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FOREWORD 

This issue of the ANL Physics Division Summary Report 

presents a comprehensive picture of the work of the Division in the 

year ending in the spring of 1969. Instead of the usual snnall selection 

of relatively full accounts of individual researches reported at the 

random t imes at which they become available, this issue offers a 

complete and systematic overview of what is going on. Much of what 

is indicated briefly here has been described more fully in ear l ie r 

i ssues of the Summary; most of the res t will appear in forthcoming 

i s sues . 

In addition, the papers published in the 1-year period 

from 1 April 1968 through 31 March 1969 are listed immediately after 

the repor ts on the r e sea rch . This list accounts for much the sanne 

effort but from a different point of view. 

Still another picture of the relative emphases on the 

different programs of the Division is supplied by the ros ter of personnel , 

in which the staff meimbers a re grouped by program. (It nnust be 

understood, however, that staff members frequently do part of their 

work in another program. ) This ros ter forms the last section of the 

repor t . 
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I. EXPERIMENTAL NUCLEAR PHYSICS 

INTRODUCTION 

The over-al l purpose of the program continues to be 
to obtain a much more complete understanding of the atomic nucleus. 
Consequently, most of the program consists of experimental and theo­
ret ical studies of the energies , quantum numbers , and lifetimes of 
nuclear energy levels and investigations of the mechanisms by which 
simple nuclear projectiles interact with nuclear ta rge ts . Experimenters 
and theoris ts work closely together so that new results in one area 
may suggest new approaches in another. An effort is made to s t r ess 
work that can be done more advantageously at Argonne than elsewhere 
because of the special facilities available here . In view of the history 
and tradition of the Laboratory, it is natural that considerable emphasis 
is placed on studies of interactions between nuclei and neutrons; but 
this is balanced by a well diversified program of other nuclear inves­
tigations . 

With a few exceptions, the program in experimental 
nuclear physics is most easily outlined by subdividing the work into 
various categories for which a major piece of equipment or an impor­
tant experimental technique is the unifying factor. The current cate­
gories a re : • 

(1) Studies of the neutron and of neutron-induced reactions at the reactor 
C P - 5 . 

(2) Neutron and charged-part icle reactions at the 4-MeV Dynamitron. 

(3) Charged-part icle reactions at the tandem Van de Graaff accelera tor . 

(4) Charged-part ic le reactions at the 60-in. cyclotron. 

(5) Various other nuclear experiments , including the y- and |3-ray 
spectroscopy of radioactive sources . 

Some physicists res t r i c t their efforts to the use of a single machine 
or technique, whereas others investigate related problems with several 
systems of apparatus. 



f̂ thP Phvsics Division at the reactor The program oi the Jr^nysii-s x̂ i . j.„ f.ii 
f * i„=,- nhvsics The experiments fall 

CP-5 is devoted entirely to nuclear physics, i J' p roper -
into three broad categories-experiments on '^\^.'''''^^"'V'll^^^J^^,^ 
ties of the neutron, studies of neutron cross sections and resonances , 
and a variety of measurements with neutron-capture y rays. 

The experimental phase of all of this work was suspended 
at the beginning of 1969 because the reactor was shut down for extensive 
rehabilitftion. Unfortunately, this long interruption of the experimental 
program will not result in a facility with greatly improved charac te r -
istics from the users point of view, but the work was necessary o extend 
the life of the reactor. The reactor is expected to be operational again 
in late 1969. 

In spite of the shutdown, the past year has been an excep­
tionally productive one for research at CP-5. The highlights of the 
program have been three experiments of fundamental interest to physics — 
a study of the weak interaction by means of a refined measurement 
of the asymmetries in the decay of polarized neutrons, the first 
measurement of Delbrilck scattering of y rays , and a novel and sensitive 
study of parity violation in the strong interaction. These experiments 
are likely to be of general and lasting interest. 

The various experiments on neutron-capture y rays 
were also very productive, and the refined state of development of 
four different experimental systems at CP-5 guarantees an effective 
program in the future. These systems are the bent-crystal spec­
trometer, a Ge(Li)-detector coincidence system, an internal- tar get 
facility, and an internal-conversion spectrometer. Each of these 
systems is probably the best of its kind. 

Only the neutron resonance experiments with the fast 
chopper have failed to prosper—partly because of a shortage of man­
power, but also because a chopper at a relatively low-flux reactor 
is not competitive with pulsed accelerators for many experiments on 
neutron cross sections. Consequently, the chopper will not be reinstal led 
at CP-5 in the near future. 



1. FUNDAMENTAL EXPERIMENTS 

a. Measurement of A and B Coefficients in the Decay of Polarized 

Neutrons 

C. Chris tensen, V. E. Krohn, and G. R. Ringo 

A paper entitled "Measurements of A and B Coefficients 

in the Decay of Polarized Neutrons" has been published, i The 

coefficients found were A = -0. 1 15 ± 0. 008 and B = 1.01 ± 0. 04. The 

value of A leads to ]G /G I = 1.26 + 0. 02 for the ratio of coupling 

constants in beta decay, and B is consistent with G = G = 0 . These 
' S T 

resul ts favor the new Danish measurement of the neutron lifetime. 

The value of [G /G [ is in excellent agreement with the theoretical 

calculation of Adler, who obtained 1.24 ± 0. 03. This experiment 

was described in greater detail in a recent Physics Division Summary 

Report. 2 Additional measurements of higher precision are still very 

desirable because of the importance of these measurements to the 

theory of the weak interaction. Hence, the apparatus is being improved 

so that better data can be obtained when the reactor CP-5 resumes 

operation. * 

IC . J. Chris tensen, V. E. Krohn, and G. R. Ringo, Phys. Letters 
28B, 411 (1969). 

