

H . A . T t i d d : J . C . ( r a v e n 1 

The Oak Radge Electron Linear Accelerator ( O R E L A ) 
was operated for neutron experiments for 5 I 3 X hr 
during l'»75. Operation was reduced from six days per 

week to free days per week m May and to a conservative 
runner to reduce operaunf expenses. At hajh powers 
| » O k W ) the electron beam is swept vertically to 
decrease local heating and the possibility of burning out 
the tantalum t a r g e t A larger beat exchanger was added 
to the target coofang-water system to allow the target to 
dissipate 75 kW average power white keeping the 
coohng-water temperature below 100 'F -

The research actmlies at ORF.LA m I*»~5 are listed in 
TaMe 4 . 1 1 . Because experiments can be operated on 
several flight paths smwltaneousiy the total number o f 
experimenter hours shown for the various actmi i rs B 
much larger than the 5138 hr o f accelerator operation. 

T a U c 4 . l l . N C T W — o i i w u t M i p w f c j — • at OwELA • 1»7S 

Type«' 
cxpri inarm 

Neatron 

Total cross 
vrrtmnt 

Capture i l i i » 
wvNnm 

l-ramn cross 
wcrions 

!*.>) spectra 

Olher experi­
ments 

H m m i i i . notope-... etc. Fxpernmcnters 
. ma\l 

C.KNj .Mr .Fc .Cu .Y . "Li. 
* *Fe . * » • » * > • * i - *S * *X i 
* , J * 5 C u ••»-**-*7 J *s.?o Z | | ' 
• • • x i . . J « » P b . : " - " l . 

IMH>5rV .411 MeV AiRhampauch.' nenfamm.* rowler. l^Uf.' 
(»«»>. Ilarsey . IMI . Inck. J.+n-oxi. I j f v m . 
k R«;<4rur.<' f Mscn. Peres. Peie/. Ram? •. 
T»dd. *c«tnv»nn r 

M e . C r . F e . Z i . M o . M - , * - 5 T F e . OOI eV. 2MeV Allen/dcSau»urc. F arte 5 Care.'' I M I . tialnrrm. 
Ic Ktr"ieut.J Macklm.Fandei.' Peres. Pcre/. 
Tod-I. WcBMnann.'' Weston. » m « t < * 

:*S« **-**-**Ni. , 4 0 < V . 
: , I T h . : » l 
2 4 1 Am 

* , J T h . » * J»«|T. 2 " ~ 4 « P u . rt»l cV. 14 MeV 
2 4 i . 2 4 s < m 

V. la . An. , a # M o . 
I l « . l 2 1 . 1 3 4 ^ I 4 4 M > 

I 7 , Y | , I Q 4 . 2 . 7 . , , 

I « . J » 1 . V.Cr. Nh. Mo. Au; 
5 , S l l » I . « l . l « . " * l ! . 
" • P u . 2 5 I C f ; integral 
neutron scattering. Al. S I O J ; 
fission chamber efficiencirs. 
» * . « » l . . » » r r : neutron 
flux measurements: response. 
NF-213: calibrations, he. Ta 

0.4 eV. 20 MeV 

O.fV eV.20MeV 

Mahrn. deSaussure. DifriipDo.' hehicci/ ( iwm. 
Mill. Imrtr. I ucrs.' Mdktmun.' Pere/. Raman. 
Todd, nesron 

Carlton* Chapman. <;»m. Hal. Ingle. Manure/ 
Morgan. Nr» nun. Raman. Slaughter. 
Wcigmann.r Wells"* 

Chapman, tlwin. Haipenn. Harvey. I M I . Intkr. 
Morgan. Newman. Raman. Spencer. Todd. 
Weston 

Ream 
rune 
(ho 

4.200 

2JOO 

3.400 

5.200 

4.200 

19.300 

*l.os Alamos ScirntifV laboratory. Los Alamo*. N.M. 
''.Savannah River Laboratory. Aiken. S.C. 
rSlate University of New York Cohere al Cortland. 
"Ventre d'Kludes Nucleairev Bruycre-le-Chaiel. France. 
r Bureau Central dc N*sur«s d'Nvctcancs. C«eel. Belgium. 
'Australian Atomic Inert} Commission. Lucas Heights. Australia. 
'Chalk River Nuclear Laboratories.Chalk River. Ontario.Canada. 
*r>eniJon University. (Jranvdle. Ohio. 
'Comtsion Nacional de Kncrgia Alnmka. Argentina. 
'Columbia University. New York City. 
* Middle Tennessee State University. Murfreesboro. 
Georgia Institute of Technology. Atlanta. 

""Tennessee Technological University. Cookeville 
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During dK year another flight path was instrumented 
with commators. a shadow bar. a n a m «ahe. and a 
beam stop to accommodate experimenters from the 
Sobd Stale Division ami various outside users. 

The program for greatly impronm; the performance 
of OREL A for short-pube |3 to 5 usee) operation (by 
velocity modulation with time-dependent voltage gaps 
and drift/spacers) «s progress**; favorably within the 
constraints imposed by the limited nimpnun and 
funds available. Cafcuhtkms have been made by R. G. 
Abmdler. Jr.. F. S. AbnmVr. aud J. Barrish of the 
Neutron Physics Division and are favorable for a 
one-dimensional appi journal km model. These calcina­
tions are being expanded to more dimensions to better 
determine the bognetic field xi gap-field effects. The 
test' of certain critical items of hardware being con-
ducted by D. W- Bible. T . A. Lewis, and J. H. Todd are 
progressing favorably and are sufficiently far along to 
anticipate the completion of all necessary prototype 
systems within the next year. 

More memory has been approved for the three SEL 
data-acquisition computers to enable each system to 
handle four simultaneous experiments. Increased func­
tions of the system during data taking had resulted in 
insufficient core to perform tasks at the required time 

when four experiments were running. A 15 mnwnn-
word removable disk has been added to the pcriphenl-
euuipmtnt cuntroner (FECI to be used by dhr PEC and 
connecting computers. On the PEC the desk win be used 
for storage of programs, local spouting of data to the 
bur printer or Catcomp. and storage of local cohe-fed 

A POP-15 display has been connected to D K PEC. and 
an operating system has been written using the PEC 
disk. Programs and data files can easily be transferred 
between the PEC and PDP-IO dnk. In addition to 
providing many features of the PDP-IO/PDP-l5 display 
system, the PEC/PDP-IS display system has a fast scan 
capability of data stared on the PEC disk. The POP-IS 
displays arc being modified to allow die central PDP-IO 
computer to control the display teletype as a normal 
time-sharing teletype. This modification increases tele­
type transmission from 800 to 1200 baud and elimi­
nates all known problems that result in terminal 
hangups. 

1. Co-Ovjecior of ORFLA (with ft. W. fear. ItraCm 
Mqracx D N M M ) . 

2. ImtnimmwuHi *U Omrob Drawn. 
3. COMUBICT Scirace> D r a m . 



5. Theoretical Physics 
INTRODUCTION 

G.RSatchier 

The year 1475 saw the nuclear dVory efforts dominaied by heavy-ion physics. Some 
exciting advances have been made m developing theoretical and computational look for 
handbag the complex problems posed by the collision of two nudei. From studying diese 
we hope to learn about the more general problem of targe-amplitude coUective motions of 
a quanta! fluid. At one level (the "macroscopic- one), we regard the collision as a 
problem m fluid dynamics, the collision of two fluid drops. At another levd I the 
"microscopic" one), we attempt to understand the process m terms of the mof raws of the 
individual nudeonr- and ifwtr forces: lane-dependent Harriet Focfc theory is the tool here. 
At the same time, dtcorettcal links are being forged between the microscopic and 
macroscopic levels. In the high-energy limit, where the mdhidual nudeon motions are 
all-important, a classical approximation is also being stwaed. rather like ihe collision of 
two clusters of billiard bails. In addition to these new ventures, work continues on more 
conventional nuclear reaction and structure models, m close collaboration with the 
experimental effort at ORSL. One common theme runs through ail these projects the 
need for sophisticated and expensive computational machinery. Only through its use can 
the phenomena of interest be studied. 

As the lists of authors of the various contributions testify, we continue to enjoy 
valuable collaboration and interaction with other nuclear theorists from many institutions 
outside ORNL. (In addition to numerous informal visits, a very productive four-day 
workshop on time-dependent Kartree-Fock theory was held in December.) Locally, we 
have seven staff members (of whom J. B. McGrory has been on loan to the Long-Range 
Planning Group since September 1. 1975) and two temporary appointees. In addition, we 
have benefited from two guest assignees. V. Maruhn-Rezwani and. since August. H. 
Feldmeier. 

MACROSCOPIC NUCLEAR DYNAMICS AND 
HEAVYJON COLLISIONS 

J. J. Griffin' J.A.Maruhn 
J. A. McDonald1 C. G. Trahem3 

T. A. Welton C. Y. Wong 

In the discussion of nuclear phenomena, it is con­
venient to introduce the concept of a nuclear fluid and 
to treat fmi(e nuclei as small quantities of it. The 
dynamics of this fluid are then described by the time 
variations of the density field n(t, t). the velocity field 

•fr, f). and the entropy field ©fr.f). Our knowledge of 
the static and dynamic properties of the fluid is as yet 
incomplete. (For example, although its equilibrium 
density is known, its compressibility is uncertain. The 
novel capabilities of the new heavy-ion accelerators may 
lead lo the systematic elucidation of these fluid 
properties.) In focusing our attention on a macroscopic 
description we hope to learn about (he bulk properties 
of the nuclear fluid so as to enhance our understanding 
of complex nuclear phenomena. Furthermore, a mac­
roscopic description is appropriate for the collisions of 
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heavy aaclet. where <Vr complexm- ol' the problem as 
yet precludes a raiy ak-toscopic descnpciua Even 
raoagh three Jaanuiuajl taac-depeadeat Hanrec-Fock 
fTDHFi cakahwown aw posabw oV xssatupiMts 
reqawed to auk* » c h a treaoat-ai feasaaY mat 
predate any depeadabV descnp&oa ol' m l aacfci. It is 
then quae possible that a theory of damcal fona. with 
oMbftaau l i ja i i ra for e m fit to experaaeat. any 
sarva* as die a*ihod of choice for 4 K drscraMMi ol a 
wide raage of heavy-ant phranavai. 

1 Vmmtimt oi"Maylaat.pM»«B> amtaiti* Jwnat La»qp 
I an*cnart. G K K I . Vest G C I I M T . 

2 SoaVai Ana fVacnaa I ' w u w . ' > — » 1*75. M * n 
the Ev i>lw«ri SmfcM Itafraa 

3 S f i f l fivw tort l w u « ) , -mmma 1975. wakr the 
twcytiMBl Stmttm ItupMi. 

•ASB R K A iMarasconc OEscnrnoN 
f Y.W«| T A Wehon 
J. A. Mandn J. A. McDonald1 

The rheoretual foundation tor a macroscopic de­
scription is sought by suiting with the more funda­
mental microscopic theories. We can show, as previ­
ously with the tane-dependent Hartree-Fock approxi­
mation.7 or more recently with the exact many-body 
Schrodmger equation.3 that one can define unambigu-
ously the macroscopic variables of density field, veloc­
ity field, and the total kinetic energy field (or equiva-
lentry. the entropy field). Furthermore, the equations 
of motion for these variables turn out to be analogous 
to the equations of motion in classical fluid dynamics. 
A completely macroscopic fhud-dynamkai description 
requires, however, that the stress tensor and the heat 
flux be expressed as simple functions of the basic 
macroscopic variables #». u, ando. The conditions under 
which such a completely macroscopic description can 
be a good one are examined by comparing the length 
and time scales for microscopic and macroscopic 
relaxations.4 We find that in the collision, for example, 
of two similar nuclei of mass All. a macroscopic 
description should be reasonably valid for A > 40 at 
nonrelativistk 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 bask macroscopic variables 
such as density and the fluid velocity components. 
These can only be parameterized at present in reason­

ably njadard form tthe Xavirr-Stofces tuna of the 
stress leawr aad a heat flax pruportioaai to itmptra-
tare gradual beaa; sample aatstratiaas). We hope mat 
the aaportaat paraateters • sac* expresaoas caa be 
i lmmaar t when we confront rbeureticat paraVimas 
with experaatat aad mat. m tact, the raacttoaal tunas 
of rbrse express**** caa be rcnaed as new phraoaKwa 
appear 

I StaacM (Ma friacctaa l*nwn*y. mama IV75. a t o 
tar Iwtmoatat Smatw tVapaat 

2. C. Y tKoai. I. A. MaataL. jaa T A. Vcfcaa. ."fmci f i n 
A25X44*H97S» 

5 C Y . B o a a » * M J > « a ' i w » c i a l i > i t 
4 C Y Waaf. T A. Vcfcoa. j a i J. A Ifanaw. to • * 

NUMERICAL SOLUTION OF THE 
fUJHMllVNAMarAL EQUATIONS 

J.A.Mafubn T.A.Welion C.Y.Wong 

At the lane of writing, we do not have results to 
report for a luBy three-danenswnal caiculation al­
though such calculations are well under way and results 
are expected in die near future. Meanwhile, collisions m 
one dimension have been studied, partly to gain 
experience with the computational aspects of the 
problem and partly because we believe we can learn 
about some features <ai more realistic collisions in this 
way. 

The equations used were: 

mass conservation, 

*» d 

- + - | » v ) = 0 ; <l> 

8r ax-

momentum conservation. 

— inv) + — (nv3) 
bi dx 

hp Wt 3 / n d v \ 
= — n — • — »n I : 12) 

3x dx dx\ n0 dx/ 

and energy conservation, 

—<nWi')) + — intf,)v)*vtA—) (J) 
df dx \dx/ 
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The auernal energy pet particle B given by the equation 
oisute. 

. . . l / * r \ 2 " 2W-IMV 

**" '&! VJ* «* 
•here {he cueftk?:^ ~-^r- h~~*z J., i lo yield an 
equnibnum den*'*- j% 0 i 7 s=urr̂ --- :=; - . •»«̂ -
spondmg bin dint energy cf it. M*V, ana a -o,r.; r, . 
bmry of 134 MeV. The press** . ^ = nz Mf *=. 
evahnied at a constant eniro|»y. The rhemul pan oi 
die mieniaf energy. »"t is defined a> die last tern on 
die nght-hand side of Eq. (4). It B convenient to write 
die equation of energy conservation in term* of h4"'. 
instead of the total energy density, because it B a smal 
quantity compared to kinetic a»i total internal energy 
and would not be obtained -ccuratery from the total 
energy densit>. 

The long-range potential \'t was assumed l<> be given 
b> 

— a2 Vfixt= 4trfnUr). «5> 
dx' 

so thai it is of Yukawa type. We used £ = 280 MeV 
and a = 2.1 I'm ' The Yukawa potential produces an 
additional binding energy linear in n in the iwc'ear 
mailer limit, which has to be subtracted from ihe linear 
term in Eq. (4) to preserve the limiting properties of 
W\n). A Coulomb potential was not included because of 
its sinpdar behavior in the one-dimensional case. 

We used an explicit Eulerian flux-corrected iranspor: 
atgorithm.1 whKh ensures stability in the presence of 
extreme density or velocity gradients or even discon­
tinuities, such as occur in the neighborhood of shocks. 
Although thus able lo describe shock fronts only a few 
mesh-points wide. Eq. 13) does not then give the correct 
heating in the from because the derivation of Eq.(3> 
from the conservation equation for the total energy 
density assumes continuity of n and v. The resulting 
loss of total energy can be made rather small, however, 
by choosing the mesh sufficiently small, so thai shocks 
extend over a larger number of mesh points. For the 
256 mesh points actually used, ihe energy loss was iess 
than 10 MeV during a collision. 

Figure 5. I shows a few sample results for Ihe collision 
of two slabs with widths about equal lo the diameter of 
1 0 8 P b . 

In Fig. 5. Id the initial lab energy is 18.8 MeV per 
nucleon. This corresponds to a relative speed of about 

1.7 tanes the velocity of sound m nuclear mailer tor 
the equation >f state assumed, so that the count-in rs 
supersonic and compression B expected to be •npor-
lan; The viscosity was set zero in this case. A /one of 
strong compression forms m the cemer with near-*ero 
velocity, the remamder of rhe two slabs stdl scream m 
from the side. The maximum density reached B large 
because of the low incompreuibdity assumed. At time 
125 fmc a compressed composite system has been 
formed with almost no internal motion. The high 
prcssu.-e m die compressed state then causes gradual 
.-xnjnsioo. jad the density slowty goes down lo rhe 
c-̂ w.:-«»̂ -- i :«ne -210 fmr. bui internal 
motion ha> ar-^ -.-odt up lo such an extent thai H 
cannot be stable and starts fissioning at 286 fm c. 

Figure 5.16 shows a noevHcous collision with an 
imiui .*«:-r-s\ •"•?' 7> 2 MeV per nucleon. The mam 
.iiftercftve a «- » - *->v+i vucnger compression ratio of 
more than 2 5 Snch M; *-f compressKms are not 
expected m a three-iir^Kiro«wi situation smce then 
matier can flow out to :hf «d*v The drnstty becomes 
more stretched out before it *:..••' ;>•- 'v:^-:-a. Equation 
14) favors •ISSHMI a* soori as the detisii* p" below 0.11 
fm' 1 smce then the lowering <•!' ;he density becomes 
even more favorable energetically 

A! very low energies there is the possiW'iv r-f fusion: 
this has also been observed in the calculate:. '. >*..:-?* 
5l« and J show the effects of viscosity o r n a / -". 
with an initial energy of 18.8 MeV per nucleon. 

Viscosity tends to smooth the density throughout the 
enhre collision. The short-range oscillations in the 
density have vanished and the corresponding energy has 
been dissipated mr-. 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 slate, a healed 
/one also has a higher pressure than the surroundings. 
Because we do not yet include thermal conductivity, 
the generated heal stays ai the center of the collision 
(there is little convective motion in this region). Thus 
the heated region must have a lower density lo be in 
pressure equilibrium with the surroundings. This is the 
physical explanation lor the pronounced central dip 
seen in Fig. 5.1c and d This dip later develops directly 
into the fission breakup in Fig. 5.lr. which thus 
proceeds more rapidly than in the inviscid case. 

The collision in Fig. $.\d. on the other hand, is so 
strongly damped th?: the central compression /one 
does not engulf the whole system, but the outer peaks 
survive and are pushed outward again, forming small 
fragments in the final breakup. 
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Faj. 5 .1 . Demity at a fraction of time for a COMHTM of two slab*. The numbers ervc the time (in rm/r) rlapsed since starting 
time. The vertical distance between graphs corresponds to a density of 0.2 fm " J (at Initial energy of 18 R MeV per nucleon and lero 
viscosity: (A) initial cnergv of 75.2 MeV per nuclcon and zero viscosity; ( r ) initial energy of I8.lt MeV per -luclcon and no » 20 
MeV/r- fm 1 ; «/> initial energy of I M MeV per nurteon and no ' 50 MeV/ f f m 1 . 
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ii tsdrar that sanely by reymg die one parameter of 
nuclear viwowty. a wide nag* »f cufcswn phewwsnenj 
caw br ••binned Tim could prundr a rneansof irjiwjng 
jbuwi j reakstit nuclear uscosity coefticatni by com­
paring mwlis of a toil thru1 PJWWIIIIIWJJI caicwbuuw 
with cipenuiewi 

I I r » m j ^ D L k M . / l M f M r k n l l . ) ! ' ! ^ ) 

SMN A N D B O S m DYNAMK50F 
NUCLEAR FUXD 

C Y l o n g T A wetton J.A.Manjhn 

We hair couswJercd the effects of the spwi awd ttespm 
degree* of freedom aw use dynamics of the unclear 
rnwd: we expect then to aBow wew kinds of soowd 
wave to occur. To mvesngale these we start wMh the 
twwe-depewdcui Harirec-Fock tTDHFi equation with 
spin- and rsaspui-dependent central interaction*, we 
then cast the TDHF equation BIO a set s»f conservation 
equations of the classical type. coupkng the spin and 
tsospin densities. With sample zero-range denuty-
drpendent Hireractmus. we obtam the normal modes 
for the propagation of density variations and the 
correspondmg sound speeds. In addition to the normal 
sound waves, in which die total density vanes with 
space and i m t . there arc Use spui sound waves, HI 
which the difference of the spin-up and spin-down 
densities vanes with space and time, the rsospin sound 
waves, m which the difference of neutron and proton 
densities v&in with >pace and tmie: and finally, the 
spm-tsospin sound waves, in winch the difference of the 
"parallel" spin and isospm densities and the "antrpar-
ahVI" spin and isospin densities varies with space and 
lime. 

A HAMTLTONIAN FORMULATION FOR 
EULERIAN HYDRODYNAMICS 

T A. Welton C. C. Tranem1 

Current efforts to formalize a classical hydrodynam­
ics! description of heavy-ion collisions usually depend 
heavily on the use of the Eulerian description of the 
flow. The fixed coordinate mesh in this method is 
particularly convenient in view of the large deforma­
tions to be expected. The Eulerian equations, in spite of 
their apparent convenience, suffer from some serious 
disadvantages, among these being the problem of fluid 
surfaces. In order to achieve numerical stability, some 
artificial dissipation, explicit or implicit, must be 

•Miadwccd. In OMS way. a conservative theory is 
cunvr.tr* ntto a theory with •nconuoMed dnssawaoB. 
with considerable attendant drfnodty of mierpretarjow 
From another <nrwpumt. wr Mas regard nwdear hy­
drodynamics as a considerable ntnerahi Hum ot rise 
famdnr concept of cuwecove motions. The Eutenan 
equattor* at aesi alow a purely classical desc.-aKsuc of 
dkese coHective motions, but we may expect dut a 
quantum treatment of the cowectn* motions wnl. m 
fact, be required Thus a Harnritonae rhcory that is 
equivalent to rhe rutrnM equaTMUs writ perns; such 
qwantuatuu by generally fanuhar methods. 

To proceed, we first restrict our attention to oue-
dwnenswaai rfciws. Note that the lap—fun (mesh 
raovsng with A M I description allows directly a 
LagrangoulS fL it * 0) formulation We write 

111 
where 

xlffO * coordinate n me time t of the fluid element 
wfuch was at position Q at the starting time. 

p»(t?>* mass of fluid per umt range of starting 
position. 

( — ) * V * velocity of the fhwd element currently 
*''<? at*. 

I. — I s fractional compression of the fluid element 
** ' a; x, compared with us starting density. 

= specific enthalpy of compression. 

IsentropK flow has been assumed:otherwise the system 
is certainly not conservative. 

A Hamdtonian and appropriate canonical momenta 
:an be derived from Eq. (I) by familiar manipulations, 
but the resulting formalism has current fluid position as 
a coordinate, whereas the independent integration 
variable Q it 2 label that identifies a particular fluid 
element. We nr* make a transformation (which appears 
to be novel) in which label and coordinate are simply 
interchanged. That is. we write 

*•/**"• ®jKS)>((S)J}-

http://cunvr.tr*
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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. 

\d0/ , /\bx}r I bx 

U/ 0~ 
(ag/*o x ^ ag/a* 
(«K?/ax)," dQ/bx 

(3) 

Finally. 

L =/*Po(e)(^ -Q'ui&y}. (4) 

where Q s bQ/bt and Q' s bQ/bx. 
This Lagrangian has precisely the form of a lonlinear 

field theory for a single fieid 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 form is fully retained, as is the 
positive definite character of the resulting Hamiltonian. 
Instability is then possible only if the method for 
numerical integration of the coupled equations of 
motion is a poor approximation. 

The extension to two dimensions is not completely 
trivial, because we now have Q, and g i . which may 
each be differentiated with respect to x or y. The 
correct formalism is 

f/*/*M«..a>4{(*) 

whet; J = {dQ,lbx*bQ2lby) - Wi/?»X©t?j/a*) 
Jacobian of transformation Q\ Qj -*x, y. 

Th: Hamiltonian and the equations of motion are 

I. Student irom Rice Unwersr.y. wmmrr 1975. under the 
Exceptional Student tro&im. 

SIMPLE HYDRODYNAMICS IN 
DROPLET COLLISIONS 

C.Y.Wong I. J. Griffin1 

The motions of the nuclear fluid in a heavy-ion 
reaction occur on a large spatial scale. The associated 
time scales can be made small or large, depending on 
the initial conditions. If the flow is mostly subsonic, a 
description based on the dynamics of an incompres­
sible, sometimes viscous, fluid (hydrodynamics) can be 
used. We have initiated a program 1' 4 to study colli 

Oftm-OWC 75-16MJ 

AZ/flR= 6.00 

c z : ]2^>o.o 
_ID °-a czz _ID °-a 

czz "~~~^ 0.59 

\ 0.88 <ZZI 
"~~~^ 0.59 

\ 0.88 

czz ) , . ,7 

j 1.46 

4 1.76 

*S -4 2.05 

Pig. 5.2. Motion of i chugtleH droplet stretched to the 
ihap* of a jpwwoid with an nyct ratio of 6. The numbers are 

easily obtained, and the extension to three dimensions the times, in units of wJ%tlto2, where £",<0> is the surface 
is now obvious. Extensive numerical testing of this energy of a spherical drop of radius /to with the same volume 
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sions between droplets of nuclear fluid in these terms. 
In our simple treatment, we represent the surface in 
terms of spherical harmonics and assume a linearized 
hydrodynamics for which solutions are already known. 
Simple hydrodynamics reproduces many experimental 
features such as (I) the rapid formation o f a neck. 
(21 focusing o f surface waves, (3> the formation o f a 
toroidal-shaped droplet at the end point o f maximal 
compression, and (4) shape o f 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 respe^; io spheroids of large aspect ratio 
and obtained the corresponding normal modes. This is 
particularly appropriate for the shape o f the composite 
droplet at the end point of its maximal stretching in a 
head-on collision. We show in Fig. 5.2 the motion of 
such a droplet, which initially is a spheroid with an 
aspect ratio of 6. The droplet breaks into three pieces as 
it disintegrates. Instability of this kind is conveniently 
called "necklace" instability because disintegration 
results in a line of drops o f similar sizes. We find that 
the greater the aspect ratio, the larger the number of 
drops created. For the collision of two equal drops of 
radius R and in the absence of viscosity, the number of 
drops should increase with where u is the relative 

velocity. Because the presence o f charge enhances 
necklace instability, experimental search for the occur­
rence o f such phenomena with heavy nuclear projectiles 
wil l be o f interest. 

1. University of Maryiand. presently on leave at Justus Liebig 
Universitat. Giessen. West Germany. 

2. J. J. Griffin and K K. Kan. Colliding Heavy font Suclei as 
Dynamical Fluids. ORO-4856-3. University of Maryland. Col­
lege Park. 1975. 

3. C. Y. Wong. Selected Topic* m Hearylon Reactions. 
ORNI-/TM-5000. 1975. 

4. J. J. Griffin and C. Y. Wong. Bull. Am. Plivs Sm ft 20. 
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MICROSCOPIC MODELS OF NUCLEI AND 
HEAVY-ION COLLISIONS 

J. P. Bondorf 
R. Y. Cusson2 

K.T.R. Davies 
H. T. Feldmeier3 

S. Garpman 4 

K.C.Halbert 

S. K. Koonin5 

S. J. Kneger* 
J. A. Maruhn 
V. Maruhn-Rc/wani 7 

J. W. Ncgelc* 
P. J. Siemens' 

nuclear collective motion, especially because o f heavy-
ion reaction experiments that probe previously un­
explored areas of nuclear dynamics. New approaches 
are currently being examined: the aim is to obtain a 
unified microscopic description o f the statics and 
dynamics o f a wide range of physical phenomena, 
including large-amplitude collective oscillations, fission, 
fusion, compound-nucleus formation, deep-inelastic 
scattering, and fragmentation. A microscopic approach 
may describe just the statics o f the system, or it may 
aim to describe the full dynamics o f collective motion. 
Both aspects are being studied with independent-parti­
cle theories, based on some form o f the Hartree-Fock 
approximation. Static calculations use self-consistent 
.unstrained Hartree-Fock models, from which one 
obtains quantities appropriate to slow adiabatic motion. 
The dynamical calculations rely on time-dependent 
Hartree-Fock methods to provide detailed information 
on the time evolution of nuclear processes such as 
fission or heavy-ion reactions. In addition, a simplified 
approach is being used which treats the individual 
nucleon-nucleon collisions classically. 