^C. J. Chris tensen, V. E. Krohn, and G. R. Ringo, in Argonne 
National Laboratory Report ANL-7512, pp. 1-3. 

b. Par i ty Violation in Nuclear Reactions 

R. E. Segel, E. L. Segel, and R. H. Siemssen 

The parity-violating a decay of the 2 8. 87-MeV state 

in O has been sought. Previous measurements placed an upper 

limit of r < 2 X lO' eV. The state is fed by a 1% branch in the |3 

decay of N. In the present experiment N was made by the F(n,a) 

reaction induced by fast neutrons from the CP-5 reactor . A gas-flow 



sys t em picked up the rad ioac t ive n i t rogen a t o m s and c a r r i e d t h e m 

along to a cold surface where the act ivi ty was f rozen out. A s i l i c o n 

detec tor viewed the cold su r face . The in tense P back g ro u n d , which 

would be sufficient to ruin the reso lu t ion of the s i l i con d e t e c t o r , w a s 

el iminated by having the cold sur face and de t ec to r in the 5 0 - k G 

magnet ic field genera ted by a superconduct ing m a g n e t . A peak two 

s tandard deviat ions above the background was o b s e r v e d at the e x p e c t e d 

place of the par i ty -v io la t ing t r ans i t i on . This c o r r e s p o n d s to an a 

width of r = 2 5 X lO"' ' eV which p laces the in tens i ty of the p a r i t y -
a 2 -13 

violating component in the wave function as F = 5 X 10 . Th i s 

value is of the o rde r of magni tude p red ic ted by the c o n s e r v e d - v e c t o r -

cu r r en t theory . 

c. The Scat ter ing of Photons by the Nuc lea r Coulomb F i e l d 

H. E. Jackson and K. J. Wetzel 

One of the e a r l i e s t p red ic t ions of quantum e l e c t r o d y n a m i c s , 

made by Delbriick in 1933, was that photons should be e l a s t i c a l l y 

s ca t t e r ed by an e lec t r i c field. However , the effect i s so s m a l l t ha t 

only the e lec t r ic fields of a tomic nucle i a r e s t rong enough to m a k e 

the p r o c e s s obse rvab le . Because of i ts fundamenta l n a t u r e , i n t e r e s t 

in the exper imenta l ver i f ica t ion of Delbri ick s c a t t e r i n g has r e m a i n e d 

very high and in the succeeding th i r ty y e a r s m a n y e x p e r i m e n t s h a v e 

been at tempted —but none had been comple te ly s u c c e s s f u l . The p r e ­

diction has now been conf i rmed by the Argonne e x p e r i m e n t d e s c r i b e d 

below. 1 

This h igh- reso lu t ion m e a s u r e m e n t of the s c a t t e r i n g of 

10.8-MeV photons was the f i r s t in which the e l a s t i c s c a t t e r i n g of 

photons was reso lved exper imen ta l ly f rom i n e l a s t i c c o n t r i b u t i o n s . 

The r e su l t s showed that for s c a t t e r i n g ang le s l e s s than 4 5 ° t he p r o c e s s 

( 1 9 6 " ) ^ ' ^^^^^°''^""^ ^- J- Wetze l , P h y s . Rev. L e t t e r s 2 ^ , 1008 



F i g . 1. Di f fe ren t i a l e l a s t i c -
s c a t t e r i n g c r o s s s e c t i o n s m e a s ­
u r e d for 10. 83 -MeV pho tons . 
The d a s h e d c u r v e r e p r e s e n t s the 
v a l u e s c a l c u l a t e d if Delbr i ick 
s c a t t e r i n g i s n e g l e c t e d ; the so l id 
c u r v e fol lows the v a l u e s ob ta ined 
by inc luding the m o s t r e c e n t 
t h e o r e t i c a l e s t i m a t e s of t he 
Delbr i ick a m p l i t u d e s . At f o r w a r d 
a n g l e s t he c r o s s s e c t i o n s a r e 
enhanced by a s m u c h a s a f ac to r 
of t h r e e due to the p r e s e n c e of 
the Delbr i ick effect . 

i s indeed d o m i n a t e d by Delbr i ick s c a t t e r i n g . The h i g h - i n t e n s i t y i n t e r n a l -

t a r g e t fac i l i ty at the C P - 5 r e a c t o r was used to g e n e r a t e a b e a m of 10. 8-
14 15 

MeV photons by m e a n s of the N(n ,y) N r e a c t i o n in a 250-g m e l a m i n e 

t a r g e t . Rad ia t i on s c a t t e r e d by e x t e r n a l Pb and U t a r g e t s was de t ec t ed 

in a l a r g e - v o l u m e Ge(Li) d e t e c t o r with an e n e r g y r e s o l u t i o n width of 

15 keV at 10 MeV. In ana lyz ing the d a t a , r e c e n t r e s u l t s f rom r e l a t e d 

e x p e r i m e n t s w e r e u s e d in a ca re fu l d e t e r m i n a t i o n of the con t r ibu t ions 

f r o m the c o h e r e n t s c a t t e r i n g p r o c e s s e s (namely n u c l e a r r e s o n a n c e , 

T h o m s o n , and Ray le igh s c a t t e r i n g ) . The daja (F ig . 1) i nd i ca t e that the 

m e a s u r e d c r o s s s e c t i o n is m u c h l a r g e r a t f o rwa rd ang les than that 

c a l c u l a t e d wi th no Delbr i ick a m p l i t u d e . This i s i n t e r p r e t e d a s an u n a m ­

biguous o b s e r v a t i o n of the Delbr i ick effect. 