Rcctntly there has been renewed interest in the 
derivation and application of microscopic theories of 

1. Niels Bohr Institute.Copenhagen. Denmark. 
2. Consultant to ORNL from Duke University. Durham. N.C. 
3. Guest assignee from Technische Hochschule Darmstadt. 

Germany, under NATO Fellowship. 
4. Nordisk Institut for Tcoretisk Atomiysik. Copenhagen. 

Denmark. 
5. California Institute of Technology. Pasadena. 
6. University of Illinois at Chicago Circle. 
7. Guest assignee, presently consultant with Chemistry Divi­

sion. 
8. Massachusetts Institute of Technology. Cambridge. 

ADIABATIC MODEL 

R.Y. Cusson' 

The density-dependent self-consistent single-particle 
potentnl developed recently3 has been used to give a 
microscopic description of several kinds of fission and 
heavy-ion properties. We have obtained heavy-ion in­
teraction potentials for a number o'* systems.3 For 
example, the case o f l 2 C + ' J C is shown in Fig. 5.3. 
The calculated adiabatic clusicr potenlul energy Vtt is 
plotted vs R = y/Qj His. which is a -neasure o f the 
separation between the ions. The experimental poten­
tial was obtained from the analyses ot ORNL data on 
1 2 C • l 2 C scattering described elsewhere in this 
report.4 (The scattering is only sensitive to the poten­
tial beyond 3 or 4 fm. jThe calculated potential has too 
large a radius: (his arises because the radius o f the 
density of ' 2 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 (2 : ° . the total mass 
quadrupoie moment, that is consistent with the ground 
state properties of the compound system. 2 4 Mg. The 
minimum is also in reasonable agreement with the 
experimental binding energy of **Mg. Thus we see that 
there does seem to exist a single microscopic, albeit 
semipher.omenoiogical. energy operator. Vel, 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 5 , N i + , 0 N e -* 7 , S r -+A, * 
At. which is being studied experimentally at ORNL. 
Because the compound system, 7 , S r , has a fissili'y 
below the Businaro-Callone critical value of 0.3% for 
zero angular momentum, the pure liquid-drop model 
predicts asymmetric fission. A cluster potential energy 
curve for 7 , S r -+ 3 *K * " K . similar to Fig. 5.3. was 
first obtained. From this curve it was possible to 
confirm that for such a light fissioning system, the top 
of the fission barrier still occurs in the strong absorp­
tion region, as it does for other light systems. This 
simplifies the calculation of the absolute energy of the 
fission barrier because the shell structure of th. 
compound system does not contribute to the barrier 
energy. For such a light system, sections of the 
potential-energy surfaces along the fission and fusion 

rs-iM* 

- 6 0 0 -

3 0 -

2QI.I I I I J—L. -L 
16 24 32 39 46 54 62 

A, 

CXTMCTCO / / f 
-rTOl- m m CW^f* / STRONG ABSORPTION -

RC0ON 

O M H . owe 7 » M I * 
1 1 1 1 i 1 

CLUSTER POTENTIAL FOR " t ^ C « ff 

If HALF-OCNSlTv OVERLAP 
RADIUS 

1 - 1 * — f c — t - 10 12 14 
tf(fm) 

Fig. 5.J. Ouster potential energy for' a C • ' J C ions. 

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 near ,4, a 26 for 52), in agreement with 
preliminary experimental results showing a peak in the 
mass distribution near 41 = 29. Thus the shell structure 
of the compound system does not appear to influence 
the fission systematic* in this region of the periodic 
table as it does for heavy nuclei. 

1. Ontulijr.l to ORNL from Duke University. Durham. N.f. 
2. R. Y. Cusson ei *).. mibmif led lo Physical Rf view 
3. R. Y. Cuunn. R. Ililko. jnd D. Kolb. tubmiflrd \oXudtar 
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DYNAMICS AND THE TDHF THEORY 
R.Y.Cusson1 S.J.Krieger* 
KTR DavK-s J.A.Maruhn 
H. T. Feldmeier2 V. Maruhn Rezwani5 

S. E. Koonin3 J. W. Negele' 

New experimental results with heavy ions have 
prompted many questions concerning colliding droplets 
of nuclear fluid. For example, the simple process of 
converting the collective kinetic energy of a cluster into 
disordered heat energy might proceed, if it is analogous 
to its well-known classical counterpart, by particle-
particle scattering due to the residual interaction. 
However, there are other possibilities. It is known that 
if a set of particles move in a highly time-dependent 
single-particle potential, the collective coherence of the 
motion m ry be converted into random motion. The is 
but one example where nuclear fluid dynamics may 
exhibit degree of freedom not encountered in other 
types of fluid flow. 

The ultimate explanation of nuclear collective dy­
namics nvist come from a microscopic description 
based on a realistic nucleon-nucieon force. An obvious 
approach is the time-dependent Kartree-Fock (TDHF) 
approximation, which was first proposed by Dirac 
nearly 50 years ago and is now becoming feasible with 
large computers. There are many motivations for 
applying TDHF to nuclei. TDHF is a truly microscopic 
theory, which requires as input only the nucleon-
nucleon force: it is unnecessary to make an assumption 
as to the relevant collective coordinates. Moreover, 
although it is a fully quintal theory, its independent-
particle nature permits a semiclassical interpretation, 
which often provides insights not obtainable in calcula­
tions that make use of much mote complicated wave 
functions. We are encouraged by the significant suc­
cesses that the stalk Hartree-Fock theory has had in 
providing descriptions of the energies and charge 
densities of nuclei. Finally. TDHF studies are expected 
to lead to a better understanding of existing approxi­
mation methods thai are based on it. such as the 
random-phase approximation and adiabatic TDHF. 

The numerical feasibility of TDHF calculations has 
been demonstrated recently for a one-dimensional 
system.7 These calculations, which describe collisions 
between slabs of nuclear mailer in which the transverse 
degrees of freedom are frozen, resulted in a somewhat 

unexpected richness of solutions corresponding to 
compound-nucleus formation, resonances, deep-in­
elastic processes, and fragmentation. Encouraged by 
this, we are applying the theory to more realistic two-
and three-dimensional systems, including collisions of 
ions with unequal masses. More realistic nuclear forces 
are being included together with the effects of pairing. 
Some early results are reported hi the following articles. 
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" C + , 2 C AND THE TDHF MODEL 

R. Y. Cusson1 J. A. Maruhn 

The same realistic single-particle potential that was 
used with the adiabatic model described in the 
preceding article was used to do a TDHF calculation1 

of the head-on collision of , 2 C on l 2 C . A harmonic 
oscillator basis was used. Figure 5.5 shows the resulting 
mass current distributions for several values of the time. 
Direct and exchange Coulomb forces as well as spin-
orbit forces were included, and neutrons and protons 
were treated separately. The first time frame, at / =35 
fm/r. shows an early step in the collision where the 
system develops a stationary compression region in the 
center. The next stage, at r = 44 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 / =85 fm/r the two ' 2 C clusters are 
moving away from each other and would permanently 
separate if a substantial amount of collective kinetic 
energy had not already been lost to random motion. 
Thus at i - 110 fm/r the current distribution is in the 
process of reversing itself again. For this particular 
bombarding energy, the energy loss has not been high 
enough to allow the system to fail back towards the 
J4Mft compound state. Thus in the fifth frame at ' z 

165 fm/r 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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slowly drifts apart, as shown in the last frame, at / = 
321 fm/c. 
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TWO4XMEN5I0NAL TDHF CALCULATIONS 

K.T.R. Danes S. E. Koonin* 
HTFeldmeier 1 S.JMCrieger1 

V. Manihn-Re7wani4 

Time-dependent Hartree-Fock (TDHF) calculations 
have also been performed in a two-dimensional coordi­
nate space where it is assumed that die nuclear system 
is axialty syimnetric. The effective interaction used 

consists of zero-range two- and three-body forces of the 
Skyrme 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 " O and 4 0 C a . 
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 ' * 0 + ' * 0 at a laboratory 
energy of 8.0 MeV per nucleon was studied previously.1 

However, in order to compare TDHF results with 
experimental data, nonzero angular momenta <or im­
pact parameters) must be studied. In a rigorous treat­
ment, such systems would entail fully three-dimensional 
numerical calculations. While this is not impossible for 
the ' * 0 • " O system, such an approach becomes 
increasingly prohibitive for larger systems in terms of 
computing costs. Therefore we must consider how the 
effects of finite impact parameters may be treated 
without sacrificing the numerical simplicity of two-
dimensional coordinate-space calculations. Therefore 
we consider an approximation in which die effect of 
the relative orbital angular momentum is accounted for 
by imagining the collision to occur in a frame rotating 
about an axis perpendicular to the scattering plane, 
while the system is assumed to remain axially sym­
metric about an axis in the scattering plane. The 
orientation of the z axis in real three-dimensional space 
is specified by the angle $, whose time rate of change w 
is given by 

« = L//(p), ( I) 

where I is the relative orbital angular momentum and / 
is the instantaneous moment of iner.ia about the 
rotation axis. The total energy of the system is then 
modified as follows: 

H~H + L*l2l(p) <2) 

The moment of inertia l(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 + " O at 8.0 MeV per nucleon. On the graph.r is 
the center-of-mass separation of die ions. Whereas the 
grazing partial waves (/ > 35) suffer some small inward 
deflection due to the attractive tatf of the nuclear 
potential, the influence of the strong interaction is most 
evident for / < 30. Head-on collisions (/ = 0) penetrate 
deepest toward the compound system and bounce 
strongly with large energy loss. With increasing angular 
momentum (/ = 10 to 25) the trajectory takes on a 
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skimming characteristic under the influence of Cou­
lomb, centrifugal, and nuclear forces. Because penetra­
tion is not as strong, the energy loss is less severe. In 
addition, the scission configuration becomes less elon-
f ated with increasing /. The / = 30 trajectory is of an 
orbiting type, just at the top of the "fusion" barrier 
This interpretation is supported by the change in the 
initial curvature of the trajectory at / ' 30 

In Fig. 5.7 we show the density al various times / for 
a TDHF calculation of 4 0 C a • 4 0 C a at 12 0 MeV per 
nucleon and / = 20. (The apparent deformation per­
pendicular to the direction of motior is simply due to a 
choice of unequal length scales for the plots.) The ions 
begin to clutch at r = 0.16. and at i * 0.32 they form a 
compound system. After various internal shape changes 
the system eventually begins to break apart, and 
scission occurs at i = 0M. These qualitative pictures give 
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some idea of the richness of the structure involved in 
the shape changes obtained from a TDHF calculation. 
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THREE-DIMENSIONAL TDHF CALCULATIONS 

J. A.Maruhn R Y C u s W 

The assumptions made in the two-dimensional model 
discussed in the preceding article must be tested by 
exact calculations. With this in mind, we have devel-
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oped a fully three-dimensional TDHF code, (n the 
interest of computing speed, we have incorporated 
further simplifications of the Skyrme interaction and a 
combined coordinate-momentum space basis. With the 
present budgetary limitations, we expect to be re­
stricted to studying systems no heavier than. say. 
Ni+ Ni. Preliminary calculations for a +a at 16 MeV 
per nucleon and impact parameters b- 1. 2. 3 .4. 4.5. 
and 5 fm have been nude. We find: 11) in the region 
6 = 2 to 4 fm. the collective kinetic energy loss is 
considerably larger than for a head-on elusion: this 
occurs via the formation of a molecular state that may 
perform several rotations while losing collective 
kinetic energy by radial oscillations before coming 
apart: (2) the two clusters tend to interpenetrate each 
other as in a two-fluid model with the result that the 
moment of inertia shows large deviations from the 
rigid-body value: and (3) for certain values of the 
impact parameter, the outgoing determinantal wave 
function factors, as it did before the collision, into two 
separate determinants representing the two clusters. 
Calculations for ' ' O • ' *0 and *°Ca * «"Ca are under 
way. 

I. CoiwulUiit. Duke l'nnrCT«ty. Durham, NX". 

CLASSICAL MICROSCOPIC DESCRIPTION 
OF HEAVY-ION COLLISIONS 

J. P. Bondorf H. T. Feldmeier S- Garpman' 
E. C. Halbert P. j . Siemens' 

In heavy-ion collisions, bombarding energies of a few 
hundred MeV per nucleon seem most fcvoraMe for 
producing shock zones of compressed nucle.tr matter. 
As an alternative tc hydrodynamic ways of treating 
such collisions, we are investigating a microscopic 
description in which the classical paths of individual 
nucleons are followed. One aim is to make qualitative, 
rapid (and therefore economical) calculations of how 
the shock-zone characteristics and emergent-particle 
angular distributions depend upon the initial nuclear 
masses, the bombarding energy. and the nucleus-nucleus 
impact parameter. 

Our present computer program, called SIMON, is a 
simple simulation code. Kach run simulates one nucleus-
nucleus collision, involving many nuclcon-nucleon scat­
terings. Monte Carlo methods arc used to <V"„,minc the 
initial nucleon positions and velocities within the two 
separated nuclei. Nucleon-nuclcon interactions arc 
taken into account via cross sections rather than via 
explicit forces, bach nucleon's motion is approximated 

as uniform in velocity. except for abrupt changes when 
nuclcon-nucieon scatterings occur. The occurrence ot 
each scattering and its exact time are determined by 
simple jFometric considerations such as cross section, 
nuclcon-nuclcon impact parameter, and. sometime*, 
nucleonic hard-core radius. (There arc alternative 
opthHis available in SIMON.) The two new nucleon 
velocities, after each scattering, are determined by the 
impact parameter and'of by Monte Carlo methods. 
Within a run. all nucleon positions and vdwi'tes are 
known as functions of time. This allows calculation of 
such gross features as the space- and mm:-dependent 
particle density during collision, the space- and lime-
dependent mean-square nucleon velocity, and the angu­
lar distribution of particles emerging after collision. 

There are two approximations bask to the present 
SIMON code. (11 classical-particle kinematics and 12) 
abrupt cross-xcrion-induccd changes in velocity (rather 
than continuous accelerations induced by smoothly 
varying nucleon-nucleon forces!. These two simplifica­
tions are not justified in detad. lot at the kinetic 
energies we consider, the de Brogtie wavelength of a 
nucleon is of the same order of magnitude as the 
internucleon spacing, which in turn is of the same urdcr 
as the mean free path for nuckon-nuckon scattering. 
However, we hope for some cancellation of detailed 
errors when we use these approximations in calculating 
gross features of the collision. We also make some other 
simplifications, reasonable enough at this stage but not 
bask to the SIMON method. At present we use 
nonrclativisiK kinematks; also, we start with /cro-
temperature nuclei of spherical shape, and we neglect 
nuclear binding. Coulomb energy, nucleon spin, 
neutron-proton differences, and pion prviduction. 
Furthermore, we allow only elastk and isotropic 
nucleon-nucleon scattering, with energy-independent 
density-independent cross section. These noirbask sirn-
phfkations may be modified in the future. 

Local particle densities pir) ate obtained by averaging 
over small volume elements, and cmergent-partkle 
angular distributions Mcos 6) and X\$) are obtaineo by 
averaging over appropriate solid-angle demcr.ts. Because 
of the Monte Carlo conditions defining each calculated 
nucleus-nucleus collision, there may be severe fluctua­
tions of the local density (in lime and space) and of l.ic 
atigular distributions. To reduce these fluctuation*, we 
average over an ensemble of SIMON runs, all idrntkal 
except for their Monte Carlo numbers. Figur-" S.X-
5.10 show some results obtained by averagir.g over nine 
head-on collisions between two mass 235 nuclei. For 
the nuclcon-nuclcon cross section we used o = 25 mb. 
as suggested by experimental data in the energy region 

http://nucle.tr
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of interest. The results shown were obtained with 
nudeon-nudeon scattering modeled as hard-sphere scat­
tering, so that the distance of closest approach was 
( o / # ) ' / 2 - 0.9 fm. As Fig. 5.10 shows, this hard-sphere 
model yields a maximum particle density about twice 
that of normal nuclear matter. When we use the same a, 
but with scattering models that allow micleons lo 
approach each other more closely than 0.° fm. we find 
maximum densities ^ 3 limes normal. This sensitivity to 
the scattering mechanism is being studied in more detai* 

1. Niels Into Institute. Oprnhaatn. Denmark. 
2. Guest mtgntt 1mm Technudte HadMchuk Darmstadt, 

Germany, under NATO Fellowship. 
J. Nordisk InsiKui lot Teoretisk Alomfys*. Copcnhaptn. 

Denmark. 
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Fig. 5.10. The cental dtawry as a Inaction of time for the 
colmtoa of two mam 235 nairni. wane p» • the central dranjiy 
of each before the common. At time l, the iwo first touch, ai 
f j they would crmpletely overlap H rhey did not interact.and 
at f j they would have completed pasunc through each other. 

NUCLEAR REACTION THEORY 
E. C. Halbert G. R. Satchler L D. Rkkerlsen 

L W.Owen 1 J. B. McGrory 

This section is concerned with more conventional 
nuclear reaction models: optical model, coupled chan-
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rids, distorted-wave Born approximation (DWBA). etc. 
Most of the applications have been to heavy-kin 
reactions, although light kms have not been neglected 
entirely: work has continued on the excitation of giant 
mutiipoie resonances by protons, alphas, and neu­
trons 1' 3 and on the role of two-step processes in 
charge-exchange reactions.4'5 This theoretical effort is 
usually pursued in close ccHaboration with the experi­
mentalists at ORNL. and some ot" the results appear in 
the experimental sections of this report, these we only 
touch upon briefly. 

Our activities have three broad motivations: (11 to 
provide the most sophisticated tools for the analysis of 
experimental data obtained at ORNL. (2) to sec what 
we can learn from various types of data and hence to 
guide future experiments, and (3) to achieve a better 
understanding of the basic nuclear reaction mecha­
nisms. Primarily our attention has been focused on 
direct or peripheral collisions: reactions of the fusion 
and deep-inelastic variety are better studied by the 
approaches described in the preceding articles. 

1. Computer Sciences Division. 
2. E. C. Halberf et al.. .Viict Pint. A245.189 i 1975>. 
3. F. f. Brady el al..Mv*. Rex Lett. 3*. 15 11976). 
4. L. D. Rickcrlsra et al../fc»*. Lett. 5 9 * 129 < 1975 >. 
5. L. D. Rickeriscn el il..Phys. Lett., m press. 

SECOND-ORDER DWBA FOR 
HEAVY ION INELASTIC SCATTERING 

L. D. Rickertsen 

The distorted-wave Born approximation (DWBA) 
requires much less computational effort than a coupled-
channels ICC) calculation, and. in addition, the inter­
pretation of the amplitudes leading to a given cross 
section is much simpler. Hence, it is of importance to 
understand the degree to which a DWBA analysis is 
adequate for a given reaction. The accurate data 
recently obtained at ORNL on the inelastic scattering 
of ' *C by neodymium isotopes at 70.4 MeV offered a 

good opportunity to investigate ihis question, 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 
to Coulomb-nuclear interference is optimal. The quad 
rupole coupling strength to the lowest 2* state of 
neodymium increases with mass numbet to values that 
are customarily thought to be so large that a CC 
treatment is necessary. 

In our analyses of these data, we find that, although a 
first-order DWBA treatment is not adequate. - second-
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 a reproduced well by a one-channel optical 
potential, the direct matrix dement between any two 
channels is accurately given by the first-order DWBA 
term. To this must be added amplitudes corresponding 
to higher-order processes: self-coupling or reorientation 
and indirect transitions via other intermediate channels. 
Although these contributions are too complicated to be 
accounted for by simply modifying the optical poten­
tials in the one-step DWBA calculation, we find it is 
sufficient to calculate them in a second-* rder DWBA. 
rather than solving the full coupled equations. 

Figure 5.11 shows results for '**Nd. Two calcula­
tions for the 3 ~ excitation are shown in Fig. S.I la: a 
CC calculation taking into account the coupling to the 
3 ' and the 2* and 4* members of the ground-state 
rotational band to all orders and a DWBA calculation 
for the 3 ' state where the 2* and 4* states have been 
ignored. In each case the optical parameters that were 
used reproduce the 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 fither of 
these calculations. The dashed curve in Fig. 5.1 la shows 
the result of including the quadrupole self-coupling in a 
second-order DWBA calculation. The intrinsic quad­
rupole moment of the 3" state was taken arbitrarily to 

Tabic5.1. OpticalpM»MMcr*andcoMfMngsticiigllisfor '2C* '**M 

Calculation V rV "V W rw "W ijR M #** 

CC* 
DWBA* 

20.0 
20.0 

1 32 
1 32 

0562 
0.562 

10.9 
12.1 

1 34 
1 34 

0.414 
0433 

0.72 
0.72 

01)3 
003 

l>.37 
0.37 

"CC parameter* for (he fully coupled-channel* calculation 
DWBA one-channel optical parameter* and coupling strength* for I he first- and second-order 

DWBA calculation* 
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F * 5.11. ONHBOTMI of l i | l i lLfii i inl M i Mcamt w i n 
PW1A i<iinlw»ifern»inw«wkiLill WJgafTn^MlcV'»C 
on , 4 4 ! M (we (mi far fcwwj). U) F-xcittnmt -4 iht lowest f 
tuicof'*"Nd:(MrM*jCHMol ibe 2* jn4 4° rotalmjl Males 
o f , 4 4 N d . 

be Ihe same as for ihe , 4 4 N d 2' slate. Figure 5.1 In 
shows analogous calculations for the excitation of the 
2* and 4 * rotational Mates The solid curve corresponds 
to the full CC calculation (including reorientation 
couplings), and the dashed curve is the result of 
second-order DWBA calculations where the quadrupolc 
coupling is taken only to second order. In each case Ihe 
observed elastic scattering is reproduced. A major 
component of she 4* angular distribution is due tc die 
two-step process by way of die 2* state, and the doited 
curve corresponds to the DWBA calculation neglecting 
this contribution. 

The character «»f these results persists for even 
stronger coupling. The auadrupote deformation fur 
1 * ° N d ts nearly a factor of 3 larger than for' * * N d . but 
calculations for the angular distributions taking this 
strength to all orders and to only second order differ by 
less than 30"«. It appears that when the experimental 
data can be described by a I T analysis, a seconds-order 
DWBA will also be adequate for even the largest 
coupling strengths experimentally observed in rJus mass 
region. Finally, because rhere h nothing to duungaish 
the projectile from die target m daese reactions except 
for the details of the coupling, dtese conclusions are 
expected to be vjfc.J for projectile excitation as well. 

Mcitastanc DEsaurnoN 
OF HEAVY-WN SCATTERING 

1_ D. Rkkcrtsen C. R- Satchler 

By- "microscopic"' we mean a description in terms of 
nucieon-nudeon forces and individual nucieon motions 
rather dun the usual one-body phenomenologkal 
opficai-piHenrial and collective models. In practice, we 
have onh considered sample folding models in which an 
effective iwcteon-nucieon interaction u folded into the 
density <•.« die transition (tensity for meiastk scatter­
ing) of each of the two ions. Our treatment of 
higher-order processes is limited so far to die use of 
such potentials in coupled-channei calculations. 

Previous studies of ibis faking model for elastic 
scattering, usmg what were uVen regarded as 'realistic** 
mteractwnv showed thai die model oveTpredkted die 
potential near die strong-absorption radms as deduced 
from measurements by as much as a factor of 
However, a new mier.ih.iion derived by Bertsth et a J . 2 J 

from G-matnx elements based upon die Reid potential 
has an appreciably shorter range and does give res.il is in 
agreement widi experiment ( to widun the uncertainties 
implicit in die density parameters) for a variety of 
heavy-ion scatterings ranging from ' 3C * ' 2 C to ' * 0 • 

2 *"Pb . This interaction has also been applied to 
heavy-ion inelastic scattering | ' * C * , 2 C . ' • 0 * * , S i . 
and ' * 0 * * * N i i . using transition densities derived 
from electron scattering, thus leaving no adjustable 
parameters. We obtain agreement wirji measured cross 
sections The validity of this interaction is being tested 
more widely, particularly on heavier systems, together 
with the role of higher-order corrections such as arise 
from the Pauli principle. Another form of the interac­
tion, due to Eisen et al * • ' and also derived from the 
Reid potential, is being tested: prrimuiary results 
indicate that it is also successful. 

A previous study was made of the rncfastir scattering 
of ' *C by J , , P b using detailed one-pjrtide. one-hole 

http://mier.ih.iion
http://res.il
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wave functions of the random-phase-wproxinulkm 
type and Gaussian nudeon-nucleon in let*, (tons nor-
malued to fit the observed elastic scattering.* Again 
(here were no free parameters, and agreement with the 
data was obtained. Some indication was found that die 
range required is shorter than (hat 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. 

It has often been asserted thai some data on 
heavy km elastic scattering demand shallow ion-ion 
potentials. We believe this question is far from settled. 
The folded potentials just discussed are very deep in (he 
nuclear interior, and. for example, fits are obtained to 
1 *C • ' 2 C and l *0 • 2 'Si scattering over a wide ranee 
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 
strong-absorption radius)", we hop; that combining 
them with fusion measurements may provide more 
definitive information. 

I. C * 5»?..-»feT.«Ts. £.." SM. i i i ii»M>. 
1 C. bct>xh c j | . . l.> be pubwdKd 
5. *'. G. L<nc. prouie COOWIUOKMIPW. 
•?. V. torn. B. Day. j«d t. Yttdtxut. I%n. I.m S t* . M } 

1I»75». 
5. B. Dt»v. prmK votnmuntcjiwn 
6. (p. R. Sautter et at., fkvt. Lrti. «t p m t 
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"Sfcl«cAl 

2 

«r* 

ALL v. v M MEM. 
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Fijj. 5.12. Effects of * * M m M rattractn* t a n as a 
O W * 4 c * v 4 M M o r * « M * K * , z C . i , C ) l a r i m . 

!ep;c^c»Uiiotii has very Utile effect «»n the angular 
distributions (none at all lor the proton transfer, the 
effects <m the neutron transfer are shown in Fig. 5 I2l 
The cross-.:ction magnitudes are changed by amounts 
i2t><- However, the extra terms are necessary to give 
the post prior equivalence that is required of the 
DwBA 

SINGLE-NUCLEON TRANSFER REACTIONS 

C. R. Satchler L W. Owen1 

The wink on suigte-nucleon transfer reactions was 
pnmardy directed toward the analysis of ORNL data on 
the one-fleutron pickup and one-proton stripping reac­
tions of ' J f • 2**Pb. descr;bed elsewhere in this 
report. Two new theorei^al features were involved (11 
the use of folding-model optical potentials to describe 
the eiaslic scattering and I-I inclusion of all the 
interaction terms (hat should properly appear in a 
first-order DWBA treatment.1 The code LOLAJ was 
modified to accommodate these features. 