2. RESONANCE NEUTRON CAPTURE 

a. A v e r a g e - R e s o n a n c e - C a p t u r e M e a s u r e m e n t s 

The p r o g r a m of m e a s u r e m e n t s on the a v e r a g e y - r a y 
s p e c t r a f o r m e d by c a p t u r e of n e u t r o n s in m a n y r e s o n a n c e s has r e a c h e d 
full m a t u r i t y du r ing the pas t y e a r . The in i t ia l e m p h a s i s in t h e s e 
e x p e r i m e n t s ( c a r r i e d out at the i n t e r n a l - t a r g e t fac i l i ty at C P - 5 ) was 
an i nves t i ga t i on i of the m e c h a n i s m s r e s p o n s i b l e for the h i g h - e n e r g y 

1 L . M. Bo l l i nge r and G. E. T h o m a s , P h y s . Rev . L e t t e r s j ^ , 1143 

(1967). 



t iTo The p r i n c i p a l r e s u l t of 
y r a y s formed by neu t ron r e sonance <=^Pt""- J j ^ ^ s t r e n g t h 
th is work was a demons t ra t ion that m many nucl ides the y y 
function of h igh-energy t r ans i t i ons of a ^ ^ ^ ^ ; : ' ; ' f ; _ ^ i U \ o \ , e 
depends only on the y - r a y e n e r g y - . e it s y d e p e n d e n c e 
s t r u c t u r e of the nuc lea r s t a tes involved. A l s o , the ^ " 8 7 J 
of the intensi ty of E l t r ans i t i ons is usual ly cons i s t en t wi th what ^ 
expected from the known p r o p e r t i e s of the E 1 giant ' - - ° " ^ ' ^ " - J ^ ^ ° 7 ^ . 
r ecen t ly the emphas i s has shifted to the use of the a v e r a g e - r e s o n a n c e 
capture technique to de termine^ the e n e r g i e s , s p i n s , and p a r i t i e s ol 
low-energy nuc lea r s t a t e s ; and we have gradual ly come to b e l i e v e tha t 
th is second aspec t of the p r o g r a m is the one that i s l ikely to be of 
mos t last ing value. 

2 L . M . Boll inger and G. E. T h o m a s , P h y s . Rev. L e t t e r s 2j_, 233 

(1968). 

(i) E2 Trans i t ions 

L. M. Boll inger and G. E. Thomas 

The s ing l e -pa r t i c l e model of h i g h - e n e r g y r a d i a t i v e 

t r ans i t ions p red ic t s that a typical h igh -ene rgy E l t r a n s i t i o n is about 

150 t imes s t ronger than E2 t r a n s i t i o n s of the s a m e e n e r g y . T h i s 

predict ion and the fact that ve ry few E2 t r a n s i t i o n s have been o b s e r v e d 

until recent ly has led mos t w o r k e r s in the field to be l i eve that the E2 

t rans i t ions a r e a lmos t undetectably weak. Howeve r , our a v e r a g e -

r e s o n a n c e - c a p t u r e m e a s u r e m e n t s a r e noiv s e n s i t i v e enough to r e v e a l 

at least some E2 t r ans i t ions in m o r e than half of the nuc l i de s tha t h a v e 

been studied. These t r a n s i t i o n s a r e cons ide r ab ly s t r o n g e r t h a n had 

been expected from the s imple theo ry . 

(ii) Nuc lear Spect roscopy 

Since an a v e r a g e - r e s o n a n c e - c a p t u r e s p e c t r u m of good 

quality can be obtained in s e v e r a l days of running t i m e , it has b e e n 

poss ible to study a v e r y l a rge number of nucle i du r ing the p a s t y e a r . 

The sample m a t e r i a l s used in t he se m e a s u r e m e n t s w e r e Ge , "^^Zr 

Nb, MO, Ru, Pd , Cd, ^^^Cd, ^^^Sn, T e , ' " T C , C S , B a , ^'^^Ba, S m , 



Gd, Dy, Er , E r , Ho, Tm, Yb, Hf, ' Hf, W, Os, Pt, Hg, and 
238 76 

U. These data give extensive information about states in Ge, 
'^^v ''^TK '^4'''^^T 100,102 106^_^ 112,114^^ 118 124,126 

Zr , Nb, Mo, Ru, Pd, Cd, Sn, ' Te, 
^^^Cs, '"''''^B., ^^« ' ' 5 °Sm, '''''''G6, ' ' ' ' ' ' % , ^ % o , ^^«Er, 

J 239 
and U. Less complete information was obtained for many other 

nuclides. 

Typically our measurements reveal the presence of a 

much larger number of states than had been reported previously, 

establish the parity of almost all of these s ta tes , and set limits on the 

spins of many of them. Thus, we usually obtain spectroscopic data 

for a larger number of nuclear states than is provided by any competing 

technique, but our measurements give little information about the 

s t ructure of the s tates . It is clear then, that the average-resonance-

capture measurement is a powerful spectroscopic technique, but the 

data become much more interesting -when combined with related data 

obtained in other experiments. 

During the present period in which the reactor is out of 

operation, the mass of data collected during the past year is being 

analyzed. The results reported below are representative of the kinds 

of information that are being obtained for the large number of nuclides 

that have been studied. 

Ho (L. M. Bollinger and G. E. Thomas). The 

high-energy transi t ions observed in the average-resonance-capture 

spectrum of Ho(n,y) Ho give directly the energies E of 52 low-

energy states in Ho, and the intensities give the parit ies tr and 

set limits on the spins J of the s ta tes . This information is listed 

below in the form EJ , where the energies a re in keV and the possible 

values of J are given by the notation i s 3 or 4, j s 2 or 5, k = 1 or 6, 

and n s 2, 3, 4, or 5. The states observed are : 54 j , 82 k , 171 i , 

180 i ' , 191 i" ,̂ 261 i" ,̂ 264 j " ^ , 277 k ' , 295 k ' , 330 j ' , 348 j"*", 372 i" .̂ 
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655 

417 r , 430 i \ 454 k ' , 464 / , 471 / , 475 n ' , 482 i , 522 i ^ , 543 n_ , 

i \ 559 i \ 562 n" , 592 i ^ 598 l ^ 605 f , 628 n , 634 n ,^638 n ,^ 

n+, 662 n \ 667 n" , 672 n \ 683 n" , 694 n \ 704 n " , 719 i , 726 n , 

736 i+, 741 n" , 757 n" , 760 n" , 769 j \ 771 n" , 789 n ' , 792 n , 806 j , 

814 i+, 824 n" , 831 n ^ and 836 n+. These s t a t e s have been a n a l y z e d 

in t e r m s of a ro ta t iona l -band s t r u c t u r e . Our data a r e c o n s i s t e n t wi th 

the five bands that have been r epo r t ed p rev ious ly and in addi t ion r e v e a l 

the p r e s e n c e of at l eas t t h r e e addi t ional bands . 