Although the folded potentials arc several hundred 
MeV deep, their use has link effect on the predicted 
transfer cross sections m shape or magnitude. The cross 
sections forward of the man peak tend to be slightly 
smaller, and those at larger angles tomewfial larger, than 
those predicted using a 40MeV-deep Woods-Saxon 
well. Including the other interaction terms3 (in the post 

I <.>mputr' StKncct Dnnwxi. 
: R M BrVrio. (. R. SjtcMrr. jnd J. V.. ( m m . *•*»» 

Kn. i,u, 32. I377ll«74t. 
.'. R M IVVrKvr tv t * f i m . ' J . M . W o 

COUPLED-CHANNEL ANALYSIS OF 
1 »%| '•O.' *C>J •& USING SHELL-MODEL 

SPECTROSCOPIC AMPLITUDES 

F. C. Halbcrt' 

Calculations were made ior the re actum 2 *Mg| , *0. 
'*( ) 2 'Si at 45 MeV usmg the coupled-channels Born 
approximation (CC'BAl The new feature of the present 
work was the use of twivproton spectroscopic ampli­
tudes fr.nn many-pan tele \sj) shell-model calculations 
fi* l 4 Mg and }*Si. Our computed CT cross sections 
involve contributions from six separate form factors, 
characterized in obvious notation as. 0j* — 0j». 
0,*. - : 2 \ . ZU " 0J*»- 2»» - 2» (iransfeired /. = 0. 
2. and 4). Care was taken to ensure that the six transfer 
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form fjct«>rs had phases consistent with the collective-
model couplings used for the inelastic scattering. At 5 
I'm. the 2 ; 4 -* 0;» form factor is ihiee times the 
0J» -* llt form factor. The ratios as well as the 
magnitudes of the six form factors depend upon the 
detailed shell-model structure of the four states O?*. 
0j»- -:*• ^ d 2;». In contrast, the form factors used 
by Nilsson e\ al.z "3 depended upon the L transfer but not 
upon the initial 2*Mg state or final 2 * c i state, whereas 
the form factors of S4rensen* depended upon L, but 
with state dependence entering only through the spins 
/ 2 * a n d / 2 t in the multiplying Clebsch-Gordan coef­
ficient l / 1 4 0 L OU 2t 0). In calculating cross actions 
for the reactions to the ground and first 2* . >.cs. we 
tried two different 2 ° M g + ' * 0 optical-model poten-
tials.2"* Also, we investigated the effecu of other 
changes, for example, varying the 0* 2* coupling 
strength for 2*Si. neglecting some of the six transfer 
form factors, and neglecting some state dependence of 
these form factors. The form factors and the magni­
tudes and angular dependences of tlie cross sections 
were found to be rather sensitive to these variations in 
the calculation at details. However, none of the varia­
tions we tried prtwided a clear remedy for the principal 
difficulty of the earlier calculations - their failure to 
produce cross sections as large as those experimentally 
observed.3"* This work is part of a mere general 
investigation to see whether improvements in simultane­
ous-transfer calculations might increase the predicted 
cros* sections by the one or two orders of magnitude 
needed to fit experiment or whether sequential transfer 
has to be included. 

1. Work performed while on kj«e at the Nidi Bohr Instifule. 
(openb^rn. Denmark. 1974 1975. m coiUboraiwn with 
S. Lmiiovnr. 8. S. Nriuon. and R. A. BroflB. 

2. B. Ndnon el d.. HIVS. Lett. 41%, 189 (I97}>. 
i. S. Landowne. R. A. Brojdu. and B. Nitaon. p. 49 in 

Ffncerdvffi nf the InttrnMtonal Conference on Remclkmi 
between Complex Suclei. Mtthrrik. Tenn.. June 1974. R. L. 
RobMsonct al-.tdv. XofUVHolbnd. Aimierdam. 1974. 

4. B. Sdmnen.Mvt Lett. 53*. 2S5 »I974>. 

SEMCLASSCAL SCATTERING WITH 
COMPLEX TRAJECTORIES 

L D. Rkkertsen 

For energies not loo far above L'ie Coulomb barrier, 
heavy-icn scattering into a particular angle can often be 
understood in terms of a small range of values of the 
relative angular momentum L between the target and 
the projectile. For example, the "quarter-point" angle 
(where do/doH - %) corresponds closely to the orbit 
whose transmission coefficient TL - '/,. Although 

quantum mechanically one can never associate a given 
scattering angle with a single value oi the angular 
momentum, this observed behavior strongly suggests 
the usefulness o! semiclassical (or classical) approaches 
to heavy-ion scattering. A code has been written to 
calculate the elastic scattering cross sections for heavy 
ions in a WKB zpproximation. Although earlier 
attempts to use the WKB method have been unsuccess­
ful, the method has recently been generalized by Knoll 
and SchaeiTer1 (and others) to allow the possibility of 
complex angular momenta. Using this procedure, the 
code BUMPPO is able to reproduce angular distribu­
tions computed by the usual optical-model routines to 
better than )% for all angles. For a single angle, the 
WKB method requires about 1/100 of the computing 
time required by the standard ce^es which integrate the 
Schroedinger equation directly, so that for a large 
number of angles the computing limes for the two 
methods are comparable. Applications of this procedure 
to Iicavy-ion scattering by Knoll and Schaeffer and with 
BUMPPO reveal that in regions where the calculated 
angular distribution falls smoothly, thai is, is not 
diffractivc. the cross section at a single angle is due to a 
single complex angular momentum. The real part of this 
angular momentum corresponds closely to the average 
of the L values which contribute in the quantum 
mechanical calculation; the imaginary part roughly 
corresponds to the width of the distribution of these 
partial-wave amplitudes. For angles where diffraction is 
evident in the calculated angular distributions, the WKB 
cross section is the result of the interference of a small 
number ("2 or 3) of amplitudes corresponding to 
different complex angular momenta. This conclusion 
was reached earlier with regard to the diffraction 
structure observed in heavy-ion and alpha-particle scat­
tering.2 Thus the WKB method is potentially able to 
tevcal considerable physical insight as well as to provide 
a fast method of computation of the elastic scattering. 
Application of the method to inelastic scattering is in 
progress. 

1. T. Knol and R. Schaefwt. Ann. Pftys.. to be puWi?'. 
2. W. Frahn and R. Venter.Nuel. Phys. AS9.651 ' \v*i . 

NUCLEAR STRUCTURE THE*, , i 

R. L Becker F„C. Hsih.-.i 
T.T.S. Kuo' A. D. Ki,, K'.ilar1 

N. M Larson2 J A Sr<iiih* 
J. B. McGrory J P Svcnnc5 

B. H. WilrWnthal* 

At a fundamental level, understanding the saturation 
properties of nuclei m terms of the nucleon-micleon 

\ 
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f ;.e remains one of the outstanding problems ot' 
nuclear theory. Work has continud o-; this difficult 
problem, using the Brueckner theory and its develop­
ments to evaluate higher-order corrections. 

The shell model attempts to describe nuclear prop­
erties in terms of the n* t.vMis of a lew "valence" 
nucleons restricted to ' lativciy few ir.dcpendent-
particle orbits. Thus i of its important functions 
continues to be to ••• r.e'ate experimental findings and 
to predict others u nterest. Our efforts in this area 
have often K-., ade in close collaboration with 
experimer-;.,! c ,.•>. 

In nvr . > . it is difficult to separate structure and 
reaith,', »f- y. for example, the structure calculations 
or r.'jus' - iorm factors were an essential part of the 
'.'.-. mjJi.on transfer problem discussed in a preceding 
•i". .e. Similar intermingling occurs in the interpreta-
•• n of pan I rrtultipok resonances excited by inelastic 

scattering. 

1. S tie University oi New York. Stony Brook. 
2. Computer Soen <s Division. 
3. University of Kentucky. Lexington. 
4. Visitor frorr Nc« College. Sarasota. Kb., partially sup­

ported by a program administered' by Oak Kidge Associated 
Universities. Present address: Department of Astronomy. Yale 
University. New Haven.Conn. 

5. University of Manitoba, Winnipeg. Manitoba. Canada. 
6. Michigan Slate Umvefity. East Lansing. 

PROTAGATOR-RENORMALIZED 
BRUECKNER THEORY 

R. L. Becker N. M. Larson' A. D. MacKellar3 

J. A. Smith3 J. P. Svennc4 

For the past two years, motivated by a deficiency of 
the renormali/cd Brueckner-Hartrce-Fock (RBHF) 
approximation with respect lo 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 column 3 of Fig. 5.13. Some 
preliminary results for , 40*were reported in last year's 
annual report.5 Another aspect of the Brueckner 
calculations is the desire for self-consistency of the 
effective interaction with respect to the single-particle 
wave functions and encgies. Ensuring this self-con­
sistency involves making Pauli and spectral corrections 
to the reaction matrix. Preliminary reaction-matrix 
corrections also were reported I?it year for ' *0 5 The 
code was .*» slow however, is to provide a major 
obstacle lo extending the applications to heavier nuclei. 
The bulk of the computational cforl this year has been 
involved in making the Pauli-sfctral and SORB 

(second-order renormalued Brueckner theory) codes 
very much faster. Some sample results for *°Ca. 
calculated with the Hamada-Johnston interaction, are 
show.; in Table 5.2. In contrast to the case of' *0. the 
residual Pauli and spectral corrections did not increase 
the radius, and '.he saturation properties are only 
slightly improved relative to RBHF calculations with 
the uncorrected matrix elements. Doth the PJLII-
spectral corrections and the second-order particle-hole 
terms are expected to increase in importance as one 
considers heavier nuclei. The codes now appear fast 
enough to handle an JV = Z nucleus with ~200 nucleons 
at reasonable expense. Some additional programming 
will be needed to ensure complete self-consistency in 
the presence of a neutron excess, spin-unsaturated 
shells, and a large Coulomb field, however, calculations 
in the lead and actiniae regions now seem quite feasible 
at moderate cost. 

A continuing interest in trying to include three-body 
contributions into the finite nuclear Brueckner calcula­
tions led to an investigation of the validity of Day's 
approximation for the Bcthe-Gotust>>ne defect func­
tion. This approximation neglects the dependence of 
the defect function on the energy of zn interacting pair. 

0»ML-M6 7*-500» 

«*) !*> U) 

(rf) (») (/) 

(9) (A) (/> 

Fif. 5.1 J. D a p — McMad in dK SORB «••'»*'•—ft" , o r 

dtcMrt-cofUtfenf ft«M. 
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TaMrS.2. rUccUuf P«<*sa«v1nl corrertws uf l l » i m l i m W h * a«4 jtvoaJ «<u Bnw 
m the *tf-cM*sKii( OcM lo profaguar-nMranliitri I m t t n .alnfalioas of 4 , Ca" 

rrop*,, . . ,* SCI f i K V * .a* ." '" . . / ^ r " P | » »/, t ^ i M c V ) 

» K ' i " o i RBIII 81 86 « / , . , o 3 7 
SOC l* 0 ! a) RBIII- bl 87 5 \p} 3 I . '* 
RBIII r < 4 V i » RBIII <* »7.4 If, . 1.31 
RBIII I 4 V J | SORB t* 89 (>;, , O.S8 

J An ..wiUator bato with hw = It.8 MeV and J *ell depth ol 44 McV was u«d. 
1 oi ihc propagator. SIX" - *mg)e oicriiator lonlqpiratwa and •rwiilator spectrum, and RBHK » 

renornulured Brucckncr-liartKe-rocfc configuration and spectrum 
' SO- means «U"-oMUDienl field, 
t* - i - second-order rearrar.̂ emeni enerjy of "particle" slates. 

Figure 5.14 shows ihc energy dependence of relative 
5-slatc detect functions in an oscillator potential.*'7 

A level inversion usually .vcurs in sell-consistent field 
calculations when only one ol' a pair of symmetry-
related levels is occupied. An interpretation is offered: 
the single-particle energy of the level unoccupied in the 
.4-panicle system is its energy of removal from the 
\A * D-particle system." •* The correction ol' this en­
ergy to convert it to the corresponding energy in system 
A is simply given. When i>oth symmetry-related levels 
arc calculated in the same system, there is n<> level 
inversion. The usual prescription to occupy the lowest 
levels should be amended to slate that the energies 
should all correspond lo removal energies from system 
A. Our interpretation also explains abnormal spin-orbit 
splittings 

In seeking to ascertain how good the body densities 
calculated from self-consistent field theories are. it is 
important lo know how reliable are the "experimental" 
densities inferred from clastic electron scattering. The 
usual analysis of the data is rv. finding a charge density 
that yields a charge form factor that fits the data. We 
have discovered, however, that the best empirical charge 
densities of light nuclei correspond to bod) probability 
densities with negative regions containing a total nega­
tive pronabtiiiy of about I'"'.10 Moreover, the negative 
portions cannot be removed by adding a small positive 
exponential tail and subsequently rcnorma!i/ing with 
out seriously disrupting she fit to the data. Wc propose 
the alternative procedure of dividing the experimental 
charge form factor by the nuclcon fiwni factor to yield 
an experimental body form factor and then filling this 
with a form factor ob'aincd from a nonncgalivc body 
density. We have found that the analytic body form 
factor 

//.'*» = *"' \A suitable a<l~ 

' A ' 11 lamvihq)e ^' \ . 

which corresponds to a nonnegatrve body density, 
together wuh the llofstadicr-Wilson double-pole form 
fact:* of the proton, yields excellent fits to the data on 

***>*' Qntn***tt of »»f T. ,fiti ftraf<«t Ocfirc* '»«c«»«* C»'* 
»// f j : »'.. » »/ ! ' . '•' * » / » 0 . /»-.. »»5. 0'»'»ftf »» C0(0. 5 0 
1 f. . »,!.»•» »»» Ha<->««o -J*»««i»« Iiocac«««. c"j'»40. 0.-TOO. 
-20'l.aM -400 MrV. i - A * f "'. ««« p^,, »5 

rig. 5.14. ttiht-i'toktuom defect frwttiom. 
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3 He. 4He. and , f O . Further applications of our 
relutrvcU simple method oi mapping out regions of 
uncertainty in the density also have been made. 1'"' * 
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NUCLEAR SHELL MODEL 

J. B. McGrory E. C. Halbert T.T.S. Kuo1 

B. H. Wildenthal2 

In the past year, we have continued to use the 
shell-model codes as an adjunct to the experimental 
program. As reported elsewhere.3-4 there continues to 
be interest in locating states of high spin in light nuclei, 
in both the Is. d) shell and (/. p) shell. In particular, 
lifetimes have been rreasured and tentative spin assign­
ments proposed in 4 , Ca. The spins are higher than 
allowed by the simple (/, p)2 model for 4 I Ca. so it is 
necessary to include ilher orbitals. A model space was 
chosen in which a 3 "S core is assumed, and the ten 
extra nucleons are distributed over the dJ/2 a n d / 7 / 2 

orbits, with up to five flfl particles allowed. An 
effective residual interaction was chosen which leads to 
reasonable agreement for the known spectrum of states 
in *°Ca. Within this model space for 4 2 Ca. both 
negative- and positive-parity levels can be calculated, 
and there is the potential for describing low-lying 
deformed 4p-2h states. The qualitative result of the 
calculation is that there arc 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 arc more states calculated than there arc 
observed. The calculated B{K2) values for transitions 
between these states indicate the existence of some sort 
of "rotational" band structure for these high.pin 

slates, but there are not enough experimental data with 
which to compare this prediction. 

Work was completed on an extensive study of nuclei 
near the : o s P b shell closure. The lead isotopes 
loa. ics . jot . i io. i i i . i izpb a n d 2 i o P o : n A , a n J 

2 ' 2 Rn wert treated as systems of identical particles (or 
holes) built on a 2 0 s i > h core. The Kuo-Heriing interac­
tion was used, with some empirical renormali/ation. 
The results were generally in good agreement with 
experiment. It was found that a simple seniority 
truncation scheme was very effective in reproducing the 
calculated shell-model results in untruncated spaces. 
Such a scheme should be useful in examining the 
stri'.ture of much lighter lead isotopes, for which data 
are now being accumulated. 

There have been some investigations of more purely-
theoretical questions in the sheli-model field this year 
One concerned the infamous spurious state question. I' 
was suggested by Gloeckncr and Lawsons that a useful 
prescription for "eliminating" such states would be to 
add to the shell-model effective residual interaction the 
Hamilton ian for the motion of the center of mass of the 
nucleus multiplied by a large coefficient. This large 
coefficient would mean that if a state had a significant 
admixture of states with the center of mass excited, 
that state would be pushed to a high energy. In a very-
simple shell-model space the prescription appeared to 
be very useful. The approach was then applied "o the 
Zuker-Buck-McGrory (ZBM) calculation of ' " 0 . Their 
prescription for eliminating the spuri-.HJs slates also 
eliminated the agreement between theory and experi­
ment. We first tried to find an interaction that gave 
good agreement with experiment when the spurious 
slates were projected out in 'his way. but wc had no 
success. We next studied in some detail what was 
happening in the ZBM model when the spurious states 
were eliminated. Wc found that the ZBM model space 
actually contained very small admixtures of spurious 
states. To eliminate these small admixtures, a large and 
significant part of the model space had to be eliminated 
along with them. Wc concluded that it was more useful 
to accept the small spurious-state contaminption than 
to throw away an important part of the model space. 
This analysis suggested that the Gloeckncr-Lawson 
prescription wa, not generally useful. 

1. State University of New 'fork. Stony Brook. 
2. Michigan Slate University, Ka»l Lading. 
J. J. Gomez del Campo el tV.Phys. Rev. 12,1247(1975). 
4. See Ihisrepori. D. F,. GuMafson :l al. "Hifh-Spin States oi 

the A"" = V and'/,* Band* f J 3 N a . " 
5. D. H. Glocckncr and R. D. Law*..,-, "hys Lett. 60B. 5 

(1975) 



6. High-Energy and Medium-Energy Activities 
HO.Conn E. LHart' 
G. T. Condo' H. R. Brashear2 

W M. Bugg' T. H. Handler1 

INTRODUCTION 

Actrvit.es of the High-Energy Program at ORNL 
included participation in a i"p experiment with 130-
GeV/c pions at the Fermi National Accelerator Labora­
tory (FNAL). The experiment was done with a hybrid 
system employing the 76.2-cm bubble chamber and 
wire proportional counters. New data were obtained 
with the same setup for positivc-pion interactions at the 
saiK momentum. Further effort was put into the study 
of low-energy physics with high-energy techniques by 
further analyzing data obtained at BNL of interaction 
of p and K~ in plates inserted in a 76.2-cm bubble 
chamber. Measurement of interaction of pions in the 
208.3-cm SLAC bubble chamber has continued, leading 
to completion of the measurement phase of a ir*-
dcuterium interaction experiment and accumulation of 
data for a ir"-proton experiment. 

VERY HICK ENERGY PHYSICS 

The principal experimental effort of the Oak Ridge 
high-energy physics group continues to be the hybrid 
bubDic-chamber-proportional-wirc-counter ex^riment 
at FNAL. During 1975. an additional experimental run 
yielded ~ 200.000 pictures exposed to a beam of 
150-GeV/r positive pions. The data contained in this 
exposure are still in the measuring and preanalysis 
phase. Work is ai»:> continuing at ORNL in the design 
and construction of large drift chambers that will be 
inserted behind the bubble chamber to enhance ihe 
downstream capabilities, both in regard to the accuracy 
of momenta determinations and to the physical size of 
the angular acceptance of the region surveyed by the 
proportional-wire systems. 

Work has also continued on the analysis of the initial 
experiment performed with the hybrid system at 
FNAL. namely, an exposure of the hydrogen bubble 
chamber to 147-GeV/r -a' 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 
it'p and K'p interactions. The latter particles were 
present in about 2% of the beam and were tagged by an 
upstream Cerenkov counter. Our measurements are. in 
the main, in agreement with others that have been made 
at these higher momenta. The most interesting feature 
of the data is that the scaling behavior of the partial 
topological cross sections, as predicted by Koba. 
Neilson. and Oleson.4 is verified by the up data over a 
broad range of pion momenta. In another paper, the 
inclusive and semi-inclusive cross sections for p° pro­
duction from 147-GeV/c n'p interactions was dis­
cussed. The total observed p° cross section was 7.3 ± 
1.3 nib. most of which occurred in the lower topology 
events (less than ten outgoing prongs). This value is 
substantially smaller than the 13.5 ± 1.3 mb value 
reported in n'p interactions at 205 GeV/c.5 The 
principal difference in the two experiments is in the 
large value for the p° cross section reported at 205 
GtV/c in the events of higher topology (>I0 prongs). 
The determination of partial resonance production 
cross sections in high-topology events is quite sub­
jective, and the above differences are probably due to 
different assumed backgrounds and different param­
eters employed for the Breit-Wigner resonance-fitting 
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-
jerved on the rapidity axis. 
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LOW-ENERGY PHYSICS WITH 
HIGH-ENERGY TECHNIQUES 

During the past year, an invited talk was given at the 
Fourth International Symposium of .V.V Interactions at 
Syracuse University. This talk summarized the world 
sample of stoppings interactions with complex nuclei. 
Very few data exist concerning stopping p interactions 
in nuclei heavier than deuterium, except for nuclear-
emulsion data where the identification of the target 
nucleus is a well-known difficulty. Our previous expert 
ment. which suggested the existence of a neutron halo 
in heavier nuclei, is virtually the only systematic study 
of stoppingp interactions. This result was criticized by 
Gerace. Sternheim. and Walker* on the grounds that 
pion charge-exchange scattering in the parent nucleus 
could invalidate our evidence about the existence ot a 
neutron halo. These authors assumed p capture in the 
nuclear periphery and used free-particle pion-nucleon 
charge-exchange cross sections to arrive a; their con­
clusion. In a shot; note7 we challenged the use of 
free-panicle cross sections to infer secondary charge-
excharigc interactions following p i-apturc. A" meson 
capture is an entirely analogous physical situation with 
the added virtue that one can identify specific charge-
exchange reactions from the char?? states of the 
emitted pions and hyperons. The use of free-particle n 
charge-exchange cross sections implies that charge 
exchange would be about an order oi magnitude larger 
than is observed experimentally following A." capture. 

Work was also begun on an investigation of the 
various p elastic and inelastic (annihilation and non-
annihilation) scattering from the nuclei of carbon, 
titanium, tantalum, and lead. This work was initiated to 
check the reliability of calculations made by Pilkuhn* 
based on a black-sphere model for the absorption of 
slow negative harirons. It will also be the first measure­
ment of low-momentum (~300- to ~400-MeV/c) p 
interactions with complex nuclei. 

tr'-DEUTERON INTERACTIONS AT 15 CeV/r 

We have completed the measurement phase of a 
l5-GcV'/c >r*-dcutcron 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 IV- events with an identified ..opping-proton 
track. A total of SS.v.30 events were measured at ORNL 
with the spiral reader. About W of the events passed 
the filtering program and yielded data suitable for 
processing through the three-view geometric-recon­
struction program. After kinematic fitting of each event 

to hypotheses ot interest, data summary tapes were 
prepared. Analysis oi the data has just begun, and the 
preliminary results are consistent with previous meas­
urements at similar energies. We arid search for produc­
tion of higher-mass bosons and compare the data to 
predictions of theoretical models. 

* -PROTON INTERACTIONS AT 8 GcV/r 

We are continuing to scan and measure film obtained 
at SLAC with the hydrogen-filled 208.3-cm bubble 
--fomber exposed to a beam of 8-GeVV it'. So far. 
75.000 events have been measured on the spiral render. 
Considenibie effort has been spent on improving the 
efficiency and reliability of the tittering program. Our 
share of the film is one-third of a larger exposure done 
in collaboration with MIT and Tohoku University. 
Japan. We are planning to pool our data to obtain high 
statistical results. Preliminary data based on early 
measurements show the expected general features in the 
two- and three pion mass distribution. We expect to 
study in detaiM z meson production in association with 
A( 1236) production, which will enable us to effect a 
meaningful check of the hypothesis of charge inde­
pendence. 

1. Consultant to ORNL from the University of Tennessee. 
Knowille. 

2. Instrumentation and Controls Division. 
3. Gucsi assignee lo ORNL ftom the University of Tennessee. 

Kno.xvillc. 
4. Z. Kotu. H. B. Ncilson. and P. OUson. Sucl toys M0. 

317(19721. 
5. F. C. Winke'mannct al../*»-j. Left. 56B. 101 11975). 
6. W. J. Gerace. M M. Sternheim. and i. V. Walker. toys. 

Rev. I.etl. 33, 508(1974). 
7. » . M. Bung. G. T. fondo. and H. O. Cohn. toys. Her. 

Un. 35.6i I (1975). 
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THE n: *d-*p+p REACTION AND 
THE DEUTERON D STATE 

E. E. Gross 
C. A. Ludemann 
M. J. Saltmarsh 
B. M. Freedom1 

C. W. Dardcn' 
R. D. Edge' 
T. Marks' 
M. Bleeder' 
K. Gotow' 

R. L. Burman* 
R. P. Rcdwinc* 
W. R. Gibbs* 
E. L. Lomon3 

K. Gabathulcr4 

P. Y. Benin* 
J. Alstcr* 
J. P. Pcrroiid1 

B. Goplcn" 

The D-si.aic probability. Pp. of the dcutcron has been 
the object of much study. The understanding of the 
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Fig* 6.1- Anpriw (fcvtnMliiMi foe M ncMcM piou t M j 0 of 
50 MeV. The curves are calculated usinc either Hamada-Johnston 
(HJ) or boundary-condition-model (BCM) wave functions with 
the Instate percentages ( P D > indicated. 

binding energy, the magnetic dipolc moment, and the 
quadrupole moment of the deuteron requires a varia­
tion in PQ from 4 to Tk. Deuteron wave functions 
determined from a description of nucleon-nucleon 
scattering, deuteron electromagnetic form factors, and 
elastic n-d scattering contain a D-state admixture of 5 
to lit. 

We have measured angular distributions for the * * *d 
— /» + p reaction at incident energies of 40. 50. and 60 
MeV. These data were taken using the low-ercrgy pion 
channel at the Gin ton P. Anderson Meson Physics 
Facility at the Los Alamos Scientific Laboratory. 
Because of the large momentum mismatch between the 
entrance and exit channels (i.e../?, - 100 MeV c. pp -
400 MeV'c each), this reaction should be sensitive to 
the high-momentum components of the deuteron wave 
function. Gopkn. Gibbs. and Lomon* and Gopleti 1 0 

have shown that this reaction is sensitive to the D state 
of the deuteron. 

Figure 6.1 shows the angular-distribution data meas­
ured at 50 MeV and the results oi calculations for the 
differential cross section. The form of the reaction 
mechanism allows the pion to scatter from one nucleon 
to another before it is absorbed. The contributions 
from on- and off-momentum-shell terms are the same 
for each calculation. Only the form of the deuteron 
wave function and the ZXstate percentage were changed 
The calculation using the Hamada-Johnston (HJ) wave 
function (PD - 6.%'7) and that using the boundary-
condition-model (BCM) wave function (Pp ~ l.ST7c) 
arc essentially parallel, but both have a different slope 
from the calculation using the BCM (PD = 4.56'*) wave 
function, this is interpreted to mean that the ir* + </-» 
p * p angular .istribution is very sensitive to the 
magnitude of the D-siate wave function but that it is 
not sensitive to the exact form of the radial wave 
function. 

1. University of South Carolina. Columbia. 
2. Vircinia Polytechnic Institute and State University. Blacks-

burg. 
3. Los Alamos Scientific Laboratory. Los Alamos. N.M. 
4. Swiss Institute for Nuclear Physics. Villigen. Switzerland. 
5. University of Clermont F r f . Clermont-Ferrand. France. 
6. University of Tel-Aviv. Tel-Aviv. Israel. 
7. University of Lausanne. Lausanne. Switzerland. 
8. Science Applications. Inc.. Albuquerque. N.M. 
9. B. Gopkn. W. R. Gibbs. and F. L. Lomon. fhys. Rrv. Lett. 

M. 1012(1974). 
10. B. Gopten. Ph.D. thesis. University of New Mexico. 1975. 



7. Molecular and Materials Research 

Electron Spectroscopy 

INTRODUCTION 

T. A. Carlson W. B. Dress 

During 1975. the principal effort of the electron spectroscopy program has been the 
construction of a chamber whete photueleciron spectroscopy can be carried out under 
ultrahigh-vacuum conditions. The main thrust of cur future program will be directed 
toward the study of the electronic structure of molecules adsorbed onto surfaces. In 
addition to clarifying the basic relationships between the phot ©electron process and the 
electronic structure of molecules, these studies will provide new toots for research in 
heterogenics catalysis. In particular, we have a strong interest in the nature of the 
angular distribution 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 I discharge lamp (21.22 eV) with a device for polarization. Different 
ports allow a change in angle between the direction of the incoming photons and ejected 
photoelectrons. 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 clumber was put into place. 
The primary interest in these studies was the difference in chemical shifts of the core 
binding energies between measurements made using Auger data and x-ray photoelectron 
data. This difference has been called the "Auger parameter" and is related to the 
relaxation energy or polarizability of molecules.' It will be particularly interesting to 
measure this important quantity for molecules adsorbed on t'w surface, and studies of 
this nature are planned for the near future. 

While the ultrahigh-vacuum chamber was under construction, a number of photo­
electron spectra were taken on gaseous hydrocarbons. The greater sensitivity afforded by 
our new position-sensitive detector made these studies feasible. The main goal was the 
characterization of satellite structure arising from electron shakeup and. in particular, the 
influence of n orbitals associated with double-bonded carbon. A more detailed report is 
given in this section. 

Finally, plans were made with the help of F. A. Grimm.J G. S. Painter,3 D. Dill.4 

and J. Dehmcr5 to set up a program for calculating photoclectron cross sections as a 
function of the angle of the ejected photoclectrons. using molecular orbital methods 
employing x„ scattering. These results will be used to compare our earlier results on 

156 



1S7 

randomly oriented gas molecules and to evaluate the anticipated results an molecules 
preferentially orientated on the surface. 

I - C. D. WapKi. rtrmiUv tkscMtt. f * n n Sot., at press. 
2. Coaatfcaai fc> ORNL iron ikjc Uamrciry of Tcaacssee. Kaoxinflr. 
3. Mtuh M 4 CtruKi DmsM. 
4. Bouon Uuvcrsiry. Motto*. Mass. 
5. Aim—t Natiuful Laboratory. Aifone. IB. 

ULTRAHIGH-V AOJUM CHAMBER AND DATA 
SYSTEM FOR ELECTRON SrECTROSGOTY 

T. A. Carlson W. B. Dress 
F.H.ward' 

Major modifica'ions were made last year to the 
electrostatic analyzer. These consisted of construction 
of an uUrahigh-vacuum (uhv) chamber and photon 
sources and the development of a new data-tak-ne 
system. (See Fig. 7.1 for an overall schematic of the 
spectrometer.) The new chamber is a stainless steel 
bakcabte bell jar with 11 ports. The system is pumped 
with an NRC-4 diffusion pump which is -~cfully 
trapped with a Granville-Phillips double-wall nitrogen 
trap. The system is designed to operate in the low 
I 0 ~ 1 0 torr region. An ion gun is employed for m-situ 
cleaning of the sample. The sample holder is manipu­
lated in x, v, and z directions and may be rotated about 
its axis by 360". 

Two types of photon sources have been designed and 
built. They can be placed in different ports to direct 

their beams at angles of 45°. 55°. 90° . and 135* to the 
direction of the ejected phoioelectrons. Both photon 
sources can be used si the source chamber simultane­
ously. One photon source produces characteristic soft x 
rays. Its anode and thus the nature of the diaiacteristk 
x rays can be varied. At present, a mixed suver-
alummum anode is being used. The aluminum Ka x rays 
are used in obtaining core-level photoelectron spectra, 
whereas the silver L x rays are useful for producing 
KLL Auger spectra of the third-row dements. The 
second photon source produces 21.22-eV radiation by 
means of a helium gas-discharge lamp. Triple differen­
tial pumping is used to reduce the amount of helium in 
the chamber. A special feature is a rotauUe reflection-
type polarizer using three gold mirrors, which should 
yield W * polarization: the design is taken from Honon 
eta). 2 

Ejected photoelectrons are transferred to the entrance 
slit of 'he analyzer by rnians of a three-elc.nent lens. 
This arrangement has several advantages. First, having 
the sample at a large distance from the spectrometer slit 

0** i -M« Tt-tm 

N T I M<0 COOTKOl. 

' *. —~"- - - --
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Fig. 7.1. Experimental anangtment. The schematic sketch of the source chamber shows the photon sources (x ray and uv), ion 
gun ((7). window (W), mn gage (0A). transfer lens (T), and sample manipulator and sou'ee cage (5). The electrostatic analyzer 
indicates lhe relative position of the entrance slits and detector, with a typical elecuon orbit shown as a doited line. A block diagram 
of the data-handling system depicts the major components of computer, detector electronics, disk storage, plotter, display scope, 
programmable power supply, and both Teletype terminals. 
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rruntrmzcs contamination from the spect'ooiewr. which 
a not bakcabk and b maintained at a pressure from 
10"* to I0~ T ton. Because of the small slit, the 
pressure in the uhv chamber can be maintained by 
differential pumping at I 0 ' 1 * :orr so long as direct 
line-of-sight contamination can be avoided. Second, the 
transfer iens also serves to accelerate or decelerate 
electrons to a < justant voltage, which is of advantage in 
operating a position-sensitive detector. Third, the trip** 
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 dab handbag has also 
been achieved. A position-sensitive detector consisting 
of a channel-plate multiplier array1 and located at the 
focal plane of the electron spectrometer has been 
interfaced to a PDP-8/E minicomputer as shown in Fig. 
7.1. A programmable power supply controlled by the 
computer determines the preacccieration of the elec­
trons leaving the sample before they enter the spec­
trometer. Because the spherical-sector analyzing plates 
of the spectrometer arc 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 analysts- The 
range in energy of each spectrum is about 5"* of the 
kinetic energy of an analyzed electron and is dis­
tributed aw 1024 data channels with a linearity of 
better than 2%. 

A software system for on-line data acquisition and 
real-time control of the spectrometer has been de­
veloped, incorporating both direct experimenter control 
of the system as well as a "batch" capability that allows 
a set of instructions to be executed automatically 
without operator intervention. Various portions of the 
spectrum under study may be selected, counted for a 
predetermined live time, plotted on graph paper, 
displayed on the scope screen, and saved on the 
disk-storage device. A second Teletype terminal is 
devoted to any "background" tasks that will execute 
when the data system is momentarily idle. Such tasks 
could be (he running of a Fortran program, develop­
ment of other programs, and computing on previously 
acquired data. 

In addition to the real-time system, a number of 
data-analysis programs in Fortran IV, Basic, and 
machine language are available. These programs allow 
correction of the energy scale, correction for detector 
response, peak integration, and data display and plot­
ting. The system of programs is versatile and written 
with the outside user in mind. Changes to the system 

are quick and easy to make, and a visiting worker could 
easily write ho own special program U»JI$ existing 

The complete spectrometer system, unhiding mgh-
vacuum source and data acquisition, has been tested, 
and a number of Auger spectra of the Mg-MgO system 
have been acquired and examined. The next phase is to 
explore surface orientation of adsorbed species using 
the polarized He I raduuon. It is here that we expect 
the biggest benefit of our new data system to make 
itself fell in its ease and rapidity of handling the high 
counting ra»es and the many spectra we hope to obtain. 

1. ftaat mi EqMfavM Dmam. 
2. V. G. Herioa el *..Apfl. Off- * . **7 f l«*Tl. 
i. C. D. Sfeok Cf M..J. fU.arm Spcvtrmr. Rtitt. /lunam. fc, 
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STUDY OF SATELLITE STRUCTURE FOUND 
IN THE fHOTOELECTRON SFECTRA 

OF CASEOUS HYDROCARBONS 

T. A. Carlson F. A. Grimm' 
W. B. Dress J. S. Haftrriy1 

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 
photoeleciron energy lower than the main photo­
electron peak by exactly the amount of excitation 
present in the ekctron-shakeup process. Electron shake-
up is defined as the transferring of an electron (mini 
probably an electron from the valence shell) into an 
excited bound state as the result of s sudden change in 
core potential. 

It has been noted with unsaturated hydrocarbons in 
the solid phase that a rather sharp satellite peak is 
found at small energy separations from the main peak.1 

It has been postulated that these peaks are due to the <r 
-* ir* transition involving the * orbital that results from 
the carbon-carbon dcubk bond. In addition, the be­
havior of the low-excitation-energy peak with regard lo 
relative excitation energy and intensity was correlated 
with properties of the carbon-carbon double bond. 
Because of the intciest and importance of the solid-
phase work, it is essential thai the bask understanding 
of electron shakeup due to excitation of the n orbitai: 
be examined with free molecules in the gas phase. 
Experimentally, photoelectron studies in the gas phase 
have a much better peak-to-background ratio, and 
contributions from characteristic energy losses can be 
determined and corrected. Theoretically, electron 
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shakeup cakutatwns can be made using molecular 
orbital theory and can be compared direclh with 
experiment. 

We have carried out photoelecUun studies using a 
km x-ray source on a group of unsaturated 

Uk hydrocarbons: ethylene, propylene, l-buiene. 
rram-2-buiene. rm-2-butene. and buiadKne. and lor 
comparison, some saturated hydrocarbons: metrmw. 
propane, and cyclopropane. In each case, spectra were 
taken m the vicinity of itx carbon Ix photaekctron 
peak. Sudan were abo made on CF 4 and furan. In each 
case, characteristic energy losses were determined by 
pressure studies and separate electron-impact measure­
ments. During this work a similar investigation has been 
reputed on gaseous benzene and some of its deriva­
tives.* 

Figure 7.2 shows two typical spectra of ethylene and 
propane. The dotted line gives the small contribution 
from HtdastR COUBMJCS of photoclectrons passing 
through the gas. The satellite structure can be divided 
mtu two groups. One group is characterized by a 
relatively sharp peak at low excitation energy (about 6 

to X eV| which is believed to result from the ir - *• 
transition and is usually from the highest-occupied to 
the iowesi-unoccupied molecular orbital. In addition, 
there is a broad complex band that peaks at an 
excitation energy of' about 20 eV and has a long tail. 
This satellite structure probably contaim contributions 
from the excitation of a urbttab and may also include 
contributions from electron shakeoff (transition to the 
cuntr.u'uni. The absence of a low-energy peak in 
prooar.e as compared to ethylene is striking and gives 
cooidence to the assignment of that peak to the 
carbon-carbon double bond. 

In Table 7.1 are listed results on the intensities of the 
satellite structure. The brood excitation band is similar 
in each case, amounting to about 3€T* of the main peak. 
The sharp, hiw-er^gy excitation peak is found in each 
of the unsaturated hydrocarbons, and its intensity is 
roughly proportional to the ratio o( the number of 
double bonds to the total number of carbon atoms in 
the molecule. 

Theoretical calculations on the intensity of the 
s -» «• transition were made using the sudden approxi-

Fig. 7.2. Wmioitecnwn spectra of ethylene and propane snowing the satellite structure plotted a* a function of kinetic energy 
: to tfct wmm peak. Magnesium Ka * "ays (12.54 eV) were used as a phnton source. The dotted curves are i measurement of the 

small contribution from inelastic collisions of the ejected photoelccirons passing Ihwueh the eas samples as determined from 
electron-pin measurements. Reckon* I and II arc as defined in TaNe 7.1. 
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Mokcuk 
Fxperimmtal Tbeorv' Mokcuk 

Region 1* Region II* » - • • 

Fthvlrar. H : C CH2 <»6 27.3 6.4 

Propylene. HU" CH-CH, 6.7 31.4 4.1 

l-Bvtene. H : CCH-CH> -C"H, 4.: 35.5 :.» 

rr»B-2-BMcee. ( H fH 
CH, 

4.8 :.s 

CW, p t s 

i-n-2-»u\ttK. V H ^ C H ' 5 * yy 

Bntadien*. CH 2 =CH-CH =CHj 15.614.4)'* 31.7 14.9 18.1 > r f 

ftopMr. CHj -CH 2 - CH, 33.7 

'intensity of tow-exciution-rtierry at?Uitr ptak-
Intensity of hiichCT-evjitttion-enCTity a(ftfcte tend. 

rCakablioa of k>w-«acrgy » — »• transitions, usinc. Eq. < I) with CNDO/2 
wave functions. 

Shows two distinct peaks: mtnuitv of lower <xcitation-ener|r)r peak p.rn in 
fnientheses. 

mat ion. from which the transition probability to a given 
final state. p,-~f. is taken as 

Pi~f=\f±r*idr? ( i ) 

where •*, is the wave function for the initial neutral 
molecule, or. specifically, the frozen orbitals repre­
sented by that molecule with the provision that one 
electron from the Is carbon shell has been removed, 
and v / is the relaxed state of the ion with one electron 
missing from the Is carbon shell. Equation (I) was 
solved by using CNDO/2 molecular orbitals and 
assuming that the final states can be approximated by 
using a nuclear charge of Z* 1. No provision was made 
for coupling the unpaired spins. The comparison be­
tween theory and experiment in Table 7.1 is surpris­
ingly good, considering the crudeness of the wave 
functions used. Furthermore, the calculations have not 
been normalized, which, when done, should bring the 
calculated values up slightly to even better agreement 
with theory. Specifically, the calculations showed that 
the shakeup due to n -* a* was substantial only when 
vacancies were created in the cirbon attached to the 
double bond and that the transition rates were fairly 
independent of the molecule, thus confirming the 
observations that the intensities of the first satellite 
peaks were proportional to the relative number of 

carbons associated with the double bonds. Butadiene 
has two double bonds and. curiously, also has two 
distinct peaks at low excitation energy in its photo-
electron spectra. However, calculations show a much 
more complicated situation. Because, in butadiene there 
are two occupied v orbitals and :wo unoccupied * 
orbitals. a total of four dif?rcnt transitions are pos­
sible. In addition, a fairly intense transition was found 
involving a orbitals which ilso 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 ir orbital 
associated with the double-bonded carbons. With 
proper precaution, it would seem both legitimate and 
valuable to try to correlate the behavior o( their 
satellite peaks with the double-bond behavior of 
molecules. 

1. Consultant to ORNL from the University >f Tennessee. 
Knoxvilk. 

2. Oak Ridge Associated Universities Trainee, summer 1975, 
from ManhattanCoUegr, Bronx, N.Y. 

3. D. T. Clark and D. B. Adams,/ F.hcironSptrtrmc. Rrlst 
Phtnom. 7,401(19751. 

4. T. Ohta, T. Fujikowa. and H. Kuroda. Chtm. Phyt. l.tlt. 
32.369(1975). 



161 

HYPERFINE MfERACnONS W SOUDS 

F. E. Obertshan J. O. Thomson' 
P.G.Huray1 CPett i t 1 

C. I t Tun*3 

These investigations of hyprrfinc interactions m sabds 
mt experimental techniques of auclear physics applied 
to soM-sfaie physics and provide informatian about the 
environment of dat afoaaic nucleus in metals, alloys, 
and compound*. Among these techniques are the 
Mossbuirr effect, perturbed angufw correlatian (PAC). 
and lime-drfiercntial p t i f b t d angular condafson 
(TDPAQ- These methods are coanpkmentary and give 
information about nuclear physics as v*rU as solid-state 
ph} acs. Together, these measnreanent techniques re­
flect in three distinct nays the t luapi m tocal behavior 
of the material under investigation. The electric 
monopok interaction (isomer shift) shows chanpu in 
the electronic charge density at the nucleus. The 
magnetic dipoie interaction is a measure of the mag­
netic properties of the material, and the electric 
quadrupole interaction reflects die charge symmetry of 
the crystalline structure. When this information is 
combined with that from electron spectroscopy for 
chemical analysis (ESCA). neutron diffraction and 
inelastic scattering, magnetic susceptibility, and nuclear 
magnetic resonant* data, a complete description of 
solids emerges. 

Ehv. tiun Chngr Drmsily Dnttwjutnns 
Sminunihng lianarity Atoms in CoM 

Mossbauer isomer-shift measurements of ' * 7 Au for 
I -. 2-, and 4-at. % solid solutions of calcium, scandium, 
titanium, vanadium, dromium. manganese, iron, 
cobalt, nickel, copper, zinc, gallium, germanium, silver, 
cadmium, indium, tin. and antimony with high-purity 
gold have been extrapolated to 0 at. % to determine the 
influence of single impurities upon the electronic 
conduction band of gold. The screening "cloud" of 
electrons distributed about the impurities has been 
interpreted through a phase-shift analysis of electron 
scattering by a perturbation potential 

V(t - r>) = Vimputityi* - if) - * W " •/'•' 

located at the impurity site iy. Following the classical 
nuclear physics technique we have chosen to param­
eterize the impurity potential by assuming it to have 
the form of a square well of radius a (0.5 of the gold 
near-neighbor distance) and of variable depth depending 
on the angular momentum and spin of the incident 

scattered ekciron of the goM conduction band. This 
wvhjuowr has been used by Fnedel and others to show 
that the residual electrical resistivity I 'o brought about 
by I at. % of the —pmiuu may be expressed in terms 
of the phase shift &<(*>) of the incident wave function 
when evaluated at the gold Fern* level rJtrough 

ZS-TT to* Ha" 1 l**i*r» */. |I*FU 

The expression is modified saghtry for spin dependent 
&l- It has also been demonstrated that preservation of 
electrical charge neutrality in a large sphere about die 
impurity requues that the various &/<«>) satisfy tfc* 
sum rule 

A"»J- C(2f*<i*|ffcii. 
.'=6 

where JV is the nominal charge dtffercnce Ar between 
oar mpurity and gold atoms. (We abo correct for local 
lattice strains.) 

We have extended these calculations to account for 
the incremental change in electron charge density at the 
12 near-neighbor gold nuclei, at die 6 second-near-
neighbor gold nuclei, etc. We oVn interpret changes in 
the Mossbauer isomer shift of the , , 7 A u nuclei (after 
volume corrections) as the average influence brought 
about by the presence of the impurity scattering 
"cloud."* Residual electrical resistivity measurements, 
the excess nuclear charge AV to be screened (the local 
magnetic moment), and the Mossbauer scattering meas­
urements all extrapolated to T - 0*K thus provide an 
interpretation of thr-e (four) unknown phase shifts that 
must satisfy three (four) simultaneous transcendental 
equations. We have t Me this for all impurities studied 
here and present the results in terms ",i the total 
scattered charge surrounding ea»h tmpv.ity in terms of 
the various angular momenta and spin. Figure 7 J shows 
the resulting variation of this fractional charge for the 
case of no local magnetic moment at T - 0*K. that is. 
only s. p. and d types of scattered charge. The results 
are given relative to the electronic angular-momentum 
character of the conduction band of pure gold. (If this 
band is assumed to have pure s character, one s electron 
should be added to the values shown.) For comparison 
we have inkuded in Fig. 7J the electronic states 
expected for a free atom of the impurity. 
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f " CK. The man* J K emr refaupe to die decuoMK 
free-atom ib«et expected for each —ywilj air pwra for 

Valence States of BaFeO, 

Barium ferrate*'* and strotitiuin ferrate7 are theoniy 
two known compounds of iron that exhibit ionic 
properties corresponding to Fe 4* and Fe** as well as 
Fe 1*. Samples of these compounds were prepared by a 
new technique' here at ORNL. a id the hyperfinc 
interactions were studied by the Maubaucr effect. The 
electronic charge densities for these three kmc states 
have been calculated, wd they indicate increasing 
charge densiiy with increasing valence. With respect to 
pure iron, die isomer shift should become more 
negative the higher the valence state. This is observed 
experimentally; however, the relative magnitudes of the 
isomer shifts show that there is considerable covaient 
nixing for the three valence states. 

The method of sample preparation used here was to 
react barium hydroxide and iron .ixide in a high 

boa* Tfc* 

pressure-steam environment and ?.> observe the hydro­
gen released. From this information an estMuie of Fe 4* 
could be obtained. The use of the Mossbauer technkpie 
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 BaFeOx The most negative isomer shift is 
taken to be BaFe0 4 for Fe** and. for the most positive. 
2 B a O F e , 0 , for F e * and BaFeOj for the Fe** that 
appears in between. The relative amounts of ihrre 
charge stales assun.ng similar recoilless fractions are 
20% Fe**. 40% Fe 4 *. and 40% Fe**. This is rather 
surprising, considering the difficulty in preparing Fe** 

When exposed to the atmosphere, the samples used 
showed a slow transition to an almost pure BaFeO:. 
Fe 4* state, which then appears to be stable. The 
transformation of thi Fe** to Fe 4* is to be expected 
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from energetics However, the transiormatK-s of »he 
Fe* to F*** rs not to he expected. Any tube* 
mierpretafiun at on.- results woold require unrealistic 
imwpiWB. far rumple. about 4 K eiectnc quad 
rapoie uHeractjon-

Wc have applied dK tunc-«fc!(<Ten<ul perturbed angu-
•jr correlation (TUFAO and Miisbauer techniques to 
measure the electric quadrupole nueractii* at ' *' D» K 
C d : 0 , Two prewus Muuhwet cttcct sfudjes oi 
'*'IX at Cvl.O, hawe been reported. In the first 
experiment a complex enussmn sprcirurr was obsenrd. 
and this was nuerpreted m term* «? two etectne-fidd-
gradieni tensors, the larger hornet an mteravtiun et ergv 
of ~IOOO Mil/ * In die second expenmeni a unique 
electric field gradient was obtained »-.th an eketne 
quadrupole frequence «H 4X5 MH/.' * 

For the present measurements with the TDTAC 
method a distribution of e»«v-tnc fietd-erad*m tcrtjorr 
was me«I to fit our data at both JU' and 650*C. With 
lbs nutlet an average value fnf the field and an 
associated width is obtained from the experimental 
data. At r«»nn temperature |2u*Cl the average etectnc 
quadry^itc frequency was - 5 * ~ Mil/ with a width <>f 
-1X0 Mil/. When the temperature was rased toKSO'C 
the frequency decreased (o ~2.*5 Mil/. whereas the 
wwlth «>f the drslrihution increased c« -5X2 Mil/. 

The Miisshauer measurement at ro«im temperature 
yielded a result that is consisten: with this drsfnhuiK^-
of-fields model. The source for the Mossbauer measure 
merti » («d:0, thai has been irradiated in the reactor 
!•> produce ' *' P> • a* m the TDPAC measurement For 
the absorber we hav* used an i>rdered 50-at. "r DyC'u 
mteimefallic ownpounJ The alloy has cubic symmetry, 
and no electric Odd gradient* are expec^d. The 
Mmsbaue; snecfra rend to substantiate hiii do not 
prove thr* conclusion. 

The GJ ions in G d ; 0 , ixcupy (wo different types of 
laitKe sites, and a unique electric field gradient would 
not he expected. 

1. (nnsuluni lo ORNI (mm ihe t'nneruiy of Tcniwwe*. 
Knowilk. 

2. Cnnuiluni in ORNI frnm I'fnttu Suit I'mvrrsiiy. 
\ibnu. 

3. <>fnlu»te siintrnf from ihr i nr»er«ily of renrtesw. 
KmrniUr. 

4. Ilrrails of Ihe m.«trl hjvr been rrporird m Fhrt Ihr 
Atmu. fVrijf. Hrp. Pre Jl. I'M. OHSI-5o:5 I|975». p. 214. 

5. r. Gjfacfcrr. J. Wxt'hrHKy. am* D tmAntnm.J. On*. 
» r i 4X5J*il1»il 

». V. r » r n K « . C Drf̂ D^E .̂ zmi H. D n . U K / <*o» 
Htn 5I.3305H4M). 

1. t. t J^fcu. J. KKi'hrwct. J ^ D. h d a w . / Ok-r 
nn.4l .2429i l«t l . 

•L C kanhnirT. rhewwry bmnw 
9. V. SUyvenfc; ci aL. rt. - Ixii *. 15? I l»J l . 
10. S Vara* a ^ C. \nm&. ft-xt. Sr^ttn Soit* 4*. S* 
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RAOfOfKCQIXNCY SUtFACF. RESISTANCE OF 
LEAD NEAR THE CMTICAl. TEMPERATURE 

J R Thompson1 C.M.Jones 

We are evestipimf the if surface rmstance. Rt. of 
iead up t«: and beyond the supercondwetmf cntKal 
temperaiuie. Tt * "* 20*K The work has been done 
unrig 3 lead-pfa:ed. hdicafly londed canry consfrucfed 
larfrh i>f OFIIT ci«pper.: The fundamental frequency 
of the ca«i:y » / , = I.;? Mil., most of the measure­
ments reported here were performed at the second 
harmonic. / . - 22«» MH/. T«* the best of t«ur knowledge. 
lh» rt the first deiaded evammarvm «»: surface resrsi-
ance near T, UH a hi^i-vgiJil> iead surface parfK.ubd> 
at csHRparafivel> h?» measurement frequencies The 
obiectrves M this work are |1» t<> exarmne the cntwal-
pomt befusior of R, for supercimduviine lead. {'t i« 
compare the results of theoretical calc»Liii<4t< withm 
the BCS framew«»rk with expenmepi fo» the lemnera-
lure repon where T'Tt. > t) < and t" obfain the 
resultim: Riatcrul parameters for iead. ami i'» :•• 
examine Rt in the jmtru'.ous resistance .esime. T ':• /". 

PrcvKHts expennientji studies of Rf base ci«ncen-
tuted -Hi the inw-femperaiure repon typKilh T T, < 
0.5. where the experimental values. rV, , p I . can be 
deicnbed ny 

f» \p l = ^Hi> * f re* 

ileie / ? K % S >* 'he temperafiire-deprndent theoretical 
surface resistance, calculable * "4 as a function of the 
electronic mean free path /. (he I ondon penetration 
depth >i . (he superc«nduciin< cap A. and (he coher­
ence length i, . r\, r , is in jddidonal. (cmperature 
indepeiKienl r.-sidiul revsiiinr whose magnitude de 
pends on (he quaint of (he surface being >mdied. To 
within .-m addiuve constant, (he jpi 'enicni with (heorx 
H vilisfactory for ihe lnw-i-.nptradirc region. 

Al higher (rmperadires. however H :s imp<n(jnl lo 
cstjblish (he wnge i<f validity f«'f (he theory. For 

file:///ibnu
http://Dn.UK/
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example, as T - TV- die sMperojndwctiar, energy gap .1 
t> n» longer constant huf decreases fr.wji its WJW-
tcrcpcjitifc vahte and eveniiuHv vmohes a: T = r 
rxpenmentawY- dvs behavior m b t i( desirable h> 
measure ft-, at a comparatively km frequency f as m 
dm w.rt. because dwevi absorption it cawed by rhe 
breaking, of Covpet pain when */ > --V 

H K rf CJVKY jnJ trammuwm INKS were aunled M a 
weil-msutaied drwar constrweierf ut nvergfcas* JM! .MM-
nanum. To JVOM «we presence of stputicani external 
magnetic fields, the region near oV cavity was shteMed 
fcun theearthsstagnetk field 

Tfer temperature of oV ca»0 was determined usav i 
cafcbrased gennanmm resistance thermometer mounted 
on the n t t w f surface of die cant> - The reststaace was 
measured using, a constant current supply and a 
four-wire potenttoinetnr technique To verify thai die 
reststor was cafeVated accurately. i! was checked where 
possible against tee vapor pressure of *He. that i*. f < 
5.2'K. Measurement of Jl, below >.**K w«i: per­
formed Hv pressuruMf the dewar up fc» pressures of 
-1720 lorr. Mea-wemen:* above 5.*'K w*ie per­
formed by aftowme ihe cavity to drift wp n •empera-

2 -

1-1 
3 it 

2 ~ 

5 -

y 

•J. i -
4.0 4.2 4.4 4 4 4.8 70 T.Z 

rCMPCIMTUftf rit> 
M 

Fqj. IS. Ihr tew-wawwawi 
at MWJ v» wenwmcy / . Tl» hw •» jteam WJHTI.lit •» the 4»u. 
« * * * „ = .4,**. a ' (»•*$ • O O l i 

lure wtlfc only gaseous nefnun m ihe dewar. Details .if 
die measurement techiuque have hem described else-
where.1 

Fig. 7.4. The if aruwv 
The frtqvtncy a 229 Mil/. 

of Ivri »i 

In Fig. 7 - 4 - * * surface resistance X, at / : * 2 *» Mil/ 
•s plotted tagaririimicaly vs temperature T. Just hetnw 
f r - 7.20" K. ihe vanalmn » wry rapid. There. /I, 
MK-reasfs h> ihrec <Kders of mayniludc m an iRfervai of 
~0SK and by one decade m an mienrjl of 00.**K 
This rcftxi of exireraeiy rapid change B being analyzed 
m ierms of die scahny law* and cniicaf exponents as 
widely applied in enftcal phenomena.' For die entire 
temperature range, the 0TS expressions are being 
numencairy evaluated. 

At Tr the surface resistance abruptly changes slope 
and becomes nearly Mmperature-independeni. Just 
abowe Tr. normal-stale lead B w * K anomalous 
resistance regime where die electronic mean free path / 
n comparable with the rf skin depth *>. When ','A * •• 
the surface resistance a;ipro; -firs ibe exireme anoma­
lous limit / ? . . The normal-stale surface resisi^nce R„. 
which is within a factor of 2 (<> 1 of R.. hat been 
measured as a function '*f frequency / The B plotted as 
a function of frequency in Fig. 7.5. The line is a 
.'exrl-squares Tit to the data of the equation /?„ = Afa. 
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where « = 0.**5 with i standard J n u l M i <4 0 . 0 1 ' . 
Tho valor " l a . , swrpnsmr because aithoueji dW 
material n m the an-<«uk«n. lesoUace repnar it o lira* 
Ike cta^iesd bant where a stwwM canal %""' w'e 
thcrrl<<«* uu<r» M I apparent weak ft r u t wo. dependence 
• i the electrical conductivity. I 'wn; AT, with repnrtfd 
•atacs" * of A?_ and «7 . the mean free Balk at TV" way 
he defcmnurd. we obtam / = 03.1 pm. anrrrby 
drUrgtimar exp*nn»,niaf. owe of ihr material param-
eser* needed for crahuoua at aV V S cipresvons for 
swrtjce w mtawce 

in <.-aa>.ivMoa. the surface K M a K r varies w i r r t h 
rapwfx w*fc tempcratarc nrar. bat brtuw. lifer crnvai 
leaapcrafarc. Above Tf. the behavior » Icswpcralare 
mdrpcadrnt and yields rjlarj, f«r oar low^emperaiure 
mean fiee polk. 