' ° ^ P d (L. M. Bol l inger and G. E. T h o m a s ) . H i g h -

energy t r ans i t i ons observed in the a v e r a g e - r e s o n a n c e - c a p t u r e s p e c t r a 

of ' ° ^ P d ( n , Y ) ' ° ^ P d give d i rec t ly the e n e r g i e s of 40 l o w - e n e r g y s t a t e s 

in ' ° ^ P d . In this case the y - r a y in tens i t i e s for E l and Ml t r a n s i t i o n s 

do not differ g rea t ly , so that (unlike Ho and m o s t o ther heavy n u c l i d e s ) 

the y - r a y in tens i t ies alone do not e s t ab l i sh the pa r i t y u n a m b i g u o u s l y . 
105 

However , because of the impor t ance of p -wave c a p t u r e in P d , t he 

shape of the y - r a y line depends m a r k e d l y on the p a r i t y of the f inal 

s t a t e . This phenomenon, combined with the in fo rma t ion on i n t e n s i t i e s , 

makes it poss ible to d e t e r m i n e the p a r i t i e s of a l l of the o b s e r v e d s t a t e s . 

' Cd (R. K. S m i t h e r , D. J . B u s s , L. M. 

Bol l inger , and G. E. Thomas ) . A sample of Cd was s u r r o u n d e d wi th 

boron and placed in the high-f lux reg ion of the Argonne r e s e a r c h 

r e a c t o r . The resu l tan t n e u t r o n - c a p t u r e g a m m a - r a y s p e c t r u m w a s 

invest igated with a Ge(Li) de t ec to r . The p r i m a r y t r a n s i t i o n s to 30 
114 

levels in Cd below 3 MeV exci ta t ion w e r e ident i f ied on the b a s i s of 

the i r energy. The n o r m a l i z e d in t ens i t i e s I / E w e r e c o m p a r e d wi th 
y y 

the spin and par i ty of the l e v e l s , a s s i g n e d on the b a s i s of p r e v i o u s 

(n,y) and (d,p) e x p e r i m e n t s , and w e r e found to fall in g r o u p s c o r r e s ­

ponding to j " a s s ignmen t s of o'", l"", z"^, 3 ^ l " , and Z', a s shown 

in F ig . 2. The re l iab i l i ty of this method for spin and p a r i t y a s s i g n ­

ments as well as the one except ion to th i s s i m p l e g r o u p i n g , t he 2"̂  

level at 1365 keV, a r e being inves t iga ted . S i m i l a r a v e r a g e - r e s o n a n c e -

capture work with the r part i or, / -^ j - \ 1 ' 2 
f î  witn m e reac t ion Cd^n, y) Cd i s m p r o g r e s s . An 



Cd( t> .y ) Cd 

II 

•^^•O.* '•*%j^v^«W,'^ -^'-^-.v/ V , 

2300 2400 

CHANNEL NUMBER 

F i g . 2. P lo t of the 
n o r m a l i z e d g a m m a 
i n t e n s i t i e s ( cons t . 
X l ^ / E , ^ ' ) of the 
p r i m a r y t r a n s i t i o n s 
fol lowing a v e r a g e 
r e s o n a n c e c a p t u r e 
in 1 1 ' C d . 

F i g . 3. A sec t ion of the a v e r a g e - r e s o n a n c e -
c a p t u r e data t aken with a h i g h l y - e n r i c h e d 
11 ' Cd s a m p l e . 

H I 
e x a m p l e of the d a t a , t a k e n wi th a s a m p l e e n r i c h e d in Cd, i s shown 

in F i g . 3. 

^^^ ' ' ^ Sm (D. J . Buss and R. K. S m i t h e r ) . The 
J50 

s p e c t r u m of h i g h - e n e r g y g a m m a r a y s f rom Sm produced by a v e r a g e 

n e u t r o n r e s o n a n c e c a p t u r e was obtained by plac ing a b o r o n - s h i e l d e d 

s a m p l e of n a t u r a l s a m a r i u m in the r e s e a r c h r e a c t o r C P - 5 . The n o r ­

m a l i z e d r e l a t i v e i n t e n s i t i e s of the p r i m a r y g a m m a - r a y t r a n s i t i o n s s e p ­

a r a t e t h e s e t r a n s i t i o n s into r a t h e r d i s t inc t g roups c h a r a c t e r i z e d by 

f inal s t a t e s wi th the sp ins and p a r i t i e s (3 , 4 ) , (2 , 5 ), and ( 3 , 4 ) . 

T h e s e da ta wi l l a id in the fu r the r deve lopmen t of the level s c h e m e s 

180 

, 148 ,150 
of Sm 

Hf (D. J . Buss and R. K. S m i t h e r ) . A n a l y s i s of 

t he h i g h - e n e r g y g a m m a - r a y s p e c t r u m following a v e r a g e n e u t r o n 
179 

r e s o n a n c e c a p t u r e in Hf h a s been c o m p l e t e d . On the b a s i s of t h e i r 

n o r m a l i z e d r e l a t i v e i n t e n s i t i e s , p r i m a r y t r a n s i t i o n s divide into g r o u p s 

which can be c h a r a c t e r i z e d by the sp ins and p a r i t i e s of the final s t a t e s . 



10 

^f„i ir, r n n s t r u c t i n g the l eve l s c h e m e of These data have proved very useful m consorucring 

180 
Hf in conjunction wi 

th other l ow-ene rgy t h e r m a l - c a p t u r e d a t a . 

b . De te rmina t ion of Spins_^^ofJ^eut^OTi^esonances^ 

K. J . Wetzel and G. E. Thomas 

We have developed a method for d e t e r m i n i n g the sp in s 

of neutron r e sonance s t a t e s f rom the p r o p e r t i e s of the l o w - e n e r g y 

g a m m a - r a y s p e c t r u m following r e sonan t neu t ron c a p t u r e . N e u t r o n 

energ ies a r e se lec ted by use of the f a s t - c h o p p e r fac i l i ty and g a m m a 

r ays a r e observed in a h igh - r e so lu t i on Ge(Li) s p e c t r o m e t e r . E a c h 

gamma ray can be a s c r i b e d to the level it depopula tes and thus i t s 

in tensi ty c h a r a c t e r i z e s the population probabi l i ty of the n u c l e a r l e v e l . 