I. ("'•iwtrjM (tMBOH I'ewcrwn a» l i—I IW«.K—unV-
? I r Iwfewh. J I •ifcihii ihwB.tww.iwn ** T«—r—r. 

Kartnlr. l*~4-
y D. « H>n» * t f I. naiwrca. / * . - i *Vr 111.412 <i*5St. 
4. V A A M w i . L. f. <-*"*-». JMJ I M KfcwitwwW. 

*«- /»*<. jrrrtf^f. Timet* i*. i«2 «!**•». 
5. H. I . StjMVt. htmA^mc *•• f W * f'i—or* tt mi 

Cnnraf Wbmwrw. Oi»«*i hew. t-.-reUwI. l * T 
*.. l . t H IUWOT J*« K H.S«M*Wwarr.*W * 5»r * l t * . 

SJ*.«,W, 
-. ». t i . (Tua>ft«. N r JT Jfar 42IS.4>l <l*52»-
*. 1. ; . t jfcrr jwl 4. • rv»WMw. I*»r * . S-r *JJ I . 53* 
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M O M t E S O l t m O N MmtOSCOrV PROGRAM 

R. t . •mrdiajn W W . Harm 

In the hope of elmunatm; tsar rufh-voltae* Jtfc haryrs 
ihaf led ir> deurwcltoti of nV furd-cmtMer iFF.) lip* u> 
the hijh-<oherrn« imcncope. the run was t,*budi 
The htntmtf was rewfcerd with a im-slep acccierafnf 
lube and each of ifc.- 5.u*<m-4ong anode I am-dr l i 
insulators was rrplxrd with two 2.54-cm unit* Condi 
Uomn; of <tte rr.urc ptn to 200 kV was D P ^ M W 

To fnrihrr prnirci 'he wry dH'.alr FF cmHfcrv and 
Mcnrax (hr rrinhtlity ot inr fun. a vacuum lock was 
added which prrrmis TXihanpr of rm*r« rs wiihoui loss 
of liir ultrahigh vacuMn. in addition, ihr rmiiirr may 
he withdrawn from the fun i>:»<> fh< U<k for profrclion 
dunnc hHjh-vnllJfr conditrnnmr. A lock chamhCT pn»-
sure of 10" 7 to 10'" Ion is adrquatr with Ihr 139-on 
optmnf into Ihr jenn chamhrr. 

Followinf thrse mndiftcaiions m tm fun. fh: column 
was put hack tr. onrratitin with sprcimm used. Tint of 
all. lo drirrminr the capahtlily of ihr -.nicmKopr. With 

tfcm l<50-A> <arbua tibats. nwctopaphs wrrr obianrd 
wiuch sbawMfd. Hfasf an optical transftirai. duf miunna-
u>« oivrirtpundMf to a rrtofciitor- <2 K »a» p m r n i . 
Ijttucc WHBBH of K . f t fT . crystalitrs were dicrclfy 
noble on the screen. A ararly COKIBBUUVS array of 
aitwc Mfeaprs wok about 30- to 40-A mafur dcnensiuii 
wa> «bvr««d m * &m carbon fifaa The half spacfof of 
the bwrs orasuncd ! 3 5 to 1*0 A Appamiwy. wntkrr 
fnufjrs such as these mat .-uapuraMe optical trjmfonas 
have hern obtained with other nwcrotcopr; 

Furthn iiwnpjiuin of the hadi-cohrrciice mtcroscopr 
with two cnwinnrct^ pmcr.wrnprc m made for the 
appearancr of the uaaar on the scrrrn wssrf •drnticai 
tawd/or sarnr bsicfcrs of) specinwm. The contrast and 
grsnhftnui of oV iufli-cofhrrrncr coiunwi were naarkcdh 
ruprrwir. ferfotr farthrr apuihraiMi of the nucroscopr 
cocid be nude, nuwrvr. the funds were exluttsted. A l 
work was stopped temporaniy. Near rhe end of dus 
report prrwd. work hryan anew to prt the microscopr 
bock mio operation. 

p*FiuitEDsrcrnuof SO,F A>D 
SO.lOHi EH S 0 U D SOLUTION 

H.»'. Monpn P. A. Staau 
A study of the morioraleni ions aO s F" and 

SO,(OII»" foHowrd attempts tr resolve sotopic tf rue-
tare n> the spectrtMt of drrairrt SOj* . The rdirationai 
absorption bands .»f dfrafcrnt ions m antfit-bahdr soud 
sohittorts are rrtatncH broad, even a! low temprratures. 
That is brbeTrd to ansr from ihr random position - f 
the vacancy nrcrssary fo» charnr comprnsatioR in a 
lartt^r of nt^Ac^Jrni iocs. "Jse of a dtnurftt caiion dors 
produce narrow SO, 1 " absorption infers, but normally a 
complr\ B tormrd which lowers the synwnrtry and 
rrmovrs ihr drnrnrncy of fhr SO,'" noma) modes of 
vibration. 

The ions SO,F and SO,(0il>" arc simdar. F" and 
OH" both brine, stronejy rlrfironcfatne and compa-

T«fe»- ? t VHrannw rtnnjilu f n f u n r i u u f » , P ' 
»•<• a0.fON>" m saJhf sahwan (in cm'' I 

VAraCiMi 
Kir Kl Ktr Kl 

i,l A,) lOfei w?4 | f»S 105* 
r , M , l Ty 7J5 MU 
r , M , i 57* 5*2 iU 57« 
> 4 t» t J.M7 12*7 12^5 12*2 
r«t« 5.<5 5*2 itt 5*2 
»#•*'» 414 41.1 
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TaUe 7 J . IxXopc drift o t e n c d • 
^ccliWB of SO,? " w KBt 

• a i m at 77°K 

Isotope f2(.-l i) 14(it 

3 2 S 737.0 1297.0 
3 3 S 7JI.0 I2JW.0 
3 4 S 726.5 1279.5 

rable in mass. We have considered itie (O-H) ' stretch 
and -(OH)' bend distinct from the vibrations of the 
S0 3.V 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 slates. At 77°K. the half widths are 2 cm"' 
or less. At the lower temp rature the vibrational bands 
involving isotopic sulfur atoms can be easily distin­
guished with the intensity ratio of approximately 
100:5:1. The frequencies observed for SOjF' are given 
in Table 7.3. 

The ions SOjF" and S0 3(OH)~ readily form solid 
solutions in KBr and Kl. Solution in KCI. NaBr. and 
NaCI is more difficult due to the size of the ion. Solid 
solutions were normally prepared by heating the appro­
priate salt, in intimate contact with the alkali halide. at 
temperatures up to IS0°C. At about I903C.S03<OH)~ 
decomposes in the matrix to give S 0 2 . S 0 3 . and H 2 0 . 
The ion S0 3 F" is stable but above 250°C reacts with 
traces of moisture. 

barlier spectroscopic work had been performed on 
alkali salts of these two ic"!s; Rania.". studies were made 
of aqueous solutions and infrared studies were made of 
the pure salt. Our work included laser Raman spectra of 
the pure salt for comparison. We confirm the assign­
ments of Siebert1 and disagree with the data of 
Walrafen, Irish, and Young.2 while obtaining more 
precise frequencies and the first data on isotopic shifts. 

1. H. Skberl./. Anotf. All*. Chnr 2*9, 15 (1957). 
2. C. F.. Walrafen, D. K. Irish, and T. F. Young. / Chrm. 

Phy 37.f>62<l%2>. 

HELIUM IMPLANTATION IN POTENTIAL 
FIRST-WALL CTR MATERIALS 

J.A.Horak' R. L. Auble 
M.i.Saltmarsh J.W.Woods1 

C.K. Thomas' 

Fusion-reactor first-wall materials will be subjected to 
intense fluxes of energetic neutrons (#Y„ % 14 M.»V) 

which will induce much higher nuclear transmutation 
rates than can normally be attained in fission-reactor 
irradiations. The one exception occurs fur 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 s ,Ni(n.7) sV:;,'.:.-; s*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-wali material. Fission irradiations will therefore 
provide the CTR program with information applicable 
to these early devices. Eventually, however, stainless 
steels may be superseded by one of the refractory 
metals, for which the helium generation rales in fission 
reactors are far too low. The effect of helium must be 
examined by preelection of the samples befoi .• irradia­
tion. For such a simulation procedure to be validated, 
correlation experiments are required to compare the 
postinadiation properties of samples that have beer, 
preinjected with helium and then irradiated with those 
of samples in which the helium and displacement 
damage have been produced simultaneously. 

We are currently engaged in a program that includes 
both correlation experiments with stainless steels and 
the investigation of some refractory-metal alloys. For 
the preinjection of helium we have used the 60-MeY* 
alpha be.im from ORlf. employing a rotating wedge 
and scanning the specimen holder across the bejm to 
ensure uniform helium deposi'ion throughout the speci­
mens. Figure 7.6 shows one of the specimen holders. 
An array of tensile specinsens, a few of v J &f\ are shown 
in the foreground, is backed by a >.ho sheet of some 
other metal of interest behind wh.ih cooling water is 
flowing. Helium is deposited both in the tensile 
specimens and in the back* î  sheet, from which an 
equal number of tensile specu..ens can be obtained. 

Helium levels of 60 to 200 appm, which are relevant 
to those anticipated for early CTRs such as KPR-I. have 
been implanted in 300 tensile sampies of type 3lft 
stainless steel. Ninton*. PE-16, V 20 wt % Ti. and 
V-15 wt%Cr 5 wt %Ti. Forty-seven of these samples 
combined with 27 samples containing no helium arc 
currently under irradiation in EBR-II to produce the 
dpa (displacement per .Horn) levels relevant to early 
CTRs- An additional 115 tensile samples containing 
helium and 125 with no helium will be placed under 
irradiation in EBR-II in l°76. Included in these 12* are 
samples of the two vanadium alloys containing different 
amounts of cold work, which is a parameter that has 
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¥%. 7.6. Watcr-cooM tpecMeii bolder oscd 10 wjecl kd im mto taaUt aad dwrt of varan alloys. 

not been studied in previous irradiations of these alloys. 
The postirradiation mechanical properties of Ihe 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 ob'ained by this 
comparison will provide valuable information on the 
use of helium preinjection followed by fast-neutron 
irradiation for studying the swelling and posttrradiation 
mechanical properties of refractory-metal alloys that 
contain helium and dpa levels relevant to CTR appli­
cations. 

Twenty-six tube samples of these alloys have also 
been implanted with helium (up to 60 appm). The 
tubes will be pressurized to produce stresses of the 
magnitude anticipated in the first wall of early CTRs 
and then irradiated in EBR-II. One-half of the tube 
length does not contain helium. Comparing the creep 
and fracture behavior of die two sections of the tubes 
will provide information on the effect of helium on the 
deformation procer.es in these alloys during and after 
irradiation. 

I. Metab and Ceramics Dmaon. 

http://procer.es
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Thar. R.S.. R.S. Peterson. I. A. Sean. K.H. Lao. D.J. Pcgg. J.P. Forester, and P.M. Gnffin. "rUaruattoa 
Measureiuenls of the Noa-CharactefTSU: Raantwa Faulted from Coftvaoa between I ugh Energy Al Ions." 
Physics Ixtttrs. 

Hue. R. S.. I. A. SdtaB. J. Forester. P. M. GntTm. K.-H. Lao. D. J. Pegg. and R. S. Peterson. "Observation .•! 
SatHratiua of Polarization of NoacharacterisDc A X-ray* Flitted m Hex*\ km foB«j»om." Physiol Review 
Ixtten. 

Thoe. R.S.. I. A. Seta. K.H. Ln». R.S. Pelersoa. D.J. Pefj. J.P. Fotester and P.M. Griffin. ~Aucaiar 
DstritNition Studies of Noacharactenstit X-radutwri." /rmtwraajs h'-nmh haemal* mal Gmferrn.r >*> 
Btmm-Foil Spectroscopy iCathnharg. Tean.. Septcinher 1975). 

Thornton. ST . . D. E. Gustafson. J.L.C Ford. Jr.. K. S. Totu. and D. C. Henries. "Inelastic ScatteruM and Transfer 
Reactions from ' 2 C Ions on **Zr." Physical Rene*. 

Thornton. S.T.. T.C. Schwet/er. D.fc. Castafe*. J AC Ford. Jr. and M. J. LeVine."NuclearStructure Sends or 
, 4 , t t i . , 4 , N d . a n J , 4 , P m b > " C Induced Reactions on , 4 2Nd."/*rsiray#ienrw 

Toth. K.S.. E. Newman. C. R. Bnajham. and A t Ramrs. "Comment Concermnc the Tentatneh Proposed 
177K.9-keV level in ' * 7Gd." flrvsiraV Review ̂ Comments!. 

Tricomi. J . J. L. Duggart. F. D. McDaruet. P. D. Maler. R.P. Chaturvem. R.M. Wheeler. J. Lav K. A. Kuenhord. 
L A. Rayhum. and S.J. Cipolla. "A ShrH X-ra> Productioc m Ge. Rb. Y. Zr. and A,- by , 4 S Ion Impact." 
Physical Review. 

Tuttlf. W. K . I I I . P. H. Stetson. R. L. Robinson. W. T Miner. F. K McGowan. S. Raman, and V. K. Dagenhart. 
"Coulomb Excitation ol'• , J M 5 l n . " J*is»af«ennr. 

Vernon. G. A.. G. Slucky. and T. A. Carbon. *Tomprehensve Study of Satelliie Structure m the Phoioelectror. 
Spectra of Transition Metal Compounds.*' Inorganic Chemistry 

Wefts. J C . Jr.. R. L. Robinson. H.J. Km. and J.L.C. Ford. Jr.. "Absolute Cross Sections for the 
• ' Nil' * 0 Jrt ) 7 4 Kr Reaction." Physical Rem*. 

Wheeler. R. M.. R. P. Chalirrvedi. J. L. Duggan. J. Triform, and P. D. Miller. "A X-ray Production Cross Sections tor 
Fourteen Elements from Calcium to Palladium for Incident Carbor. Ions." Physical Review 

Wong. C. Y.. "Limits of the Nuclear Vncosrty Coefficient m the Liquid Drop Model." A r u h Letters. 
Wong, C. Y.. "Time Scale? in the Dynamics of Nuclear Systems." Nuclear Physics. 
Wong. C. Y.. "On the Schrodinger Equation in Fluid Dynamical Form." Journal of Mathematics and Physics. 

Wong. C. Y. and K. S. Low. "Time-Dependent Hartree-Fock Formalism with Phenomenotofkal Draupation." 
Proceedings International Workshop IV on Gross Properties of Nuclei and Nuclear Excitations (tnrschegg. 
Austria. January 1976). 

Wong, C. Y. and HJL.K. Tang (invited paper). "Vibrational Frequency of a Non-Conducling Charged Liquid Drop." 
Proceedings International Colloquium on Drops and Bubbles (Pasadena. Calif.. August I 974). 

Wong. C. Y.. T. A. Welton. and J. A. Maruhn. "Dynamics of Nuclear Fluid I I . Conditions for a Macroscopic 
Description." Nuclear Physics. 

Wontiam. R. E.. "Studies with Highly-Coherent Humiliation and Liquid-Helrum-Cooled Specimens." Phveedings 
Sixth European Confess on Electron Microscopy (Jerusalem. Israel. September 197ft). 

Zucker. A. and J. B. Ball (invited paper). "The Heavy-Ion Accelerator Project at Oak Ridge." Proceedings IV 
All-Unhm National Conference on Particle Accelerators (Moscow. U.S5.R.. November 1974). 



9. Papers Presented at Scientific 
and Technical Meetings 

PrepaNa by Waan L. Sum 

Maancaa U R W i JWQRjr I M H | law. jaajaa »nj r ancaaai. aaaai aaaa. M H . .Maaarjr i». ••#> 
H. W. Morgaa famwa' Ukl. "Coaatnw LifM mi Hufcjyjyfcy .** 

13-11. I97S 
K T. I t Dmttt. S. £. Kama. J. R. Nn. mi A. J. Sink. "MxraKoow Appruadirt I© Sudrar 

F. fla*J. "txptnmtntd Saw w i n " 
F flaal. "On Rcacfioa Taan for Qaaa-FaMoa mi oa die CnUal DMaac* Cnacrff * Hfaw-k* Faaaa 

RocHom" 

Iwatna Ckrmat Sacfccy Miitfat ( U w n t Sacaaa). 1 * — i n . MkMfW. Jaaaary 14. 1*7$ 
H. W Morfaa innud uifcl. t a k i r w Lifki as* IMogaaliy ~ 

f i l m CWakal Sadtty (IMranfcy «f Mlitlpi Sactfaa). Gawa Rapt*. MilTpii, Jaaaary IS. lf7S 
H W. Morfaa (amtca ufci. "Toaneai Uakt a*4 Hokfraahy." 

Iwiitrn Caaafcal Saetoty (IWajatfty of SakNaai Sfceaaa). Aaa Artar. McMpa, I n nj I* . I*7S 
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D C Fang. M widgoff. P. Lucas ft A Zdnas. ft A •wmwm. C Fa. H A Rnbin. A E Snyder. J 
Tortora. E D AJyea. Jr. A. Levy. A Kapnrr. I A. Plea. P. Tupngwtr. C T. Cando. R J. Piano. T L. 
Watts. P. Staner. S Taylor. M Mm**. H Krayb*. D Ljani. T Udbw and H Taft. "Feywnarwr and 
Rapiaiy Distribution* of *' and *° Mesons Produced by 147 GeW *"-«• Interactions." ftaff. Am. Pars. Soc. 
2ft. U«i975 | 

ft rtanaat/. D J. Itoen. and Y A Efts. "Anooulovs Grand States m the Nevtraa-Orficieat 171 < A 
< S*i Ream." Jaf 4m. Pirn Sur 2ft. 9* (1975) 

P Lucas. C Y Clam. A M Shapiro. M WafeofT ft M Robertson. H A fcibm. J Tortora. E D 
Alyea. R I Hafcwer. U KarnW V KMokoasky. A Levy A Napier. I A Ptess. C T Condo. E. L. Hart. 
T L Vats. E ft. ftrucfcer. S. Taylor. M Johnson. H Kraybul. D Liang. T Ludu*). and H. Taft. 
-Dependence of the Leadtof Patides m the 2. 4. aid 6-Proag Fuul States Prodnced by 147 GeV/r t-p 
Interactions" ftafl Am Plrr* Sac 3t. 14 11975) 

L C hMfhaif. K C TiweB. and S Ranan. "Decay of ' ' 'Sn." Jaff. Am Pan Soc 2*. 74 119751 
0 V. Pnenrn. R A ftumsiein, R.M Robertson. M Hder, A M Shapiro. C Y.Chien. A. Pevsner. R. D Sard. 

E. D Aryea. Jr. F ftruyant. J Grwduas. E. IWen. R I H^wzer. U Kanbon. V Krttukowsky V. M Buff. H 0 
Cohn. T. C. On. E ft ftracker. E L Koftrr. D ftofrrt. W. ftartetla. D Urns, mi M. Kenton. Tharped I ton, 
hMinjbcities Produced by l47GeV/r jUncsutof onPtotom.~Jaf Am fkyt-Sar. 2ft. 14(1975) 

A. E Ram>. K. S To*. E. Seaman. C R ftawhan. H K. Carter, and W. D Schmidt-Ott. -isomerism 
« the New .V « SI Isotope. , 4 'Dy ." ftaf Am Phyr Soc 2ft. 74 (1975) 

R S. Thoe. I A Sdhn. M D Bn>«rft. i P. Forester. P. M Gnffto. D J. Pee*, and R S Peteiion. 
"Energy Dependence of the Directional Antsotropy Exhibited by OnamukcMJat K X Radiation.'* Bull Am 
fkn Soe 2ft. 75 11975) 

K C. Tmrl. L C. Mnhhaaf. and S Ranan. IVcay of 20am **%.." ftaft Am. A n Soc 2ft. 34 
11975). 

%/fWKJmmWmWk nM ftaMftnW^MI dftCSSftaV M M C W , l lHftaf * %09K9m%%Wf, FCnWanaVy I 9 7 5 

M Can. A. H Hvfbnan. J. ft. McCrory. mi R. Offrrataw. "Weak Interaction Theories and Parity Mnmg 
m l , F and , » F " 

Wannva Raaaad Nndanr Canfannot. Maaaaa. Caaaa. rcavaay 2ft-22.1975 
C. R. SaxMer (nailed taftt). "IdicroscopK Dejcnpoon of Ineantk Scattenng and the Excitation of Giant 

CaahanBM an Nahanr Canv aacaaai aw Twnnnaajp (TnaJoal Canhnnace of nht Aaaricai nyaeaj Sncarty). 
InaJaaaaa. DC. Iharh J-7. 1975 

ft J. Aftrn. J. W. ftpldnwat, M. J. Kenny. A. R. Mnagrore. H. Pc. and R. L. Mackhn. "Neutron Captun 
Miilumii to Lifht and Clowd Sheft Nncban.'' J a t Am fkyt Soc. 2ft. 150 (I97S). 

J. A. Cookaon. M Hnaan. C A. Uttky. j . L Fowwr. and R. ft. Schwnru. "Abtowte Calibration of 
Nratton Detectors tone 10 30 MeV Enmn/ Ranae." ftaff. Am. fh/%. Soe. 2ft. 137 (I97S). 

J W. T. Danbs C £ »en». N. W. rnl. and S Ranan. "Fasion Crow Section Meawrenwms on 
Short-Lncd Alpha tnutten." faff Am. fhy% Soc. 2ft. 137 (I97S). 

W ft. EwhMk. T«n«wer Readable A^dear Dam Sheen," Jaft Am. Phyt. Soc. 2ft. I4S (1975) 
J. L. Fonder (tovHed taft). "Pawl aid RcandiaMe Dnvtaaon of die Conference." ftwK Am. Phyt. Sot. 

2ft. 175 (1975). 
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J. A. Harvey and N. W. Hal. "Neutron Total Cross Section of »Li from 100 eV to 3 MeV." BtdL Am. 
Phys. Soc. 20. 145 < 1975). 

G. A. Keywotth. C. E. Oben. ». fc. Moses. J. W. T. Dabbs. and N. W. Hal. "Spin Determmation of 
Resonances in " » U " Bmt Am. Phys. Soc. 20. 159 (1975). 

M. S. Pande*. J. B. Garg. J. A. tiiney. and W. M. Good. "Hat Resolution Total Cross Section m 5*Fe 
and "Fe." Oaf Am. Pkys. Soc. 2a. 166 (1975). 

S. F^onaa. C. W. Nestor. Jr.. and J. W. T. Dabbs. "The 2 S , U - 2 , 3 T h Reactor as a Burner for Ac inide 
Wastes." ML Am. Phys. Soc. 20. 144 (1975). 

197$ rankle Accdeatfor Ciafiimi (Toakat Ciafinnn of the American Physical Satiety). Washington. 
DC. Match 12-14. 1975 

G. D. Alton. C. M. Jones. P. D. Miner. B. Wetang. J. A. Bjgarrstaff. C. D.Moak.Q. C. Kessci. and L. Bridwen. 
"Absolute Charge Slate Yields of 20 MeV Fe and I Ions Scattered from Xenon." BuU Am. Phys. Soc. 20. 195 
(1975). 

J. K. Bair. J. A. Biggerstaff. C. M. Jones. J. D. Larson, and W. T. Miner. "Design Considerations for the 
ORNL 25 MV Tandem Accelerator." Ant Am. Phys. Soc. 20. 202 (1975). 

J. A. Biggerstaff, N. F. Ziegter. and J. W. McConneU. "Digital Control System for the ORNL 25 MV Tandem 
Accelerator." 8ml Am Phys. Soc. 2t. 185 (1975). 

E. D. Hudson. R. S. Lord. M. L. MaUory. and J. E. Mam. "Increased Intensity Heavy Ion Beams at ORfC with 
Cryopumpaig," BuU Am Phyy Soc. 20. 216 (1975). 

R. S. Lort. J. B. Ball. E. 0. Hudson. M. L. Mattery. J. A. Martin. C. S. McNeilly. S. W. Mosko. R. M. Beckers, 
and J. D. Rylander. "Energy Boosting of a Tandem Beam with th: Oak Rio,? Isochronous Cyclotron." BuU. Am. 
fSviSoc 20.195(1975). 

M L. MaUory and E. D. Hudson. "A Rotaiable Cold Cathode Penning Ion Source." Butt. Am. Phvs. Soc 20.195 
(1975). 

M. L. MaUory. E. D. Hudson, and R. S. Lord. "IsochronousCyclotron Harmonic Beam Experiment." BuU. Am. 
Phys. Soc. 20.196(1975). 

W. T. MUner. G. D. Alton. 0. C. Hensley. C. M. Jones. R. F. King. J. D Larson, and C. D. Moak. "Transport of 
DC md Bunched Beams through a 25 MV Folded Tandem Accelerator." Butt. Am. Phys. Soc 20.196 (1975). 

M. J. Saltmarsh (invited talk). "Uses of Accelerators in Energy Research and Development." BuU. Am. Phvs. 
.Sot- 20.120(1975). 

N. F. ZieaW. "An Improved Van de Graaff Belt Charge Regulator," BuU Am Phys. Soc. 20.204 (1975). 

Eavoahyujo Caafeaeaot oa N f war Inotnctioas at Mcdaan and Low Energies, Harwell, England, Mown 24—26. 
If75 

R. Eagle. N. M. Clarke. R. J. Grifffchs. C. II. Fubner. and D. C. Hensley, "Inelastic Scattering of 'He from 
Samarium Isotopes at 53 MeV." 

Conference oa Data) taektac Processes and Coaiaoaad Naciens FotaMtJoa, Stony Brook, New York, April 3—5, 
!*75 

R. G. Stokstad (invited talk). "Limits on Fusion Crow Sections for Light Nuclei." 

Anwwcan uieaavcai socany nanmag, CTaannRuuM, nanayivanB, Apron—-n, IT7? 
R. G. Stokstad (invited talk), "Limits on Fusion Cross Sections for Light Nuclei." 
G. A. Vernon, G. D. Stucky. and T. A. Carlson, "The Characterization of the 2p X-Ray Photoelectron Spectra of 

Transition Metal Compounds." 
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WNV-DfCSpri^Mect i^0BN«de»rfcyMo.TteH^K.Ncthi i lwi [ .Ar i7- l l . iyyS 

W D. Schmidt4)tt and K S Toth. "Decay Rates for Even-Even A = 04 Alpha-Emitters Search for I 4 S G d 
Electron Capture Decay" 

Aawricaa Physical Society Meefiag. WadM«loa. D.C.. Apri 2*-May I . 1*75 
R. L. Becker (invited talk). "The Saturation Problem and Developments in the Many-Body Theory of the 

Self-Consistent Field, «utf Am Phys. Soc. 20.554 i 19751. 

R. F. Carlton. G. C Slaughter, and S. Raman. "The ' } 0 S n f n . 7 l ' 2 ' Sn Reaction." Butt Am. fkys. Soc 20.687 
(1975). 