The probabi l i ty that a t h r e e - or f o u r - s t e p dipole c a s c a d e wi l l popu la t e 

a low-lying 2 , 4 , or 6 level ( appropr i a t e to e v e n - e v e n final nuc le i ) 

should depend on the spin (J = 1 ± i ) of the in i t i a l r e s o n a n t 
r e s t a r g e t 

s ta te . In a study of neutron cap tu re in s e v e r a l e v e n - Z odd-N n u c l e i 
,105 , 135 177,179 , 183 , , . . , , 

( Pd , Ba, Hf, W) having r e s o n a n c e s wi th known s p i n s , 

the re la t ive population of pa i r s of low-lying 2 , 4 , 6 s t a t e s in the 

product nuclei showed a d i r e c t c o r r e l a t i o n with the r e s o n a n c e sp in s 

and was in r easonab le quant i ta t ive a g r e e m e n t wi th p r e d i c t i o n s of t he 

s imple d ipo le -cascade mode l . This method was a l s o s u c c e s s f u l l y 
187 IRQ 

applied to a number of r e s o n a n c e s in Os and Os for which no 
pr io r spin a s s ignmen t s to cap tu re r e s o n a n c e s ex i s t . 

3. T H E R M A L - N E U T R O N - C A P T U R E GAMMA RAYS 

SA,^,HSSPiS£,^i25£^^iiiL|„2ijr£5y^T^55sit^^ 
K. J. Wetzel 

The reco i l veloci ty i m p a r t e d to a l ight n u c l e u s (A < 30) 

by the emiss ion of an energe t ic g a m m a r a y (E > 3 MeV) i s often 
fC • y -^ ' 

sutl icient to produce a m e a s u r a b l e Doppler shift in a s u b s e q u e n t l y 
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emitted photon, also having several MeV energy. The random direction 

of emission of the secondary y rays produces energy shifts in a limited 

band and causes an effective lineshape broadening, typically ~0 .7 keV, 

in a high-resolution Ge(Li) spectrometer . Knowledge of this effect is 

essential to the determination of an accurate detector lineshape for 

evaluating other high-energy gamma-ray spectra. Fur ther , this effect 

can itself be used in some cases to obtain information about the nuclear 

levels de-excited by the y rays . In the nuclei studied to date ( Be, 
11 15 

B, and N), improved lifetime information for several levels has 

been extracted from the attenuation of this Doppler broadening. Also, 

a detailed computation of the expected broadening depends on the angular 

correlat ion W(B) between the first and second y rays so that, in 

principle, the spectroscopic parameters that determine W(0) can be 
15 

studied. Such an analysis applied to the N results suggests that 
14 , . 15 

neutron capture in N occurs through a sp in- j state m N. 

b. Investigations of the Level Structure of Low-Lying Excited States 
of Selected Nuclides 

H. H. Bolotin and D. A. McClure 

This experimental program seeks to provide detailed 
information concerning the energies, radiative decay charac ter i s t ics , 
and other pertinent parameters of the low-lying excited states of 
selected nuclides populated in thermal-neutron-capture gamma-ray 
react ions. Two types of experimental systems are used to unravel 
these complex spectra . The high-energy primary gamma-ray transitions 
that populate the low-lying states of the product nucleus from direct 
decay of the capture state are observed in an efficient pa i r -spect rometer 
ar rangement at the high-sensitivity internal- target facility at the CP-5 
reac tor . These transit ions establish the excitation energies of states 
up to ~1—2 MeV above the ground state. The low-energy secondary 
gamma-ray transit ions among the low-lying excited states are studied 
by means of singles and coincidence gamma-ray spectroscopic techniques 
at the external-neutron-beam facility at CP-5 . Here targets are placed 
in the external neutron beam (thermal flux «10'' neutrons c m - ' s e c " ! ) . 
Singles and coincidence spectra are obtained entirely with the use of 
high-resolution Ge(Li) detectors in conjunction with a two-parameter 
magnetic-tape recording system in a 1024 X 1024-channel pulse-height 
a r r a y . 
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*„... (~e/T i'l-GefLi'i c o i n c i d e n c e Two types of t w o - p a r a m e t e r Ge(Li) ue(i .M 
4 IA .';,- .ihiBh-low" co inc idences be tween h i g h -

Studies a r e pe r fo rmed : va, hign low <- ^^^^„„ s e c o n d a r y 
• .̂ / A a TVyfpVl and l o w - e n e r g y secoiiud-xy 

energy ^ " - 7 ^ 3 - ^ ; - ; : ^ 7 "d (b^ ' ^ w low" c o i n c i d e n c e s wi th both 
f e r t ^ H t t ^ i T w the W - e n e r y t r a n s i t i o n s . T h e s e two s e t s of 

m r i d ; : c e e x p e r i m e n t s p rov ide the independent and c o m p l e m e n t a r y 
informat ion n e c e s s a r y to de l inea te the level s c h e m e and - ^ l a t i v e 
decay p r o p e r t i e s of exci ted s t a t e s up to - 1 - 2 MeV above the g round 
s t a t e . 