S Datz. M. D Brown. P. M GrifOn. R. S. Peterson. R. S. Thof. and I A Seilin. "Charge State Dependence ot' 
XRay Production forCoUisiorsofN.<~: MeV.nuc.) with SiH«." Suit Am Phys Soc 20.63911975) 

Y. A. Ellis. B. Harmatz. anc" D. J. Mc-r.. "Some Aspe is of Nibson Orbnal Properties."Bull Am Phy* Soc. 20. 
736(1975). 

J L. C. Ford. Jr. K S Toth. E E Gross. D C. Hensley. D E. Gustafso.i. and S T Thornton. "Inelastic 
Scattering and Single Nudeon Transfer Reactions Induceo by 98-MeV ' Z C Ions on 2 0 " Pb." Bull. Am Phys. Soc 20. 
576(1975) 

J P Forester. P. M. Griffin. H. H. Haselton.K. H. Liao. J. R. Mowat. D J Pea. R S Peterson. I. A Sellin. ana 
R. S. Thoe. "Autoionizing States in Lithium-Like Silicon and Sodium-Like Chlorine." BuU. Am Phys. Sue 20.679 
11975). 

D L Hillis. E. E Gross. D. C. Hensley. C R. Bingham. A Scott. F. T Baker, and D. Martin. "Coulomb-Nuclear 
Interference Effects in the Elastic and Inelastic Scattering of 70 MeV ' JC !on- from , 4 4 N d . l 4 * N d . and , 4 , N d . " 
Bull. An. Phys. Soc. 20.575 (1975). 

D. J. Horen. W B Ewbank. and S Raman. "Neutron Separation Energy for 7 5 S e . " Bull Am Phys Soc. 20.566 
(1975) 

P. G. Huray. F. E. Obenuiain. and J. O. Thomson. "Temperature Dependence of the Mossbauer Isomer Shift and 
Recoilless Fraction f o r ' , 7 Au." Bull. Am. Phys. Soc. 20.609 (1975). 

M A. Ijaz. K. S. Toth. W. D Schmidt-Ou. and C. R. Bingham. 'Investigation of Tungsten Alpha-Emitters. New 
Isotopes '•* '"VirBull Am. Phys Soc 20.715(1975) 

C H. Johnson. "Ring Lens to Focus Ion Beams to Uniform Density "Bull. Am. Phys. Soc. 20.562 (1975). 

fc T. Jumey. J. A. Harvey. S. Raman, and N W Hill. 'Thermal Neutron Capture and Absorption Cross Sections 
for "Si."Bull Am. Phys Soc. 20.560(1975) 

H J Kim. R Ballim. B. Delaunay. J. P Fouan. and M. Pichevar. "High-Spin States of *°Ni." Bull Am. Phys 
S,K 20.565(1975). 

P D. Kunz and L. D. Rickertsen. "Effects of Deuteron Continuum States in the *' iti-Step \p-d. d-nI Reactions 
lo Analogue States." Bull. Am Phys SIK 20.666 (1975) 

V. Maruhn Re/wani and J. A Maruhn. "Collectives-Factors and A:2 Wl-Mixing Ratios in Even-Even Nuclei." 
Bull Am. Phys SIK 20.735 (1975) 

A. I. Namenson. A. Stolovy. and J A. Harvey. "Neutron Resonances in Re Isotopes." BuU. Am. Phys. Soc 20. 
561(1975) 

M. S. Pandey. J B Garg. J. A Harvey, and W. M. Good. "High Resolution Total Cross Section in * J Cu and 
tsCu."Bull Am. Phys So.: 20. 5&I (1975). 

D J. Pegg. H H. Haselion. M D. Brown. R. S. Thoe. P. M. Griffin, and I A Sellin. "Electron Spectra from the 
Autoionizing Decay of Coilisionally Excited Mg* and K* Beams." Bull Am. Phys Soc. 20.674 (1975). 

R S. Peterson. J P. Forester. P. M. Griffin. H. H. Haselton. K H. Liao. J R Mowat. D J. Pegg. I A Sellin. and 
R. S. Thoe. "Electron Spectra from Autoioni/ing States of Highly Stripped Oxygen and Fluorine." Bull Am. Phvs 
Soc. 20.679(1975) 
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G. A. Print and F E Obensham. TOPAC Study ot ' *' Dy m GdjO, and Gd Metal." A«Y Am ftn Soc. » . 
t>15<|975>. 

A. E. Ranis. K. S Tor*. C. R. Rngfcam. and W D SchandiOit. "Observation of I * ! « * , , , . *,,,»Stain n 
i4t..5*.i52-j^fopnj,,^„, I n < o e ^ . of Their Dysprosium Parents." Ant Am. Phn. Soc ».*24< I97*5| 

L. D. Rickertsen. -Analyse of' 2C * ' 2 C Elastic and Inelastic Scatterm*."Ant Am. rt»i *«r 2t. 064 I|97>» 
R. L. Rotaaon. H. J. Kim. J L C. Ford. I... and J C Wets. Jr.. "Absolute Cross Sections lor "Cw"Ojr> 

Reactions." Bull Am. Hin. Soc. 2t. 665 (i ~*7Si. 
M. Schmorak. "Nuclear Structure Propenie- MA = 182." Aaff .4m flitt Sor. 2t.669 < 1975) 
G. G. Slaughter and S. Raman. "Neutron v . nation Energies ot Tin Isotopes." Ant At fkn. Soc. 2f>. 560 

119751. 
R. G. Stokstad. C. B Fufaner. M. L. Harnett. D. C. Hrnstey. S. Raman. A. H. Snefl. and P. H Stetson. "Angular 

Distribution* for' 2C • ' : C Elastic and Inelastic Scattering l£„* 70 117 MeV)." Ant Am. Fkvs. Soc. 2t). t64 
11975) 

R. Thoe (invited taifcl. "Directional Anisotropies in Non-Charactenstic X-Ray Enumon." Ant Am Pkn. Soc 
2t.607|1975> 

R. S. Tiwe. I A. SeBm. 0. J. re* . J. P Forester. K H. Lao. R. S Peterson, aid P M Gnifm. 
"Non-Characteristic Spectra from Symmetric and Asymmttiic Collision Systems." An?. Am. fhyx Soc 2B. 675 
11975) 

W. K. Tuttie III. P. H Stebon. F K. McGowan. W. T Mrtaer. S. Raman, and R. L. Robinson. Xoidomb 
Excitation of'"In." Ant AmPkn.Soc 20.686(1975). 

J. L. Wed. B. D. Kern. E. F. Zganjar. J. L Wood. R W. Fink. C. R. Bmgham. L L. Riedmger. J. H. Hamilton. 
A. V. Ranuyya. E. H. Soejewski. W. D. Sdmidi-Ott. H. K. Carter. R. L. Mkkodaj. and J. Lin. "The Positron Decay 
of'••Tl. '••Hg. and , M A u . " Ant Am Urn. Soc 20.7|5(I975» 

J. C Welb. Jr.. S. Raman. G. G. Slaughter, and E. T Jurrry. "Energy Levels and Level Density m " 4 S d . ' AnT 
Am toys Soc 20.624(1975). 

C. Y. Wong. J. A. Marahn and T. A. Welton. "Hydrodynamics m Heavy Jon Collisions." A«t Am Phys. Soc 
20.666(1975) 

Fourth InwimmmwJ Sympownm an Fiacsear-AnantKsenr iManctiana, Syracuse, New York, May 2-4.1975 
G. T. Condo. W. M. Ougg. E. L. Hart. H. 0 . Conn, and R. C. McCuBoch. "Neutron Absorption of Slow 

Actiprotons." 

AnwjfcanOMnnrn5orMliM«e^ng.l-rK.Naaijl mii.lnay?. 1975 
H. W. Morgan (invited talk). "Coherent Light and Holography " 

American CJMnrcal Society Meeting, Pameavflre, Ohm, May S, 1*75 
H. W. Morgan (invited laflr). "Coherent Light and Holography." 

American Chemeca) Sotwly Iwctmg, Shnron. Pcunayrvaum, May 9,1975 
H. W. Morgan (invited talk), "Coherent Light and Holography." 

a^nmmwaw ufMuaw ^^fnjn^njnmv49v mvujmi^amjn^w nvnmm>94maLYgy £ nBnmjnm^pn^njn^n/nnv uĵ ajBjamjFp amjmjw ^r | I J r & 

H. W. Morgan (invited talk). "Coherent Light and Holography." 

Workshop on Dorp Inelastic CoBJstoni ami Fasten m Heavy Ion ReactJom. Snctey. Fnmce. May 12-30.1975 
C. Y. Wong (invited talk - series of six lectures). "Hydrodynamics! Theory of Heavy-Ion Collisions." 
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I Alexeff. H Tamagawa. C M. Jones, and P D Mrikr. "Use of the Hot-Elecvron Manor Machiae INTEREM as a 
rfafh-Z Ion Source'" 

G. D Alton. "Renew at the Heavy Ion Soon* Research and Dsveiof aanit Program at the Oak Ridge Naocmal 
Laboratoiy " 

Wiikiaia aa H w j l o a Riai r i a l . Onay. France. May 19-23.1975 
C Y Wong (united talk), ttydrodynarowal Calculations " 

Mi i lit—MnriaahjaJral Aapecteof Buoy I - Rrarriai.Onny. Fnace. May 20-22.1975 

C Y Wongtavned aft) ^drodynaancalCakulatraes.' 

T I M ttttmmd Soviet CaaJntarx m Neatraa rVywo. I > r , USSJt Jane 197$ 

J W. Botdeman. B. J. A i m . M. J. Kenny. A. R. de L Musgrove. and R. L. Macklin. "Vakace and Doom.* State 
Effects in Neuron Capture near Closed Shels " 

lawiaatioariCiafiiiaitaaEifcciiaelaiiw^^^ 
R. L tei^r( invited taft). "Computation of the Reaction Matr-x G" 

B D Kern. J L Weil. J ri Hamdlon. A. V Ramayya. C R Bingham. L. L. Rjedmger. E. F. Zganjar. J. L. 
Wood. G M Gowdy. R W Fmk. E. H. Spejewski. H. K Carter. R. L. Mlekodaj. and J. Lin. "Man Differences of 
Proton-Rich Atoms near A - M6and>4 - 190" 

Sixth JataaatiaaaJ Conference on Hajh Energy Physics and Nadear Stractare. Santa Fe. New Mexico. Jane 9-13. 
1975 

W. B. Dress. Jr. (invited talk). "Observation of Two Photons m n-pCapture " 

Anwricaa Physical Society Meeting. fOMKvaV.TeaaeaMX.Jaae I t -18 .197S 

J B Ball (invited talk). "Status Report on the Heavy Ion Accelerator Project." Bull. Am. Phvs. Soc. 20. 826 
(1975) 

L L CoUins. L L RKdinger. C. R. Bingham. G. D. OKelley. J. W. Wood. R. W. Fink. E. F. Zganjar. 
A. G. Schmidt. E. H Spejewski. H. K. Carter. R. L. Mlekodaj. and J. H. Hamilton. "Decay o f ' "Pb ." Bull. Am. 
PhytSoc20. 830(1 «*75». 

H. L. Crowed. J. H. Hamilton. R. L Robinson. A. V. Ramayya. W. E. Collins, W. T. Pinkston, R. M. Roimingen. 
N.C. Smghal. tl. J. Kim. and R. 0 . Sayer. "Lifetime Measurements of High Spin States in " S t . " Bull An Phys. 
Sor.2w. «30(I975). 

E. E Gross. "Calibration of an Analyzing Magnet Using an Alpha-Source and Heavy Ion Beams," Bull. Am. Phys. 
Soc20.829(197$) 

D. E. Gustafson. T. C. Schweizer. S. T. Thornton. J. L. C. Ford. Jr., P. D. Miller, R. L. Robinson, P. H. Stelson. 
and J. B McGrory. "Selective Population of High Spin States in "Na," Bull Am. Phys. Soc. 20.829 (1975). 

J. H. Hamilton. J D. Cole. A. V. Ramayya. W. Lourens, B. N. Subba Rao. E. L. Boiworth. B. Martin, L. L. 
Riedmger. C. R. Bingham, E. F. Zganjar. E. H. Spejewski, H. K. Carter. R. L. Mlekodaj, R. W. Fink. J. L. Wood. 
G. W. Gowdy, B. D. Kern, and J. Weil. "On-Line Conversion Electron MeaturemenU in the Decay of' **T\" Bull. 
Am. Phys. Soc. 20.830 (1975). 

R. C. Hunter. L. L. Riedinger. D. L. Hillis. C. R. Bingham, and K S.Toth. "Decay of' "Lu ," Bull. Am Phys. 
Soc. 20.829(1975). 

J. A. Maruhn (invited talk), "Some Aspects of Collective Dynamics in Fission." Butt. Am. Phys. Soc. 20, 815 
(1975). 



190 

D- J. Pegg tinvtted talk). "Projectile Electron Spectroscopy of Autoto«i/ing S u t n m ibe Alkali*. BUB Am 
HKXSCC. a.iZoiWSv 

TlMrtieihAnn^Synipuiwnio«M«fccw»MStwct«wawiSfccU«>t»fy.CiUiiit .Ohio. Jontl> 2§. 1975 

H. W Morgan. P A. Staats. and E. Srfbennan. "Vibrational Spectra of No* and No." 

Faraday Society Pi rmiinni on Electron SoKtioxoo? of S o l * and Sorfeccv Vantoom. • £ . . M y 15 17.1975 

T A. Carbon. "Sjtellue Structure in the Phofociectron Spectra of Transition Mela* Ct«npound> loro/ed m the k 
Shell ofthe Metal Ion ' 

Inmniiiiinal Conference oa Radiation 1 s t Fadnoa for Ue CI*. Snrince and Material- IVofaaat. Affoanr. B O O B . 
M y 15-18.1975 

M J. Salmurch. A. P. Fraas. and J. A- Honk t mvited tatkh "A Large Volume Interne Xfutron Source UH CTR 
Matenab Studies " 

Sy«poaoni on Intetaaediate Energy Heavy Ion Physio. BofccJey. Cafcfaraia. M y 17-19,1975 

J. B. Bail t in«:ied talk). "Oak ."jdge Ptans for 3 Booster Cyclotron " 

C Y. Worutinvited talk). "Foundation of Nudear Fluid Dynamics.' 

Ninth Interestional Conference on Physio of Electronic and Atomic CoifamB. Seattle. Wadnng-on. Jnfy 24 JtJ. 
1975 

C. F. Bamett I invited talk). "Atomic Physics in the CTR Program.'' 

D. J. Pegg. H. H. Haselton. R. S. Thoe. P. M. Griffin. M. D. jrown. and I. A. Sellin. "Autotoni/mgStates Formed 
in W • He and Mg* * He Collisions at 70 fceVV" 

R. S. Thoe. I. A. Sellm. R. S. Peterson. D. J. Pegg. P. M Griffin, and J P. Forester. "Photon Energy Dependence 
of the Asymmetry of Non-Characteristic X-Radiation inSi-Al and Al-Al Collisions." 

Sixth Topical Conference on Particle Physics. Manon. Hawaii. Aogast 6 -19 .1975 

H. 0 . Conn. "Nuclear Structure with High Energy Physics The Neutron Halo " 

Thirty-third Annual Meeting. Electron Microscopy Society of America. La* Vegas. Nevada. Aogast 1 1 1 5 . 1 9 7 5 

T. A. Welton. "Practical Resolution Enhar Tient in Bright Field Electron Microscopy by Computer 
Processing." 

1975 Nrjenrode Sammer School on Nndear Spectroscopy. Nqenrode. Netherlands Angnst 11 23.1975 

G. R. Satchler (invited lecture series). "Direct Nuclear Reactions." 

Seventh International Conference on Cydotrom and Their Applications. Zurich. Switzerland. Aogast 19-22.1975 

E. D. Hudson. J. A. Martin, F. E. McDaniet. and F. Irwin. "Magnetic Field Trimming Studies for a 
Separated-Sector Cyclotron." 

E. D. Hudson. R. S. Lord, L. L. Riedinger. J. A. Martin. J. K Bair. L. N. Howell. J. W Johnson. G. S. McNeilly. 
F. E. McDarrel. and S. W. Mosko, "Magnet Model Studies for Separated-Sector Heavy Ion Cyclotrons." 

R. S. Lord, E. D. Hudson, G. S. McNeilly. R. O. Sayer, J. B. Ball. M. L. Mallory. S. W. Mosko. R. M. Beckers. 
K. N. Fischer, J. A. Martin, and J. D. Rylander, "The Oak Ridge Isochronous Cyclotron as an Energy Booster for 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 » M<«k» I. D Hudvm R S U 4 « L MjHon J t M w l A Martst.G S M.Vd>. i B Bail K N 
Ft*.her and R L R.«huix.Y> A Sepaijted-Sevtor C>..:«*ruo P^i-A.-oHera!;* r..- me Oak Ridge Nation*! 
La6«>eai«>f\ 

Faarm InnnMlii—I S t W M M • • tWariiaM P a r n w i m Smdtm I m i w i . Zaakfc. Smteriaml. Aamrt 
25 29.1975 

R dc Swmarski.f.. ftafaeu. W BedpJum.' B Fulmer J Y. Gn.ui.xd. M Mauaad. J R.FMS. and M Gutafcu* 
Inelastic V aiterinc ••» .«l MeV Pobn/ed Proe.im trow * * , : Z r and * JM» '* 

CanyJeJUnrt F a n . A ^ M 31 Sigiimfcii I J. 1975 
T A Cartv* limited lalki "Multiple FJU itatron m Free Mokculev" 

R L MJHt««Ai|. r li Spetextski K K Cartel, and A G Schmidt "TirarMon Source Tecrwiques :..r Hnrv-ixi 
Beam% jf IMSOR 

FmmmTfftt ! • • i L i i ' ii •• • ! #~a»J»j^ammnftw,w tmm mtvmmm F a m l CaBaWtammVammv • m m i laW^av* lama Afmmammr Pmwvaa**. î aammmmmaaamv TamjaaB»*aBBM-

Sijlimau 15 19.1975 
L B Brufcell J A BiffrrMatf G U A N f M JnnevP D MilSer.Q Kes*< and B » V/ehnne. "Muit>pie 

Electron Lot* f";(>\s Section* to* WiMeV I *'* in Single CollrtkKis with Xeru n "" 

J P Former. R S fetor**!. P V Cnrtm H Hasrlton. K H Lao. J R. Mowat. D. J. Pegf_l A Seflm.and 
R S Thoe."Autotom/ing Slam in IfcghK kmi/ft! O. t- and Si." 

P M Griffin D J Pegg. I A SHIm. K »' Jonev D Phono. T H Kruse.andS Bashkin. "Extreme Ut:avin»et 
Spectra <»t Highly Stripped Si Ion-*"' 

D J rVggtiiniiedtalki. "Aut'*>ni/mg State* in the Alkalis " 
R S Pe:erv<n. R Ljubcrt. R S Thoe. H llayden. S Hblor. J. Forester. K H. Luu. P. M Gnffin. D. J. Pegg. 

jnti I A Sellm."Di!ferer\r.m theP»oduvt»or» o! \«wi-Characten*tic Radtationin Solid and Ga< Targets " 
P H Stelson limned talkK The Atomic Phyacs Potential ot New Accelerators." 
R S Thiw. I A Scllin. K H Liao. R S PeterMMi. D J Pegg. J P Forester and P M v.r.ffin. "Angular 

Distribution Studies of Vm-Characteristic X-Radiati«m " 

Brits* Physical Society Meeting. Pwunmy. Eafhmf. Stpfcmaer 17.1975 
G R Satchler I invited talk). "Scattering ot Hejv> Ions " 

Sixth Internal mnal Conference on Atomic COMMON* m Solids. Amsterdam. Netherlands. Scptemfcti 22-26.1975 
J I Andersen, r Laegsgasrd. M Lund, and C D Moak. " / , Scaling for Impact-Parameter Dependence ot 

Inner-Shell Ionization hy Heavy Ions." 
S. Dal/. C. D Moak. B. R. Apple ton. J. A Bigpr?off. and T S Softtle. "Hyper- and Planar-Channelinft ot 

Charge State Selected 27.5 MoV Oxygen Ions m Ag." 
C. D Moak. B R Appleton. J A Biggcrstaft. M D Brown. S Dat/. T S Xoggle. and H Verbeek. The 

Velocity Dependence of the Slopping Power of Channeled Ions from 0.6 to 60 MeV." 

Symposium on Highly Excited Slates in Nuclei. Jatich. Wot Germany. September 23 26.1975 
F. E. Bertrand. "Fxcitaiion of Giant Resonances via Inelastic Hadron Scattering." 
F. C. Halhert. J. B. McGrorv. G R. Satchler. and J. Spelh. "Hadronic Excitation of the Giant Reson nee Region 

of J 0 »Pb." 
G R. Satchler (invited talk). "Hadroniv- Excitation of the Giant Resonance Region of 2 0 *Pb." 

http://Gn.ui.xd
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Symposium oa Experimental Methodi for Charaed-Fartkfe inadntioac. Gadnbarg. Teaaessee, September 30,1975 
C. H. Johnson, "A Ring Lens for Producing Uniform Density Ion Beams." 
M. B. Lewis. F. K. McGowan.C. H. Johnson, and M J. Salt marsh, "The Oak Ridge CN Van deGraafT Facility 

for Heavy Ion Radiation Damage Studies." 

Conference oa Radiation Effects and Tritmm Technology for Fasioa Reactors, Gatbabarg. Tennessee. October I - 3 , 
1975 

J. B. Roberto, J. Narayan. and M. J. Saltmarsh, "15 MeV Neutron Damage in Cu and Mb." 

American Chemical Society (BoaJder Dan Sectjoa), Las Vegas, Nevada, October 9.1975 
H. W. Morgan (invited talk), "Coherent Light and Holography." 

American Chemical Society (Siena Nevada Section), Reno, Nevada, October 10.1975 
H. W. Morgan (invited talk), '"Coherent Light and Holography " 

American Chemical Society (Sacramento Section), Dam, California, October 13,1975 
H. W. Morgan (invited talk), "Coherent Light and Holography." 

American Chemical Society (Fresno Section), Fresno, California, October 14,1975 
H. W. Morgan (invited talk), "Coherent Light and Holography." 

American Chemical Society (Mojave Desert Section), Chin Lake. California, October 15,1975 
H. W Morgan (invited talk), "Coherent Light and Holography." 

American Chemical Society (Bakersfidd Section), October 16,1975 
H. W. Morgan (invited talk), "Coherent Light and Holography." 

American Chemical Society Meeting (Hawaiian Suction), Honohdn, Hawaii, October 17,1975 
H. W. Morgan (invited talk), "Coherent Light and Holography." 

Optical Society of America, Boston. Massachusetts. October 21 -24 ,1975 

K. L. Vander Sluis, "Stark Structure on Hydrogen Spectra in ORMAK Plasma." 

International Conference oa Heavy Ion Sources. Gamnburg, Tennessee, October 27-30,1975 
G. D. Alton, "Preliminary Evaluation of a Modified Hortig-Geometry Negative-Ion Source Using a Negative-Ion-

Source Test Facility." 
£. D. Hudson, M. L. Mallory, and R. S. Lord, "Production of Positive Ion Beams from Solids." 
C. M. Jones (invited talk), "Large Tandem Accelerators." 
M. L. Mallory and D. H. Crandall, "A Penning Heavy Ion Source Test Facility." 
C. D. Moak (invited talk), "Stripping in Foils and Gases." 
P. H. Stelson (invited paper), "Future of Physics with Heavy Ions." 
H. Tamagawa, I. Alexeff, C. M. Jones, N. H. Lazar, and P. D. Mj;ier, "I'se of the Hot-Electron Mirror Machine 

INTEREM as a High-Z Ion Source." 

American Physical Society Meeting, Austin, Texas, October 30-Norember 1,1975 
G. Bagieu, A. J. Cole, R. de Swiniarski, C. B. Fulmer, D. H. Kong, and G. Mariolopoulos, "41 MeV 

Alpha-Particle Scattering from "Al , " • " • " S i , " Bull. Am. Phys. Soc. 20,1156 (1975). 
F. T. Baker, A. Scott, E. E. Gross, D. C. Hensley, and D. L. Hillis, "The Nuclear Reorientation Effect for' J C 

Scattering from " S i and "Mg,"0u//. Am. Phys. Soc. 20, 1190(1975). 
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W. K. Dafenhart, P. H. Steison, F. K. McGowar, W. i. Miner, S. Raman, and R. L. Robinson, "Coulomb 
Excitation of»' 5Sn,"Buff. Am. Phys. Sec. 20.118? (1975,. 

B. J. Daltra, "Fixed J, Fixed T Shell Modd Level Densities for Arbitrary Orbiiab," Butt Am. Phys. Soc. 20, 
1185(1975). 

C. D. Goodman. F. E. Benrand, D. C. Kocher, and R. L. Aubie, **(3Hej) on Several JV=Z Targets," Butt. Am. 
Phys. Soc. 20.1156(1975). 

R. S. Grantham, R. M. Ronningen, J. H. Hamilton, A. V. Ramayya, B. van Nooijen, H. Kawakami, R. L. Piercey, 
R. S. Lee, L. L. RJedinger,andW.K.Daeenhart,''5(£2) Values of Zj, 2j, and 2J States in ' " - , M E r a n d '"Yb," 
Butt Am Phys Soc. 20.1190(1975). 

J. J. Griffin and C. Y. Wong, "Vibrational Instability in Droplets (and Nudei?)," Butt. Am Phys. Soc. 20,1158 
(1975). 

E. E. Gross, If. L. Halbert, D. C. Hensky, D. L. Hilhs, C. Bingham, A. Scott, F. T. Baker, and T. A. Slzman. 
"Elastic Scattering of 70.4 MeV' 2C from Even Nd Isotopes," Butt. Am Phys. Soc. 20, 1192 (1975). 

M. L. Halbert, P. O. Tjdm, G. B. Hagemann, B. Herskind, M. Neiman, and H. Oeschier, "High Spin States in 
, 4 Se," Bull Am. Phys Soc. 20,1172 (1975). 

J. A. Harvey, J. Halperin, N. W. Hid, R. L. Macklm, S. Raman, and E. T. Jumey, "Total and Capture Cross 
Sections of s»Ni foreV and keV Neutrons," Butt. Am. Phys. Soc. 20,1195 (1975). 

D. L. HiUis, E. E. Gross, D. C. Hensley, C. R. Bingharr, A. Scott, F. T. Baker, and T. A. Siaman, "Shape Effects 
in the Inelastic Scattering of 70 MeV "C Ions from •«' »««.«««'««'*»Nd," Butt. Am. Phys Soc. 20, 1192 
(1975). 

D. J. Horen (invited talk), "Information Systems of the Nuclear Data Project," Butt. Am. Phys. Soc. 20,115? 
(1975). 

R. C. Hunter, L. L. Riedinger, D. L. Hiilis, C. R. Bingham, and K. S. Toth, "Vibrational Bands in * '* Yb." Butt. 
Am. Phys. Soc. 20,1154 (1975). 

M. A. Ijaz, E. L. Robinson, K. S. Toth, C. R. Bingham, and J. Lin, "Search for Alpha Decay of Thallium 185,186 
Isotopes,"Bull. Am.Phys.Soc. 20, II54(1975). 

C. H. Johnson, J. Halperin, R. L. Mackltn, and R. R. Winters, "Neutron Total and Capture Cross Sections for 
t2S"ButtAm.Phys.Soc. 20,1195(1975). 

R. L Macklir, "The "*Ho(*vr) Standard Cross Section from 3 to 450 keV,"fluff. An. Phys Soc. 20, 1196 
(1975). 

J. A. Maruhn, C. Y. Wong, ?«d T. A. Welton, "Fluid Dynamic Description of Heavy Ion Collisions," Butt. Am. 
Phys. Soc. 20,1158(1975). 

J. B. McGrory and B. H. Wildenthal, "A Comment on the Projection of Spurious Center-of-Mass States in 
Truncated Shell-Model Calculations," Bull. Am. Fhys Soc. 20,1184(1975). 

R. B. Piercey, A. V. Ramayya, R. M. Ronningen, and I. H. Hamilton, "Jn-Beam Gamma-Ray Spectroscopy 
r4ttowmtt9ttK"0,2pf*Se,"Bull. An Phys. Soc. 20,1172(1975). 

A. V. Ramayya, J. H. Hamilton, J. D. Cole, B. van Nooijen, H. Kawakami, L L. Riedinger. C. R. Bingham, 
K. S. R. Sastry, H. K. Carter, and F. T. Avignone, "Near Spherical and Deformed Bands in ' "Hg," Butt. Am. Phys. 
Soc. 20,1154(1975). 

L. D. Rickertsen and D. L. Hiilis, "Second-Order Coupling Effects in Heavy-Ion Inelastic Scattering,"Bull. Am. 
Phys. Soc. 20,1167 (1975). 

R. M. Ronningen, J. H. Hamilton, R. S. Grantham, A. V. Ramayya, B. van Nooijen, R. B. Piercey, R. S. Lee, 
H. Kawakami, L. L. Riedinger, and W. K. Dafmhart, "Coulomb Excitation of 2* Ground and 3 ' Octupole Levels in 
i s t . i s toy i«a, i«4 E f „,,, • • • y b »Bull. Am.Phys. Soc. 20,1189(1975). 

M. J. Saltmarsh (invited talk), "Accelerators and Energy,"Bull. Am. Phys. Soc. 20,1153 (1975). 
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W. K. TuttSe ill, R. L. Robinson. H. J. Km, R. O. Sayer. W. T. Mitoer, C. J. Smith, and R. M. Rmmincen, 
"Levels in ' ' 'in Populated by the ' > 9Pd( 4Li3») Reaction," A * Am Phys. Soc. 20,1173 (I97S). 

C. Y. Wont. J- A. Marutuv and T. A. Wdton, "Normal Sound, Spin Sound, isospin Sound, and Spuvlsospin 
Sound in Nudear Fluid," Butt vim. Phys. Soc. 20,1158 (i975). 

laterannoanl Atoanic Energy Agency Advisory Group Meeting on TnanncnMunt Isotope Nuclear Data, Karlsruhe, 
West C n — > , November 3-7,1975 

S. Raman (invited talk), "Some Activities in the United States Concerning die Physks Aspects of Actnude Waste 
Recycling." 

S. Raman (invited talk), "General Survey of Applications Which Require Nuclear Data." 

Aa^tkin t^yskai Society Mettaag (Division of H a « i 10-14,1*75 
K. L. Vander Slue, "Stark Structure on Hydrogen Spectra in ORMAK Plasma," Bull. Am. Phys. Soc. 20. 1227 

(19*»5). 

Material* Science Symooaanm (AnatricanSociety for Metals),CmtMunii, Olio. Nu.twhii 11-13.1975 
T. A. Carlson (invited talk), "Use of Photoeiectron Spectroscopy for Surface Analysis." 

AiawricaaPhyskriSockty Meeting (So«dMasteraSection),Aobvra,Ala*aaM,Nc^ra«»er 13-15,1975 
W. E. Collins, A. Ashley, J. H. Hamilton, H. L. Crowell, and R. L. Robinson, "The Levd Structure of «* As." 
H. L. Crowell, J. H. Hamilton, A. V. Ramayya, R. M. Ronningen, N. C. Singhal, R. L. Robinson, and R. 0. 

Sayer, "Angular Distribution Measurements in 1 1 Se." 
T. Magee, L. C. Whitiock, H. L. Crowell, J. H. Singhal, R. L. Robinson, and R. O. Sayer, "Mean Life of the 4* 

State in 7 1 Se." 
F. E. Oberuhain (invited talk), "Heavy Ion Induced Fission neaiA = 100." 
E. L. Robinson, B. 0. Hannah, B. H. Ketelle, G. Schuster, asd J. L. Weil, "Decay of' "Pb." 
I. A. Sdlm (invited talk), "Highly Ionized Ions." 
F. E. Turner, L. L. Riedinger, C. R. Bingham, E. H. Spejewski, R. L. Mlekodaj, H. K. Carter, B. D. Kent, J. L. 

Weil, E. L. Robinson, and J. H. Hamilton,"' "Pb -* , M T I •*• "Hg." 

Americaa Nodear Society Meeting, Son Francisco, California, November 16-21,1975 
C. F. Bamett and E. Ricci (invited talk), "Plasma-Wa.i Interface Studies for TOKAMAK Type Plasmas." 

Sixth S>inponum on EagusecnngProbkms of Fusion Researdi.San Diet?, California, November 18-21,1975 
S. W. Mosko, D. D. Bates, R. R. Bigelow, E. K. Cottongtm, E. W. Pipes, and K. Sueker. "A 120 kA Pulsed dc 

Power System with Computerized Thyristor Triggering." 

American Physical Society Meeting (Division of Electron and Atomic Physics), Tucson, Arizona, December 3-6, 
1975 

D. H. Crandall, D. C. Kocher, and T. J. Morgan, "Single and Double Charge Transfer of C4* in Helium," Bull. 
Am. Phys. Soc. 20,1456 (1975). 

R. S. Peterson, I. A. Sellin, H. Hayden, S. B. Elston, J. P. Forester, K. H. Liao, P. M. Griffin, D. J. Pegg. » n d R 

Laubert, "Non-Characteristic XRadiat on Production in Solid and Gas Targets," Bull. Am. Phys. Soc. 20, 1450 
(1975). 

American Physical Society Meeting, Pasadena, California, December 29-31,1975 
A. Gizon, J. Gizon, and D. J. Horcn "Band Structure in ' "Ba," Bull. Am. Phys. Soc. 20,1496(1975) 



10. Omniana 
Prepared by M. L Halbert. Christim R. Wallace, and Wilrru L. Stair 

ANNOUNCEMENTS 

The Controlled Fusion Atomic Data Center was transferred from the Thermonuclear Division to the Physics 
Division in July 1975. At the same time, several other people were transferred from Thermonuclear, which increased 
the technical staff of the Physics Division by four permanent and two temporary members. 

During November, W. B. Ewbank was appointed Director of the Nuclear Data Project, and F. E. Bertrand was 
appointed Deputy Director. 

PERSONNEL ASSIGNMENTS 

During 1975 the Physics Division was host to at least 3? g"ests from the United States and abroad. Some of 
these were short-term assignments, variously sponsored by different organizations and institutions. Seven Physics 
Division staff members have been the guests of laboratories located outside the United States. A list of guests, staff 
assignments, and personnel changes follows: 

Guest Assignees from Abroad 

B. J. Allen. Australian Atomic Energy Commission, 
Lucas Heights, New South Wales, Australia - Oak 
Ridge Electron Linear Accelerator Program (com­
pleted one-month assignment in March 1975) 

E. I. Andrade, Universidad National Autonoma de 
Mexico, Mexico - Van de Graaff Program (completed 
one-month assignment in July 1975) 

Michel Barre, Commissariat a I'Energie Atomique, 
Group GAN1L, Institut de Physique Nucleaire. Orsay, 
France - Heavy-Ion Project (completed tw<>month 
assignment in June 1975) 

Marie-Paule Bourgarel, Commissariat a l'Energic Aiom-
iquc. Group GANIL, Institut de Physique Nucleaire, 
Orsay. France - Heavy-Ion Project (completed two-
month assignment in June 1975) 

A. A. Dacal. Univeuidad Nacional Autonoma de Mexi­
co, Mexico - Van de Graaff Program (completed 
one-month assignment >n July 1975) 

E. D. Earle, Atomic Energy of Canada Limited, Chalk 
River. Canada - Oak Ridge Electron Linear Accelera­
tor Program (completed two-week assignment in 
January 1975). 

H. W. Feldmeier. NATO Fellowship from Technische 
Hochschule, Darmstadt. West Germany - Theoreti­
cal Physics Program (began one-year assignment in 
September 1975) 

Thanh-Tarn Luong. Commissariat a I'Energie Atomique. 
Group GANIL. Institut de Physique Nucleaire. Orsay, 
France - Heavy-Ion Project (completed two-month 
assignment in June 1975) 

Vida Maruhn-Rezwani, University of Frankfurt. Frank­
furt, West Germany - Theoretical Physics Program 
(continued assignment begun November 1974) 

P. S. Murty. Bhabha Atomic Research Centre. Trom-
bay, India Electron Spectroscopy Program (began 
one-year assignment in May 1975) 

Maria E. S. Ortiz. Universidad Nacional Autonoma dc 
Mexico. Mexico - Van de Graaff Program (completed 
one-month assignment in July 1975) 
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196 

Hermann Weigmann. Cenuai Bureau for Nudear Meas­
urements (CBNM). EURATOM. Ged. Belgium - Oak 
RiUjee Electron Linear Accelerator Program (began 
eight-month assignment in Jury 1975) 

Guest Assignees from the United Slates 

B. J. Dalton. summer research participant (ORAU) 
from Fort Valley State College. Fort Valley. Georgia 
- Theoretical Physics Program (completeJ three-
month assignment in September I97S) 

Stuart Elston, University of Tennessee - Accelerator 
Atomic Physics Program (began one-year assignment 
in January I97S) 

J. P. Fehinci. Columbia University - Oak Ridge 
Electron Linear Accelerator Program (completed six-
week assignment in Jury I97S) 

J. P. Forester. University of Tennessee - Accelerator 
Atomic Physics Program (continued assignment begun 
in September 1974) 

L D. Gardner. Yale University - Charge Exchange 
Cross Section Measurements Program (completed 
one-month assignment in December 1975) 

J. B. Garg, State University of New York at Albany -
Oak Ridge Electron Linear Accelerator Program 
(completed six-week assignment in August 1975) 

Thomas Handler, University of Tennessee - High 
Energy Physics Program (continued assignment begun 
in November 1974) 

E. L Hart, University of Tennessee - High Energy 
Physics Program (completed six-year assignment in 
August 1975 - now consultant with ORNL Physics 
Division) 

Howard Hay den. University of Tennessee - Accelerator 
Atomic Physics Program (began one-year assignment 
in June 1975) 

D. L. Hillis. University of Tennessee - Oak Ridge 
isochronous Cyclotron Program (began one-year as­
signment in January 1975) 

A. C. Kahler I I I , University of Tennessee - Oak Ridge 
Isochronous Cyclotron Program (began one-year as­
signment in October 1975) 

P. M. Koch, Yale University - Oak Ridge Isochronous 
Cyclotron Program (completed two-week assignment 
in December 1975) 

Kuo-Hsien 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 Program (completed six-week as­
signment in July 1975) 

Edward Melkoniai. Columbia University - Oak Ridge 
Electron Linear Accelerator Program (completed six-
week assignment in July 1975) 

T. J. Morgan, summer research participant (ORNL) 
from Wedeyan University - Atomic Physics Program 
(completed two-month assignment in August 1975) 

T. L. Nichob. University of Tennessee - Hyperfine 
Interactions Program (completed ten-month assign­
ment in February 1975) 

M. S. Pandey, State University of New York at Albany 
- Oak Ridge Electron Linear Accelerator Program 
(completed six-week assignment in August 1975) 

R S. Peterson, University of Tennessee - Accelerator 
Atomic Physics Program (continued assignment begun 
in Jury 1972) 

P. O. Taylor, Joint Institute for Laboratory Astro­
physics. University of Colorado - Controlled Fusion 
Atomic Data Center (began one-year assignment in 
October 1975) 

R Thoe. University of Tennessee - Accelerator Atomic 
Physics Program (completed two-year assignment m 
June 1975 - now consultant with ORNL Physics 
Division) 

Cheng-May Tung, University of Tennessee - Electron 
Spectroscopy Program (began one-year assignment in 
August 1975) 

R. R. Turtle, University of Tennessee - Accelerator 
Atomic Physics Program (completed seven-month 
assignment in May 1975) 

W. K. Tuttle I I I . University of Tennessee - Van de 
Graaff Program (completed eleven-month assignment 
in November 1975) 

J. Waldman, University of Lowell - Plasma Diagnostics 
Program (completed three-month assignment in Sep­
tember 1975) 

R. M. Wietand, summer research participant (ORAU) 
from Franklin and Marshal College. Lancaster, Penn­
sylvania - Oak Ridge Isochronous Cyclotron Program 
(completed three-monm assipiment in August 197$) 

UiirtrsUy Itotopt Septmtor 
*0*k Ridge (UNJSOR) 

G. M. Gowdy, Laboratory Graduate Participant Feflow 
- Oak Ridge Associated Universities (began one-year 
assignment in January 1975) 
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H. K. Carter, Oak Ridge Associated Universities (in-
deTmite assignment) 

R. L Mkkodaj, Oak Ridgf Associated Universities 
(indefmile assignment) 

A. V. Ramayya, VanderUt University (completed 
one-month assignment July 1975) 

E. L Robinson, University of Alabama (completed 
one-year assignment in September 1975) 

A. G. Schmidt. Oak Ridge Associated Universities 
(continued postdoctoral appointment begun in Sep­
tember 1974) 

E. H. Spejewski, Oak Ridge Associated Universities 
(indefinite assignment) 

Staff * i h p in i • ! • 

C. B. Fulmer - Oak Ridge Isochronous Cydotron 
Program. Completed in September 1975 a one-year 
assignment with die Institut des Sciences Nudeaires. 
University of Grenoble. Grenoble. France 

E. E. Gross - Oak Ridge Isocivonous Cyclotron 
Program. Completed in May 1975 a four-week assign­
ment at the Grenoble Cyclotron Laboratory. Gre­
noble. France 

Edith C. Halbert - Theoretical Physics Program. Com­
pleted in August 1975 a one-year assignment with die 
Niels Bohr Institute. Copenhagen. Denmark 

M. L rWbert - Out Ridge Isochronous Cyclotron 
Program. Completed in August 1975 a one-year 
assignment with the Niels Bohr bestrtutt. Copenhagen. 
Denmark 

J. B. Mciirory Theoretical Physics Program. Began in 
October 1975 a one-year aacamment wim die ORNL 
Program Planning and Analysis Office 

C. D. Monk Van de G r a f f Program. Began in 
February 1975 a six-month assignment w i n the 
I M m s i t y of Aarhus. Aarhus. Denmark; began in 
October 1975 a sot-month iiajgnmint wim the 
Daresbury Laboratory. Daresbury. England 

F. PlanJ - Pbysks of Fasten Program. Completed m 
September 1975 a one-year aaaignmrni w i n nV 
Labnratoire de Pbyssonc Nnchtairc. University of 
Parte. Orsay. France 

K. S. Toth - Oak Ridge isochronous Cydotron 
Prograer. Completed in October 1975 a ftve-month 
annjmnrat at me Laboratory for Nuclear Reactions. 
John InntrMte for Nucttar Research. Dubna. VSS.fi. 

C. F. Bamett - Controlled Fusion Atomic Data Center. 
Transferred from Thermonuclear Division to Physics 
Division in July 1975 

D. H. CrandaB - Atomic Physics Program. Transferred 
from Thermonuclear Division to Physics Division in 
July 1975 

R. A. Dayras - Oak Ridge Isochronous Cydotron 
Program. Began two-year postdoctoral appointment 
in December 1975 

J. Gomez del Campo - Van de Graaff Program. Began 
four-month appointment in October 1975 

D. P. Hutchinson - Plasma Diagnostics Program. 
Transferred from Thermonuclear Division to Physics 
Division in Jury 1975 

J. W. Johnson - Van de Graaff Program. Transferred 
from Instrumentation and Controls Division to Phys­
ics Division in September 1975 

M. B. Lewis - Van de Graaff Program. Transferred 
from Physics Division to Metals and Ceramics Division 
in July 1975 

E. Newman - Oak Ridge Isochronous Cyclotron 
Program. Transferred from Physics Division to Chemi­
cal Technology Division in Jury 1975 

R_ A. Phaneuf - Atomic Physics Program. Began 
one-year appointment with on? Thermonuclear Divi­
sion in October 1975 (on loan to the Physics 
Division) 

J. A. Ray - Atomic Physics Program. Transferred from 
Thermonuclear Division to Physics Division in July 
1975 

E. Rkci - Surface Studies Program. Began loan 
atngnment with the Physics Division from Analytical 
Chennsuy in Jury 1975 

L L Rirdingrr - Heavy km Project. Completed 
eight-month aangnment in August 1975 

K. L Vanacr Shin - l l a m a Diagnostics Program. 
Transferred from Thermonuclear Division to Physics 
BvMon in Jury I97S 

G. K. Werner - Infrared Spectroscopy Program. Trans­
ferred from Physics Deration to Oak Ridge Gaseous 
DtfTusvon Plant m March 1975 

http://VSS.fi
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ADJUNCT RESEARCH PARTICIPANTS UNDER SUBCONTRACT WITH 
UNION CARBIDE CCTTORATION NUCLEAR DIVISION - ORNL 

Faculty members of cofleges and universities who were under subcontract with ORNL and who participated in 
the activities of the Physics Division during 1975 are listed as follows: 

P. M. Bakshi. Boston College - Controlled Fusion 
Atomic Dau Center 

C. R. Bingham. University of Tennessee - Oak Ridge 
Isochronous Cyclotron Program 

H. G. Btosser, Michigan State University - Heavy Ion 
Project 

D. A. Bromley. Yak University - Nuclear Physics 
Program 

W. M. Bugg, University of Tennessee - High Energy 
Physics Program 

3. W. Burton. Carson-Newman College - Hyperfine 
Interactions Program 

R. F. Carlton. Middle Tennessee State University - Oak 
Ridge Electron Linear Accelerator Program 

T. P. Geary. University of Tennessee - Oak Ridge 
Isochronous Cyclotron Program 

G. T. Condo. University of Tennessee - High Energy 
Physics Program 

R. Y. Cusson. Duke University - Theoretical Physics 
Program 

Brian Gilbody. Queen's University. Belfast. Ireland -
Controlled Fusion Atomic Dau Center 

J. Gomez del Campo. National University of Mexico -
Van de Graaff Program (contract closed September 
I975i 

F. A. Grimm. University of Tennessee - Electron 
Spectroscopy Program 

E. L Hart. University of Tennessee - High Energy 
Physics Program 

Philippe Hubert. Centre d'Erudes NucJeaires, Bordeaux, 
France - Oak Ridge Isochronous Cyclotron Program 
(contract closed September 1975) 

P. G. Huray, University of Tennestee - Hyperfine 
Interactions Prograrr 

Comunce Kalbach. University of Tennessee - Oak 
Ridge Isochronous Cyclotron and Theoretical Physics 
Programs 

Donald Malbrough, University of South Carolina - Oak 
Ridge Isochronous Cyclotron Program at LAMPF 

Earl McDanieb. Georgia Institute of Technology -
Controlled Fusion Atomic Data Center 

D. J. IVgg. University of Tennessee - Accelerator 
Atomic Physics Program 

G. A. Petitt. Georgia State University - Hyperfine 
Interactions Program (contract dosed August 1975) 

l_ L Riedinger. University of Tennessee - Heavy Ion 
Project 

A. B. Ritchie. University of Alabama - Electron 
Spectroscopy Prograrr 

Regmald Ronningen, VanderWt University - Van de 
Graaff Program 

Arnold Russek. University of Connecticut - Controlled 
Fusion Atomic Data Center 

I. A. SeUin, University of Tennessee - Accelerator 
Atomic Physics Program 

A. J. Sierk. California Institute of Technology -
Theoretical Physics Program (contract closed Decem­
ber 1975) 

R. M. Tate. University of Tennessee - Van dc Graaff 
Program 

Robert Thoe, University of Tennessee - Accelerator 
Atomic Physics Program 

c W. Thomas. Georgia Institute of Technology -
Controlled Fusion Atomic Data Center 

J. R. Thompson. University of Tennessee - Van de 
Graaff Program 

J. O. Thomson. University of Tennessee - Hyperfine 
Interactions Program 

S. T. Thornton. University of Virginia - Van de Graaff 
Program 

H. Vcrheul. Free University. Amsterdam. Netherlands -
Nuclear Data Project (contract closed April 1975) 

Lawrence Wilcts. University of Washington - Theoret­
ical Physics Program 

R. R. Winters. Denison University Oak Ridge 
Electron Linear Accelerator Program (contract closed 
August 1975) 
Additionally in 1975, the Physics Division had the 

participation of the following nonfacuity ORNL sub­
contract holders: 

F. T. Howard. ORNL retiree - Accelerator Information 
Project (contract closed November 1975) 
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D. D. Menu, undergraduate student from Princeton 
University Van de Graaff and Oak Ridge Isochro­
nous Cyclotron Programs 

R. F. King. ORNL retiree Van de d e a l I Program 

J. D. Larson, representing sdl - Heavy Inn Project 

L A. Slover. ORNL retiree - Oak Ridge Isochronous 
Cyclotron Program 

F. T. Avignonc I I I . University of South Carolina 

F. I". Baker. University of Georgia 

J. 1. Barker. Saint Louis University 

S. Bashkin. University of Arizona 

I. F. Bayfield. Yale University 

R. A. Bragda. Georgia Institute of Technology 

W. H. Brantley. Furman University 

L B. Bud well. Murray State University 

R. P. Chalurvedi. Slate University of New York at 
Cortland 

S. J. Cipolla. Creighfon University 

P. W. Coulter. University of Alabama. Tuscaloosa 

R. H. Davis. Florida Stale University 

J. P. Draayer. Louisiana Stale V. and A. A M. C. 

J. L. Duggan. North Texas Slate University 

R. W. Fink. Georgia Institute of Technology 

R. M. Gaedkc. Trinity University 

R. S. Gnntham. Vandcrhilt University 

T. J. Gray. Kansas Slate University 

M. B. Greenfield. Florida A. & M. University 

M. A. Grimm. Jr.. Georgia Institute of Technology 

S. A. Gnmcmcycr. Washington University 

D. F. Gusiafson. University of Virginia 

J. I I . Ilamillon. Vandcrhilt University 

B. (>. Hannah. University of Alabama in Birmingham 

F. V. Hungcrford. University of Houston 

M. A. Ija/. Virpnu Polytechnic Institute and Stale 
University 

A. H. SneU. ORNL retiree - Oak Ridge Isochronous 
Cyclotron Program 

G. J. Smith. ORAL postdoctoral appointee Oak 
Ridge Isochronous Cyclotron Program (contract 
closed September 1975) 

D. E. Johnson. North Texas Slate University 

l i . Kawakami. Vanderbill University 

G. Kegel. Lowell Technological Institute 

K. W. Kemper. Florida Slate University 

B. D. KCIP. University of Kentucky 

Q. C. Kessd. University oi Connecticut 

S. F. K onn.. California Insrtute of Technology 

S. J. Krieger. Universiiy of Illinois at Chicago Circle 

T. !l Kruse. Rutgers the Slate University 

K. A. Kucnhold. University of Tulsa 

K. Kumar. Vandcrbill University 

W. S. Lewis. Georgia Institute of Technology 

T. K. Lim. Drexcl University 

J. Lin. Tennessee Technological Universit) 

W. G. Love. Universiiy of Georgia 

A. D. MacKellar. University ol Kentucky 

M. S. McCay. University of Tennessee at Chattanooga 

D. A McClure. Georgia Institute of Technology 

F. D. McDamd. North Texas State University 

C>. C. Monigold. North Texas Slate University 

J. R. Mowal. City University of New York 

J. W. Negrle. Massachusetts Institute of Technology 

R. B. Piercey. VanderMi University 

B. M. Prcedom. Universiiy of South Carolina 

A. R. Quinion. Universiiy of Massachusetts 

A. F. Rainis. West Virginia Universiiy 

A. V. Ramayya. Vanderbill Universiiy 

ADJUNCT RESEARCH PARTICIPANTS UNDER CONTRACT 
ARRANGEMENT WITH OAK RIDGE ASSOCIATED UNIVERSITIES 

Under arrangements with Oak Ridge Associated Universities ("S" contracts and " U " contracts).»I university or 
college faculty members ?nd students visited the Physics Division for consultation and collaboration during 1975. 
These individuals and their affiliation are listed below: 



200 

P. V. Rao. Emory University 

M. S. Rapaport. Georgia Institute ot' Technology 

R. B. Raphael. Oglethorpe University 

A. D. Ray. North Texas State University 

L. A. Ray burn. University of Texas at Arlington 

A. C. Rester. Emory University 

R. K. Rice. North Texas State University 

E. L. Robinson. University of Alabama in Birmingham 

J. R. Rowe. North Texas State University 

K.S.R. Sastry. University of Massachusetts 

T. C. Schweize;. University of Virginia 

A. Scott. University of Georgia 

J. Tncomi. North Texas State University 

B. Van Nooijen. Vsnderbill University 

G. Vourvopoulos. Florida A. & M. University 

T. A. Waikiewic/. Edinboro State College 

J. L. Weil. University of Kentucky 

J. C. Wells. Jr.. Tennessee Technological University 

W. R. Wharton. Carnegie-Mellon University 

R. M. Wheeler. State University of New York at 
Cortland 

R. M. Wiclar.d. Franklin and Marshall College 

B. H. WUdenthal. Michigan Stale University 

S. R. Wilson. North Texas Stale University 

R. R. Winters. Denison University 

J. L. Wood. Georgia Institute of Technology' 

S. W. Yates. University of Kentucky 

A. R. Zander. East Texas State University 

F. F. Zganjar. Louisiana State U and A. & M. C. 

PHYSICS DIVISION SEMINARS 

Physics Division seminars were held once a week on the average. The seminar cochairmen during most of the 
year were J. £ McGrory and W. B. Dress. On October I. E. EicMer (Chemistry Division) replaced McGfory. Ti -
seminars listed below are announced to the entire Laboratory by being listed in the ORNI Technical Calendar. In 
addition, groups within the Division hold meetings of more specialized interest, such as the Nuclear Research Coffee 
meetings on alternate Wednesday afternoons and the Theoretical Circus on Fridays. 

January 15 David Nagel. U.S. Naval Restvch 
Laboratory. "X-Rays from Plasmas and Projectil.V 

January 20 G. Goldring. Wei/marm Institute of 
Science. Rehovot. Israel. "Hyperfine Interactions and 
Cyromagnctic Ratios of Excited Stales of Light 
Nuclei-

January 24 J. R. Comfort. University of Gromngen. 
Netherlands. "Partick-Hok Multipieis and Reaction 
Mechanisms m the Mass-«K) Region" 

January 30 J. L Fowler. Physics Dnrisuw. ORNL. 
"Neutrons and Energy: the Mystery of the Missing 
Ninth" 

February 12 Charles Flaum. University «* Rochester. 
"Experimental and Theoretical InvesngatHms of 
Anomalous Behavior of Rotational Stales at Khjh 
Som" 

February 24 J. N. GHHKCIMO. Yale University. 
"Statistical Mechanical Approach to Nuclear Struc­
ture-

March 4 Igor Akxeff. University of Tennessee. 
"Plasma Contamme.il Devices as Sources of Multiply-
ChargeJ Ions" 

March 6 K. Thomas R. Davies. Physics Division. 
ORNL. "Effect of Nuclear Viscosity on the Dynamics 
«il' Fission" 

March 20 B. L. Omen. The Institute for Energy 
Analysis. Oak Ridge. "Environmental Impacts of 
Plutonium Dispersal and Radioactive Waste Storage" 

March 24 H. V. Pauli. Max-Pianck-lnsliliii fur 
Kemphysik. Heidelberg, Germany. "Dynamic Excita­
tion in Fission" 

April I M. R. Moitleson. Niels Bohr Institute!. 
Copenhagen. Denmark. "What Can Angular Momen­
tum Do to the Nucleus?" 