Two addit ions to the ex t e rna l~beam co inc idence fac i l i ty 
have significantly enhanced i ts u se fu lnes s , (a) E m p l o y m e n t of l a r g e -
volume Ge(Li^ d e t e c t o r s r e s u l t s in m a t e r i a l l y h ighe r de t ec t ion ef f ic iency 
for gamma rays of al l e n e r g i e s , (b) Improved sh ie ld ing and c o U i m a t i o n 
have i n c r e a s e d the s igna l - to -background r a t i o . In c o m b i n a t i o n , t h e s e 
improvemen t s allow a subs tan t ia l r educ t ion of the r e q u i r e d quan t i t i e s 
of isotopical ly s e p a r a t e d t a r g e t s and consequent ly e n l a r g e the n u m b e r 
of nuclides that can be s tudied with p r e s e n t l y ava i l ab le quan t i t i e s of 
s epa ra t ed i so topes . We now obtain data of enhanced qual i ty and de t a i l 
in exper imenta l runs of subs tan t ia l ly s h o r t e r du ra t ion . 

A fur ther ma jo r i m p r o v e m e n t in a p p a r a t u s , e x p e c t e d 
to be in operat ion soon after the rehab i l i t a t ion of the C P - 5 r e a c t o r i s 
comple ted , will modify the p r e s e n t c o m p u t e r - i n c o m p a t i b l e 2 - p a r a m e t e r 
coincidence magne t i c - t ape s to r age a r r a y f rom 1024X1024 p u l s e - h e i g h t 
channels to a 3 - p a r a m e t e r 2048 X2048 X256-channe l a r r a y s t o r e d in 
a compu te r - compa t ib l e format on magne t i c t a p e . The two l a r g e r 
d imens ions will r e g i s t e r y - r a y pulse he ights for the two d e t e c t o r s of 
the coincidence combinat ion. F o r each c o i n c i d e n c e , the t i m e b e t w e e n 
events ( r ep re sen t ed as the pu l se -he igh t f rom the t i m e - t o - p u l s e - h e i g h t 
conver te r ) is s to red in the s m a l l d imens ion . This impro'^/'ement "will 
broaden the scope and c h a r a c t e r of t he se e x p e r i m e n t s — n o t only by 
doubling the y - r a y energy range r e c o r d e d , but a l s o by a l lowing (a) 
va r iab le (and thus m o r e judicious) h ind - s igh t s e l e c t i o n of the c o i n c i d e n c e 
resolving t ime to be employed for each speci f ic p u l s e - h e i g h t c o i n c i d e n c e 
gate set on the y - r a y s p e c t r u m af ter the data have been r e c o r d e d and 
(b) de te rmina t ions of the l i fe t imes of v a r i o u s exc i ted n u c l e a r l e v e l s 
that fall within the t i m e r ange m e a s u r a b l e with t h e s e d e t e c t o r s . 

We have developed a new ana ly t i ca l t e c h n i q u e by which 
the energ ies of low-energy and h i g h - e n e r g y y - r a y t r a n s i t i o n s can be 
de te rmined from h igh - re so lu t ion Ge(Li; s ing les da t a . The m a t e r i a l l y 
improved a c c u r a c y (e. g. , ~ 0 . 1 keV at 1 MeV) l e a d s to c o r r e s p o n d i n g l y 
improved confidence in the un iqueness o i the l eve l s c h e m e s c o n s t r u c t e d . 
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(i) Levels in Ga and Ga 

H. H. Bolotin, J. Vervier , and J. L. Yntema) 

The excited states of the odd-odd Ga and Ga nuclides 

have been investigated by the ' Ga(n,y) ' Ga and 
69,71 , , ,70,72 

Ga(d,p) Ga react ions. Recently completed thermal-capture 
71 72 

y-ray studies of the Ga(n,y) Ga reaction have provided additional 

detailed information. The combined resul ts of these studies of these 

two complementary reactions have yielded a comprehensive description 

of the level s t ructures of these nuclides with which to compare shell-

model calculations. This work is now complete and has been submitted 

for publication. 
187 

(ii) Level Structure of W 

H. H. Bolotin and D. A. McClure 

187 
A study of the low-lying excited states of W populated 

18 6 1 87 

in the W(n, y) W reaction has been completed at the external-

neutron-beam facility. Singles and coincidence spectra were obtained 

exclusively with Ge(Li) detectors and were stored in a two-parameter 

1024 X 1 024-channel pulse-height a r ray . Both "high-low" and "low-low" 

coincidence data of high quality were obtained. These data have pro­

vided a great deal of new information about the level structure and 
187 

radiat ive-decay character is t ics of the low-lying excited states of W. 

These findings a re summarized in the proposed level scheme (Fig. 4) 

for s tates up to an excitation energy of ~1220 keV. 

Of most significance is the identification of two main 

rotational-band s t ructures at low excitation: the ground-state band, 

assigned to the -"[512] Nilsson orbital, and an excited-state band 

built upon the |-"[510] Nilsson orbital starting at an excitation energy 

of 145. 7 keV. To each of these bands the present work has added 

' 'centre d'Etude de I 'Energie Nucleaire, Mol-Donk, Belgium. 
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r/2 L503J 

Fig . 4. Level scheme of i ^ ' w . Leve ls o b s e r v e d in the p r e s e n t c o i n ­
cidence and s ingles y - r a y s tudies appea r as long l i n e s . E x c i t a t i o n 
energies a r e exp re s sed in keV. A dot at the beginning or end of an 
a r row indicates coincidence with one or m o r e o the r y r a y s to or 
from the marked level . Levels e s t ab l i shed by t h e s e c o i n c i d e n c e s 
or through p r i m a r y h igh -ene rgy y - r a y t r a n s i t i o n s ( a r r o w s at left) 
a r e proposed m o r e confidently than a r e those b a s e d so le ly upon the 
energy and intensi ty balance of l o w - e n e r g y t r a n s i t i o n s . The s p i n s , 
p a r i t i e s , and ro ta t iona l -band conf igura t ions ind ica ted at the left a r e 
ass igned mainly from the (d,p) study (Ref. 1). 
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one m e m b e r not o b s e r v e d in the p r e v i o u s (d ,p) s t u d i e s . ' The b r a n c h i n g 

r a t i o s in the r a d i a t i v e d e c a y of a l l o b s e r v e d m e m b e r s of t h e s e bands 

h a v e a l s o been d e t e r m i n e d . 

The e x c i t a t i o n e n e r g i e s of the m e m b e r s of t h e s e bands 

do not fit t he p r e s c r i p t i o n of the s i m p l e r o t a t i o n a l m o d e l , and C o r i o l i s 

band m i x i n g c a l c u l a t i o n s ( c o r r e c t e d for pa i r i ng ) w e r e p e r f o r m e d in an 

effort to a c h i e v e b e t t e r a g r e e m e n t wi th the e x p e r i m e n t a l e n e r g y s p e c ­

t r u m , r a d i a t i v e b r a n c h i n g r a t i o s , and the p r e v i o u s l y r e p o r t e d l (d ,p) 

s t r e n g t h s . The v a l u e s of the p a r a m e t e r s u s e d in the b a n d - m i x i n g 

c a l c u l a t i o n s w e r e v a r i e d to obta in the bes t fit . H o w e v e r , no fit ob ta ined 

could be c o n s i d e r e d good. Even the m o s t " s a t i s f a c t o r y " a g r e e m e n t 

b e t w e e n c a l c u l a t i o n and e x p e r i m e n t a l da ta p r e s c r i b e d a d i s t u r b i n g l y 

l a r g e " s t r e t c h i n g " t e r m o r i g i n a t i n g in the r a t h e r l a r g e spac ing be tween 

the ^ and j m e m b e r s of the g r o u n d - s t a t e band. A s i m i l a r s i tua t ion 
189 187 

is a l s o found in the s a m e band in Os (an i so tone of W) in which 

the -J m e m b e r l i e s at an unexpec t ed ly high exc i t a t ion e n e r g y . We 

h a v e c o n s i d e r e d s e v e r a l p o s s i b l e effects that ind iv idua l ly or in c o m ­

b ina t i on m a y give r i s e to the o b s e r v e d d i s c r e p a n c i e s in th i s m o d e l 

d e s c r i p t i o n of t h i s t r a n s i t i o n a l nuc l i de . H o w e v e r , p r o p e r eva lua t ion 

of t h e s e p o s s i b i l i t i e s ^vill r e q u i r e add i t iona l e x p e r i m e n t a l da t a . A 

c o m p l e t e d e s c r i p t i o n of the p r e s e n t w o r k and a t ho rough d i s c u s s i o n 

of the a p p l i c a b i l i t y of the r o t a t o r - p l u s - o d d - n u c l e o n m o d e l i s p r e s e n t l y 

be ing p r e p a r e d fo r pub l i ca t ion . 
' J . R. E r s k i n e , P h y s . Rev . 138, B66 (1965). 

175 
(iii) L e v e l S t r u c t u r e of Yb 

H. H. Bolot in and D. A. M c C l u r e 

175 
The l e v e l s of Yb popula ted in the t h e r m a l - n e u t r o n 

174 175 

c a p t u r e r e a c t i o n Yb(n, y) Yb have been i n v e s t i g a t e d by m e a n s of 

s i n g l e s and c o i n c i d e n c e s p e c t r o s c o p i c t e c h n i q u e s at the e x t e r n a l n e u t r o n 

b e a m and i n t e r n a l - t a r g e t fac i l i ty at t he C P - 5 r e a c t o r . A c o m p l e t e 
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s e r i e s of "h igh- low" and " low- low" co inc idence s tud i e s w e r e p e r f o r m e d . 

Although a NaI(Tl)-Ge(Li) coincidence study of th i s r e a c t i o n h a s a l r e a d y 

been r e p o r t e d , i the r e s u l t s appea red to contain a m b i g u i t i e s a n d / o r 

i n c o n s i s t e n c i e s . We t h e r e f o r e felt that the p r e s e n t c o m p r e h e n s i v e 

Ge(Li)-Ge(Li) coincidence inves t iga t ion of th is i n t e r e s t i n g r o t a t i o n a l 

nuclide could help to c l ea r up t he se d i s c r e p a n c i e s and a l low a m o r e 

meaningful and deta i led unders t and ing of the l eve l s t r u c t u r e of Yb. 

IW. Bondarenko , N. K r a m e r , P . Prokof jew, P . M a n f r a s s , A. 
Andreef, and R. K a s t n e r , Nucl . P h y s . A102, 577 (1967). 

179 
(iv) Level S t ruc tu re of Hf 

H. H. Bolotin and D. A. McClu re 

Singles and coincidence g a m m a - r a y s p e c t r o s c o p i c s t u d i e s 

of the Hf levels populated in the t h e r m a l - n e u t r o n - c a p t u r e r e a c t i o n 

'^^Hf(n,Y) Hf have been comple ted . T h e s e inc lude " h i g h - l o w " and 

" low-low" coincidence data of excel lent qual i ty . T h e s e d a t a , when 

fully ana lyzed , will be combined with e a r l i e r r e s u l t s of one of t he 

p re sen t w o r k e r s to es tab l i sh the de ta i led level s c h e m e and r a d i a t i v e 

decay c h a r a c t e r i s t i c s of the low-lying exci ted s t a t e s . It i s a n t i c i p a t e d 

that these da ta , ^vhen combined with p r e v i o u s l y r e p o r t e d (d ,p ) s t u d i e s 

of this nuc l ide , wil l s e rve to e s t ab l i sh the ro t a t i ona l band c h a r a c t e r ­

i s t i c s and the i r a s s i g n m e n t s within the f r a m e w o r k of t he N i l s s o n 

deformed-po ten t ia l model of ro ta t iona l nuc le i . 