April 24 O k Han«m. l.os Alamos Scientific Labora­
tory. •Resonances m .he " C ( " C > » Reaction A 
New Rotational Band in , 4 M g " 

http://Contamme.il
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May 2 Klaus Eberhard. University of Washington. 
"Correlated Structure m ' , C * , J C Induced Rcac 
l«>ns" 

May 5 Charles lewis. CERN. "Some Experiments in 
Nuclear u ' Absorption™ 

May 8 H. Schrader. Instilut Lauc-Lantrvin. Grenoble. 
France. "Fission Yields with Mass Separator Lohen­
grin 

May 12 - Mrkkel B Johnson. Los Alamos Scientific 
Laboratory. "Nuclear Matter Theory for Ron Scatter­
ing from Nuclei" 

May 15 D. H. YoungMood. Texas A. * M. University. 
"Particle Decay from the Giant Resonance Region o( 
" C J " 

May 22 - Marian Scully. Optical Sciences Center. 
University of Arizona. "An Ion Beam X-Ray Laser: 
Superradiance in Action" 

May 28 - E. Salzbom. Kansas State University. 
"Electron Capture Processes of Multiply Charged 
Argon Ions in Gas Targets at Energies from 10-90 
keV" 

May 29 - M. Kimura. Tohoku University. Sendai. 
Japan. "Pubed Neutron Sources for Utilization for 
Condensed Matter Research" 

May 2 9 - 1 . Bergstrom. Research Institute for Physics. 
Stockholm. Sweden. "On Effective Two- and Three-
Body Interactions: A Lesson from High-Spin States in 
the Lead Region" 

June 5 - W. B Dress. Physics Division. O R N L "2% 
Years of Measurements with and on French Neu­
trons" 

June 17 - A. K. Edwards. University of Georgia. 
"Cottisional Excitation of Negative Ions and Neutral 
Atoms" 

June 19 - Terrance Cleary. University of Wisconsin. 
"Nuclear Structure in the / I = 90 Region from Reac­
tions Induced by Vector Polarized Deuterons" 

June 24 L C Feldman. bell Laboratories. Murray 
HM. N J „ "X-Ray Yields from Ar-AI Collisions: 
Lifelime Effects" 

June 2b G. S. Hurst. "Resonance Ionization Spec­
troscopy on He < 2* 5 ) " 

July 9 R. de Swiniarski. University of GrenoWe. 
France. "Some Recent Experiments Done al the 
GrenoMe Cyclotron" 

July 14 S. G. Nriseon. Universify of Lund. Sweden. 
"Nuclei at High Angular Momentum States" 

Jury 14 Gunier Kegel. Lowell lechnoiogKal Insti­
tute. "Fast Neutron Scattering from U-238" 

July 22 - Jotiaan Rafdski. Argonne Natural Labora­
tory. "Spontaneous Neutralization ot Charged Nu­
clear Matter" 

August 4 - Paul Bonche. Sacby. "Nuclear Dynamics in 
One-Dimension in the Time-Dependeni Hariree-Fock 
Approximation" 

August 5 V. S. Nikoiayev. Moscow Slate University. 
U S S R . . "Atomic Cross Sec'ions for Multi-Charged 
Ions" 

August 7 C. K. Gdbke. Max Planck Institui. Heidel­
berg. Germany. "Exchange Symmetries in Heavy-Ion 
Reactions" 

August 14 - J. A. Maruhn. Physics Division. ORNL. 
"Collective Effects on Mass Distributions in Fission" 

August 21 - Vida Maruhn-Rezwani. University of 
Frankfurt. West Germany. "Generalized Collective 
Model" 

September 2 - Jiri Kopecky. Reactor Centrum. Petten. 
Netherlands, ~|- /v) Experiments al the High Flux 
Reactor at Petten" 

September 4 Bill Dalton. ORAU. "Statistical 
Methods for Finding Shell Model Level Densities" 

September I I M. L Halbert. Physics Division. 
ORNL. "Danish Photons Soft and Hard" 

October 9 - Franz Piasil. Physics Division. ORNL. 
"Physics with the Very Heavy Ions - French Connec­
tion" 

October 20 - W. F. van Gunsteren. Free University. 
Amsterdam. "Relationship between Odd and Even 
Single Gosed Shell Nuclei in a Low Seniority Approx­
imation" 

October 27 - S. M. Lee. Institute for Nuclear Physics. 
University of Cologne. West Germany. "Role of 
Resonances and Critical Angular Momenta in Heavy 
Ion Reactions" 

October 28 M. A. Nagarajan. Daresbury Nuclear 
Physics Laboratory. Daresbury. England. "Generator 
Coordinate Method for Nuclear Collisions" 

October 31 H. H. Andersen. Aarhus. Denmark. 
"Sputtering as a Tool for the Investigation of Atomic 
Collision Cascades in Solids" 

November 6 - Hermann Weigmarm. CBNM. Ged. 
Belgium. "Neutron Data Measurements at the Geel 
Lmac" 
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November 13 - Peter Wurm. Max Planck Institute lor 
Nuclear Physics. Heidelberg, and SUNY. Stony 
Brook. "Friction in Deep Inelastic Scattering" 

November 17 R. F. Casten. Broukhaven National 
Laboratory. "Nuclear Structure Research Using the 
iit.y) Reaction** 

J. B. Ball - University of Melbourne. Australia. 
February 29. 1975. "Plans for a New Heavy Ion 
Accelerator at Oak Ridge'*: Florida Stale University. 
April 10. and Texas A. A. M. University. Mzy 2 9 . T h e 
New Heavy Ion Laboratory at Oak Ridge" (TLP). 
University of Tennessee. December 2. "Status Report 
on the Heavy Ion Acceleraitw Facility at Oak Ridge" 

C. F. Barnetl National Bureau of Standards Work­
shop. March 3 4. "Atomic Data for CTR. Particu­
larly on Heavy Ion Impurities**: National Bureau of 
Standards. Gaithersburg. Maryland. March 3. *Aiomic 
Physks Research at ORNL" and "Controlled Fusion 
Atomic Data Center*' 

F. E. Bertrand University of Georgia. April 17. 
"Excitation of Giant Resonances via Direct Reac­
tions": Texas A. & M. University. November 4. 
"Giant Resonances and the Nuclear Continuum" 

C. R. Bingham KVI . Groningen. Netherlands. Novem­
ber I I . "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 tor Surface Studies". Uni­
versity .* Illinois. November 12. "Use of Electron 
Spectroscopy for Surface Studies" (APS Visiting 
Scientist Program! 

W. B. Ewbank Instiluui voor Kernphysisch Ondrr-
*ock. Amsterdam. January 24. "ENSDF (Evaluated 
Nuclear Structure Data File)" 

J. L Fowler University of Tennessee. February I I . 
"The Neutron as a Probe for Nuclear Slruvlure 
around Closed Shell Nuclei" 

December 10 R .K Adair. Yale University. "Prompt 
Leptons: Lcptons Produced by the Direct Interaction 
of Madrons" 

C. B. Fulmer Institui des Sciences Nucleases. 
Grenoble, France. January 24. "Heavy-Ion Scattering 
Studies at Oak Ridge": Centre de Rccherches Nucle­
ases de Strasbourg. Strasbourg. France. April 24. 
"Heavy-Ion Scattering Studies at Oak Ridge": Kern-
fysrsch Versnc'.fer (nstitut. Groningen. Netherlands. 
September 2. "Some Experiences in the French 
Alps": Natuurkundig Laboratorium der Vrijc I'm-
vcrsiteit. Amsterdam. Netherlands. September 4. 
"Some o-Particle and Heavy-I«>n Scattering Experi­
ments": Whealstonc Physics Laboratory. King's Col­
lege. London. U.K.. September 26. "Some Experi­
ences in the French Alps" 

C. D. Goodman Kent State University. Kent. Ohio. 
September 17. "The Nuclear Reaction iH i / 'HcJasa 
Tool for Studying Nuclear Transitions Related to 
Gamow-Teller Beta Decays" 

E. E. Gross University of Texas al Arlingtim. 
February 5. and North Texas Stale University. Febru­
ary f>. "Heavy-Ion Research al Oak Ridge" (T IP) : 
Clemson University. February 27. "Testing Time 
Reversal Invariance m Nuclear Physics" (TLP): Niels 
Bohr Institute. Copenhagen. Denmark. May 2. "70 
MeV ' * ( Scattering from ' " N d " : University ot 
Gronmgcn. Netherlands. May f>. "Heavy-Ion Research 
at ORIC": Insniui des Sciences Nucleatres. GrenoMc. 
France. May 9. "Coulomb-Nuclear Interference 
Effects in 70 MeV ' *C • ' 4 4 N d Scattering" 

R. L Hahn Randolph-Macon Women's C •!!egc. 
January 23: Davidson College. March 21 : Union 
College. April | 9 . Huntingdon College. April 21: and 
Tuskegc.' Instilu le. April 21. T h e Quest for New 
Elements" (TLP): Lawrence Berkeley Laboratory. 
December Ift. "Reactions of ""Ar with ' * * D y . and 
»**Dyand , 7 4Yb" 

COLLOOUIA AND SEMINARS PRESENTED AT OTHER INSTALLATIONS 

Staff members of the Physics Division and other scientists associated with die Division frequently receive 
invitations to present seminars and collcquia at institutions both in the United Stales and abroad. Partial support for 
some of the requests was provided through the Traveling Lecture Program (TLP) administered by Oak Ridge 
Associated Universities. A tiumber of lecture-demonstrations were supported by the local-section lecture program of 
the American Chemical Society. 

Following is a list of seminars and coUoquia presented in 1975: 
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E. C. Halbert Niels Bohr Institute. February 5. 
"Renormali/a;ion to Ceil Effective Interactions for 
Truncated Many-Body Shell Models" 

M. L. Halbert Hahn-Meiinet Institut. West Berlin. 
January 31. "Heavy-Ion Elastic Scattering I rum 
ORIC: The Heavy-Ion Accelerator Project at Oak 
Ridge" 

J. B. McCrory North Carolina Stale University, 
January 24. Vanderbilt University. March 14. "Suc­
cesses and Failures of the Nuclear Shell Model" 
ITLP). Georgia Slate University. April 16. 'Micro­
scopic Description of Collective Nuclear Motion in 
Terms of the Nuclear Shell Model" 

M. L Mallory Michigan State University. November 
17. "Metal Ion Source and Harmonic Beam Space 
Charge Effect" 

J. A. Martin Gesdlschaft fur Schwerionenforschung. 
Darmstadt. September 2. "Heavy Ion Accelerators at 
Oak Ridge" 

J. A. Maruhn Vanderbilt University. February 6. 
"Dynamic Theory ol Mass Distributions m Fission": 
Argonne National Laboratory. April 2. "Dynamic 
Theory of Mass Distributions m Fission": Lawrence 
Berkeley Laboratory. July 15. "Some Practical 
Aspects of Implementing a Fluid-Dy namical Code for 
Heavy-Ion Reactions": Los Alamos Scientific Labora­
tory. October 14. "Fluid-Dy namical Description of 
Heavy-Ion Reactions". California Institute of Tech­
nology. October 24. "Fluid-Dynamtcal Description of 
Heavy-Ion Reactions": Duke University. November 
20. "Fluid-Dynaimcal Description of Heavy-ton Reac­
tions": Norlh Carolina Stale Unrvcrniv. November 
21. "Collecirve Theory of Mass DisirihuiMwi% in 
Fission" 

P. D. Miller Stale University ol New York ai 
Cotiland. February 4. Umvemiy of Alabama. Febru­
ary 11. Auburn University. February 2*: Unrur*iiy 
ol Kentucky. October 3. "Search lor the Electric 
Dinole Moment <H ihe Neutron"'ITl Pi 

R I. Mlekodai (n'seNwhafl lur Vhwcrioncn-
lorschung. Dairmtadi. September 15. "The Status ol 
iheUNISORProKd" 

C. I ) Moak Knlgers the -Stale I nrve>Mly. Novem­
ber 7. " | j i |K Tandem Accelerator*". University ol 
(hford. England. Novemhv. 17. "Physics with Heavy 
Ions" 

I I . W. Morgan (kclures «ponM«ed by the American 
Chemfcat Sociei) local-section k-clvie program are 
marked with an asterisk) Indiana Unrwsiiy al South 

Bend. January 13: St. Joseph Volley Section. ACS.* 
January 13: Kalamazoo College.* January 14: Grand 
Valley State College. January 15: Hope College.* 
January 15: University ol Michigan. Ann Arbor.* 
January 16: Wayne State University. January 17: 
Cannon College. May 7: Villa Maria College.* May 7. 
Northeastern Ohio Section. ACS.* May 8: Penn­
sylvania State University. May *f: Penn Ohio Border 
Section. ACS.* May °: Ball Slate University. June 23: 
University of Nevada at Las Vegas.* October 9: 
University of Nevada at Reno.* October 10: Uni­
versity of California al Davis, October 13: Sacramento 
State University.* October 13: California State Uni­
versity at Fresno.* October 14: Naval Weapons Center 
al China Lake.* October 15: California State College 
at Bakersfieid.* October 16: University of Hawaii at 
Manoa.* October 17. 'Coherent Light and Holog­
raphy" 

F. E. Obenshain Universit) of Georgia. February 4. 
"Some Applications of the Mossbauer Effect" 

F. Piasd - Hahn-Meitner Instiiui. Berlin. February 21 . 
"Heavy-Ion Induced Fission and Fusion": University 
of Vienna. June 13: University of Marburg. June 16: 
Max-Planck-lnstitut. Heidelberg. June l» University 
of Munich. June 20: University of Liverpool. July ° : 
University of Manchester. July 10: University of 
Lyon. July IK. "Fission el Fusion Induite par Ions 
Lourds" 

S. Raman University in Tennessee. Nuclear Enpneei-
ing Department. May 27. "The Aciimde Waste Prob­
lem" 

L. L. Riedtnger Notre Dame University. Dcce .tber 
10. "New. Accelerator al Oak Ridge: Recent l l i l . rn l 
Measurements" 

M. J. Satimarsh I niversm of Virginia. March 1°. 
"Some Practical Applications of Accelerator*. Past. 
Pre*em and Future" 

f i . R SalcMer Texas A. k M. University. April H. 
"Microscopic Description of ihe Inelastic Scattering 
JI tl ihe New (riant Resonant.**": Otlord University, 
I ngland. (Ktober 2. "fiiani Resonances" 

A (• Schmidt I nr«ers-l\ ol Tennessee. April 56. 
"Multiple Muliipule Mixturesm the Decay of ' " : T a " 

' I I Sprjcwski lenn-ssre Tcchnoiop:jl University. 
January 27. "The UNiSOH Project" 

P. II. Stetson ti*>iiiuio <V Ftsica. MexKoCify. Match 
IN. "Itrasy Ion Factlily al Oak Ridge". March I" . 
"Backhendmg Phenomena m Nuclei" 
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R. G. Stokstad - Stale University at New York. April 
4. "Limits on Fusion Cross Sections for Light Nuclei" 

K. S. Toth - University of Tennessee. March 5, 
'"a-Decay in the Cis-Polonium Region": Institute for 
Nuclear Research. Kiev. U.S.S.R.. July 3 "Heavy-Ion 
Research at the Oak Ridge Isochronous Cyclotron": 
Institute for Nuclear Physics. Gatchina. U.S.S.R.. 
August 6. "Heavy-Ion Research at the Oak Ridge 
Isochron-us Cyclotron" 

T. A. Weiton - Virginia Polytechnic Institute and State 
University. June 2. "Coherence Effects in Optics": 

G. D. Alton local arrangement committee for 
International Conference on Heavy Ion Sources: guest 
co-ediior for Proceedings of International Conference 
on Heavy Ion Sources 

C. F. Bameit Research Advisory Committee for 
ERDA-DCTR; r>anel member. National Academy of 
Science for Alt mic Physics in the Energy Program: 
panel member. ERDA DCTR fusion research plasma 
facility: proposal reviewer. KRDA DCTR. ERDA. 
DPR. NSF. National Research Corporation consul­
tant to IAEA on atomic data; organized symposium 
for APS annual meeting. Anaheim. California. Janu­
ary 29. 1975; organized workshop "Theoretical 
Atomic Physics in the CTR Program." Oak Ridge. 
September 8. 1975 

R. L Becker reviewer for Division of Physical 
Research (ERDA) and National Science Foundation: 
lecturer. University of Tennessee 

F. E. Bert rand - chairman-elect. Indiana University 
Cyclotron Users Group: member. LAMPF Users 
Group 

T. A. Carlson joint editor-in-chief of the Journal of 
Electnm Spectroscopy: chairman of 1976 Gordon 
Conference -m Electron Spectroscopy: leclurrr at the 
NATO Advanced Study Institute on Photoioni/alion 
and Other Problems of Many Electron Interactions. 
September 1975 

E. Efchler (Chemistry Division) Physics Division 
Seminar Chairman since October I: Heavy-Ion Lab­
oratory Users Group Liaison Officer; member of 
Organizing Committee. Heavy-Ion Workshop 

University of Alabama. September 26: Clark College. 
October 15: University of Kentucky. November 21, 
"What is Life?" (TLP) 

C. Y. Wong - University of Puerto Rico. Mayaguez. 
February 4: University of Puerto Rico. Rio Piedras. 
February 8: Ctemson University. South Carolina. 
March 13. "Toroidal Galaxies" (TLP): Texas A. & M. 
University, March 25, "Nuclear Hydrodynamics": 
University of Maryland. April 17. "Foundation of 
Nuclear Hydrodynamics"; Centre d"Etudes Nucle­
ases, Saclay. France. May 12-30. series of live 
lectures on "Selected Topics in Heavy-Ion Reactions" 

J.L.C. Ford member. National Heavy-Ion Labora­
tory Users Group Executive Committee; member. 
Supcrhilac and Brookhaven National Laboratory 
Users Groups 

J. L Fowler - part-time professor. University of 
Tennessee: secretary for Nuclear Physics Commission 
of IUPAP: member of Fellowship Committee of 
Council of APS 

C. B. Fulmcr safety officer and radiation control 
officer for Physics Division: insiructo* for ORNL 
Personnel Development Programs 

C. D. Goodman chairman of the ORNL Science and 
Technology Colloquium: Physics Division Quality 
Assurance Coordinator: representative from Nuclear 
Physics Division of APS to advise on Physics and 
Astronomy Classification Scheme (PACS): member of 
Indiana University Cyclotron Users Group 

I: E. Gross INISOR Executive Committee; ORIC 
Program Committee; reviewer for NSF and Research 
Corporation Proposals 

J. A. Harvey labor coordinator for the Physics 
Division. Physics Division coordinator for ORNL 
Awards Committee: secretary treasurer of the Divi­
sion of Nuclear Physics of the American Physical 
Society (1967 1976): member, 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 
Tables 

D. P. Hutchinson Physics Division coordinator for 
Computer Microfiche Printout Committee 

MISCELLANEOUS PROFESSIONAL ACTIVITIES OF DIVISIONAL PERSONNEL 

Staff members are frequently involved in professional activities which are incidental to their primary 
responsibilities. During 1975 607 of the members of the Division acted as referees for 25 journals, principally The 
Physical Review. Physical Revkw Letters, and Suckm Physics. Other activities during 1975 included those listed 
below. A listing as a member of a Users Group implies active participation in experiments at other laboratories. 
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C. H JohriMKi member of Accelerators and Radiation 
Source* Review CiHimiitiee 

N. R. Johnson iChcmis'ry Division) member of the 
ORK Program Committee: member of Heavy-Ion 
Facility Users Organization: ORIC Scheduling Coordi­
nator 

C. M. Jones member. Program Committee. lv>75 
Particle Accelerator Conference: member, local ar­
rangements committee. International Conference on 
Heavy Ion Source** 

C. A. Ludcmann reviewer of Physics Division ADP 
facilities. Physics Division representative. Union Car­
bide Nucleai Division Affirmative Action Program: 
member. LA.MPF Users Group 

F K McCiowan member, editorial board of Atomic 
Data and Suclear Data Tabies. journal published by 
Academic Press 

J. B. McGrory ORNL Ad Hoc Committee on Long 
Range ADP Acquisition: Physics Division ORIC 
Schedulinc Committee: on leave to Program Planning 
and Analysis Gr-mp 

R. L. Macklin Physics Division Industrial Cooperation 
Officer: Criticality Safety Approvals Committee 
ORGDP 

M. L. Mallory co-editor. International Conference i>n 
Heavy Ion Sources 

J. A. Martin chairman. Meetings Committee of 
Technical Aciivitic* Board of IEEE: member. Admin­
istrative Committee of the IEEE Nuclear and Plasma 
Sciences Society: member. Editorial Advisory Board 
of Particle Accelerators: consultant. National Science 
Foundation Physics Section as member of Visiting 
Committees for Indiana University Cyclotron Project 
and Columbia University Synchrotron Improvement 
Project: member. Organizing Committee for the !°75 
Particle Accelerator Conference. Washington. D.C.: 
member. International Organizing Committee for 
Vllth International Conference on Cyclotrons and 
Their Applications. Zurich. Switzerland. August I"7"* 

J. A. Maruhn lecturer. University of Tennessee 

S. W. Mosko member. ERIM Electrcil Safety 
Criteria Committee; member. Program Committee of 
1**75 Particle Accelerator Conference 

F. Plasil chairman. ORNI. Graduate Fellow Selection 
Panel: member. ORNL Ph.D. Recruiting Team; mem­
ber. Lawrence Berkeley Laboratory Superhilac Users 
Executive Committee 

F. Pkasoncon member. Review Committee for Phase 
II tseparated sector cyclotron! of Heavy-Ion Facility 

E. Rkci technical chai-.man. International Atomic 
md Nuclear Activation Analysis Conference. Gatlin-
burg. October 14 16. I975: member. Executive 
Committee ot American Nuclear Society Isotopes and 
Radiation Division: chairman. Committee Analytical 
Applications <•• American Nuclear Society Isotopes 
and Radiation Division 

M. J. Saltmarsh member. Technical Advisory Panel. 
LAMPF: member. American Society for Testing 
Materials Subcommittee E10.08 (Procedures for Radi­
ation Damage Simulation): member. ORNL Proposal 
Review Committee (Seed Money Committee) 

G. R. Satchler member. Executive Committee. 
Division of Nuclear Physics. American Physical Soci­
ety: member. Program Committee. Division of Nu­
clear Physics. American Physical Society: member, 
editorial board of Atomic Data and Suckmr Data 
Tables: .nember. Organizing Committee for Con­
ference on Highly Excited States in Nuclei. Julich. 
Germany. September 22 26. 1975 

P. A. Staats staff member, Fisk University Infrared 
Spectroscopy Institute: participated in organization 
of and directed laboratory portion of Twenty-Sixth 
Annual Fisk Infrared Institute. Fisk University. Nash­
ville. Tennessee. August II 15. I°75 

P. H. Stetson part-time faculty member. Department 
of Physics. University of Tennessee: associate editor 
of Suckar Physics: member, executive committee of 
Southeastern Section of the American Physical Soci­
ety; member. American Physical Society Division of 
Nuclear Physics Committee on Nuclear Data Compila­
tions: member, advisory committee for the ORNL 
Instrumentation and Controls Division: member, 
nominating committee for Nuclear Division of the 
American Physical Society 

R. G. Stokstad member. Ad Hoc Panel on The Future 
o' Nuclear Science (CNS NAS): member. National 
Heavy-Ion Facility Users Group Charter Committee: 
reviewer of research proposals for the National 
Science Foundation and Brooklyn College 

K. S. Tnth chairman. UNISOR Scheduling Commit­
tee: member. Major Nuclear Chemistry Facilities 
Committee of the American Chemical Society. helped 
arrange two sessions of invited sneakers for the 
American Physical Society meeting held in Knoxville. 
Tennessee 
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T. A. Welt'jn - completed three-year term on Council 
'Jk Electron Microscopy Society of America: program 
chairnviR for 1975 annual meeting of above society: 
reviewed research proposals for ERDA and NSF: 

part-time consultant to the ORGDP Gas Centrifuge 
Program: part-time professor and colloquium chair­
man. University of Tennessee Physics Department 

GRADUATE THESIS RESEARCH 

During 1975. Physics Division suff 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 in part by the Division. In 
1975. four doctoral theses and one bachelor's thesis were completed. 

Candidate 

W. K. Dagenhart. 
University of Tennessee 

J. P. Forester. 
University of Tennessee 

L. D. Gardner, 
Yale University 

G. M. Gowdy, 
Georgia Institute of Technology 

D. E. Gustafson. 
University of Virginia 

D. L. Hillis. 
University of Tennessee 

A C. Kahler III. 
University of Tennessee 

M. S. Pandy. 
State University of New York 
at Albany 

R. S. Peterson. 
University of Tennessee 

R. Piercey, 
Vanderbilt University 

Cheng-May Tung, 
University of Tennessee 

W K Tut tie III. 
University of Tennessee 

Ph.D. Thesis Research 

Advisors) 

P. H. Stetson 

I. Sellin. 
university of Tennessee 

M. L. Mallory 

E. H. Spejewski, 
E. Eichler 

S. T. Thornton. 
University of VinKnia. 
J.LC.Ford.Jr.. 
R. L. Robinson. K. S. Toth 

E. E. Gross; 
C. R. Bingham. L. L. Riedinge-
University of Tennessee: 
M. L. Haibert. P. H. Stetson 

L. L. Riedinger. 
University of Tennessee: 
UNISOR Staff 

J. A. Harvey. R. L. Macklin 

I. Sellin. 
University of Tennessee 

J. H. Hamilton, 
Vanderbilt University: 
R. L. Robinson 

F. Obenshain 

P. H. Stelscn. R. I. Robinson 

Thesis Title or Field of Research 

Coulomb Excitation of " 5Sn 

Heavy-Ion Atomic Collisions 

Charge Exchange Cross Sections 

Systematics of the Levels of Neutron-
Deficient Odd-Mass Hg Isotopes 

"High Spin States in 1 * Mg and " Na 
Populated by Heavy Ion Reactions" 
(degree to be conferred in 1976) 

"Shape Effects in the Elastic and 
Inelastic Scattering of 70.4 MeV ' *C 
Ions from the Even Neodymium 
Isotopes'' (degree to be conferred in 
1976) 

Rotational Bands in Tl and Au Nuclei 

"Study of High Resolution Neutron 
Total and Capture Cross Sections in 
Separated Isotopes of Copper" 
(degree conferred in 1975) 

Heavy-Ion Atomic Collisions 

High Spin States in 7 4 Se 

Isomer Shift Studies in Dilute Au 
Alloys 

"Levels in ' ' J ' " In as Seen by Coulomb 
Excitation and (H.l.rw) Reactions" 
(degree conferred December 1975) 
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B. O. Hannah. 
University of Alabama. 
Birmingham 

R. C. Hunter. 
University of Tennessee 

F. E. Turner. 
University of Tennessee 

J. A. Smith. 
New College. Sarasota 

Master's Them Research 

Advisors) 

E. L. Robinson. 
University of Alabama: 
E. H. Spejewski 

L L. Rkdinger. 
University of Tennessee: 
K. S. Toth 

L. L. Riedinger. 
University of Tennessee: 
UNISOR Staff 

Bachelor** Thesis Research 

Adrisorts) 

R. L. Becker 

Thesis Title or FieM of Research 

Decay o f , 4 P b and , , *T1 

D e c a y o f ' L u t o ' ^ Y b 

Study of the A = 192 Chain: Pb-Tl-Hg 

Thesis Title or Field of Research 

"On the Radial Proton Distributions of 
Light Nuclei" 
(degree conferred June 1975) 

UNDERGRADUATE STUDENT GUESTS AND EMPLOYEES DURING 1975 

A. R. Bogdan.1 student at Havcrford College Heavy-
Ion Project (completed ten week assignment in 
August) 

H. E. Doughty I I . employee of the University of 
Tennessee - High Energy Physics Program 

Sally Fairman.1 student at Carrolton College Plasma 
Diagnostics Program (completed ihrcc-mcnth assign­
ment in September) 

J. L. Gray.1 student at University of Wisconsin Oak 
Ridge Electron Linear Accelerator Program (com­
pleted ten-week assignment in August) 

J. S. Haggerty.1 student at Manhattan College 
Electron Spectroscopy Program (completed ten-week 
assignment in August) 

J. A. McDonald.2 student at Princeton University 
Theoretical Physics Program (completed three-month 
assignment in September) 

T. L. Nichols, employee of University of Tennessee 
Hypcrfinc Interactions Program (completed ten-
month assignment in February) 

Terry B. Sexaucr.' student at Center College Ion 
Source Development Program (completed five-month 
assignment in May> 

T. A. Slamon.1 student at Pennsylvania State University 
Oak Ridge Isochronous Cyclotron Program (com­

pleted ten-week assignment in August) 

D. M. Tanner.1 student at University of Southwest 
Louisiana Ion Source Development Program (com­
pleted ten-weck assignment in August) 

C. G. Trahern.1 student at Rice University Theoreti­
cal Physics Program (completed three-month assign­
ment in August) 

Vickie D. Vandcrgriff. employee of University of 
Tennessee University of Tennessee High Energy 
Physics Program 

1. Oak Ridge Associated Universities Trainee. 
2. Oak Ridrr National Laboratory I xcrplmnal Student 

Program. 
3. Southern Colkjrcs and Universities Union. 



208 

ANNUAL INFORMATION MEETING 

The 1975 Physics Division Information Meeting was held on May l"» ami 20. Members of the Advisory 
Committee were: 

R. M. Diamond, Lawrence Berkeley Laboratory H. E. Wegner, Brookhaven National Laboratory 
R. K. MiddJetoa. University of Pennsylvania W. Whaling. California Institute of Technology 
J. R. Nix. Los Alamos Scientific Laboratory 