147 
(v) Level S t ruc tu re of Nd 

H. H. Bolotin and D. A. M c C l u r e 

The level s t r u c t u r e of the low- ly ing exc i ted s tates of 
147 146 147 

Nd populated in the r eac t i on Nd(n,y) Nd have b e e n i n v e s t i g a t e d 

by m e a n s of al l the s p e c t r o s c o p i c t echn iques a v a i l a b l e at the e x t e r n a l -

n e u t r o n - b e a m faci l i ty. This t r a n s i t i o n a l n u c l e u s , about wh ich l i t t l e 

is known, is of cons ide rab le i n t e r e s t in that a d e t a i l e d d e s c r i p t i o n 
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of the l e v e l s t r u c t u r e of t h i s nuc l i de would h e l p to e l u c i d a t e the c h a r ­

a c t e r i s t i c s of n u c l i d e s in th i s m a s s r e g i o n . A n a l y s i s of t h e s e data 

i s not c o m p l e t e , but p r e l i m i n a r y a n a l y s i s h a s a l r e a d y y ie lded i m p o r t a n t 

new i n f o r m a t i o n c o n c e r n i n g the l ow- ly ing exc i t ed s t a t e s of Nd. 

^;^^^J;[J_jJiO_^Stud^e^^wdth_^^^ and Ge-Diode 

D e t e c t o r 

(i) Modi f i ca t ion of the B e n t - C r y s t a l S p e c t r o m e t e r 

R. K. S m i t h e r , D. J . B u s s , and D. L. Bushne l l 

The e n e r g y - r e s o l u t i o n and s e n s i t i v i t y of the b e n t - c r y s t a l 

s p e c t r o m e t e r h a v e b e e n c o n s i d e r a b l y i m p r o v e d by a n u m b e r of r e c e n t 

m o d i f i c a t i o n s . I n s t a l l a t i o n of the new 2 - m m bent qua r t z c r y s t a l (which 

m e a s u r e s 30 c m X 30 c m X 2 m m thick) has y ie lded twice the e n e r g y 

r e s o l u t i o n ob ta ined wi th the p r e v i o u s c r y s t a l (4 m m thick) without any 

a p p r e c i a b l e l o s s in eff ic iency ( re f l ec t iv i ty of the c r y s t a l ) . At the s a m e 

t i m e , t he s e n s i t i v i t y h a s been i n c r e a s e d a s a r e s u l t of a g e n e r a l 

r e d u c t i o n in b a c k g r o u n d . The l ine width of the s p e c t r o m e t e r has now 

been r e d u c e d to about 5 keV (FWHM) at 1 MaV and 50 eV at 100 keV. 

P l a n s t o ob ta in a 1 - m m - t h i c k c r y s t a l and f u r t h e r i m p r o v e m e n t in e n e r g y 

r e s o l u t i o n a r e u n d e r c o n s i d e r a t i o n . 

A new m u l t i s l i t p r e c o l l i m a t o r has been i n s t a l l e d and is 

now in u s e . The addi t ion of th i s p r e c o l l i m a t o r is equiva len t to t r i p l i n g 

the l eng th of the p o s t - c o U i m a t o r ; and it has the advan tage of mov ing 

the r e g i o n in which the unwanted r a d i a t i o n s a r e s topped to a pos i t i on 

w e l l a h e a d of the bent c r y s t a l and p o s t - c o l l i m a t o r . Th i s g r e a t l y 

s i m p l i f i e s the p r o b l e m of sh ie ld ing the Nal d e t e c t o r s f rom the fas t 

n e u t r o n s and g a m m a r a y s a r i s i n g f rom s o u r c e s o the r than the n e u t r o n -

c a p t u r i n g s a m p l e . The p r e c o l l i m a t o r h a s r e d u c e d the s p e c t r o m e t e r 

b a c k g r o u n d by a f ac to r of 10 at 50 and 100 keV, by a f ac to r of 30 at 

1 M e V , and by a f ac to r of 2000 at 3 MeV. As a c o n s e q u e n c e of the 



F i g . 5. A b e n t -
c r y s t a l s p e c t r o m e t e r 
run over the s t r o n g 
5. 8 -MeV l ine in the 
l l 3 C d ( n , y ) l i ^ C d 
s p e c t r u m . It w a s 
obtained wi th the 
I s t - o r d e r d i f f r a c ­
t ion of the (310) 
p lanes in q u a r t z . 
The so l id l ine is the 
envelope of the known 
s p e c t r a l c o m p o n e n t s 
in th i s e n e r g y 
reg ion ; it is b a s e d on 

^r"""' Ge(Li) da ta n o r m a l ­

ized to the exper imenta l counting r a t e . A single line shape of a p p r o p ­
r i a t e height for the 5. 8-MeV line is a l so shown. The dashed l ine is the 
undiffracted background. 

grea t ly improved sensi t iv i ty made poss ib le by this background r e d u c t i o n , 
114 

the s t rong 5 .83-MeV line in Cd (Fig. 5) was succes s fu l ly d i f f rac ted 

for the f i rs t t ime in a recent expe r imen t . Be t t e r d e t e c t o r sh ie ld ing is 

expected to reduce background over mos t of the ene rgy r e g i o n s by 

another factor of two. 

Other modificat ions to i m p r o v e the g e n e r a l r e l i a b i l i t y 

and flexibility of the sys tem a r e in the planning or c o n s t r u c t i o n s t a g e s . 

(ii) High-Energy K Convers ion Coefficients 

R. K. Smi the r , D. J . B u s s , and E. B i ebe r 

The K convers ion coefficients for the 1—9-MeV reg i o n 

of the Cd(n,y) Cd y - r a y s p e c t r u m a r e obtained by combin ing the 

Ge-diode ana lys i s of the (n,y) s p e c t r u m with the c o n v e r s i o n - e l e c t r o n 

in tens i t ies from the published work of von Egidy and K a i s e r . The 

coefficient was found to depend on the y - r a y ene rgy as E " for 
-2 18 "̂  

the E l radia t ion and as E ' for the M l . C o n t r a r y to the s u g g e s t i o r 

from extrapolat ing the t heo re t i ca l ca lcu la t ion , the v a l u e s of the E l and 

Ml coefficients do not c r o s s at high e n e r g i e s ; at 9 MeV they s t i l l differ 
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in the r a t i o of 1 .7 :1 .0 . A s i m i l a r 
149 150 

a n a l y s i s of the Sm(n ,y ) Sm 

s p e c t r u m , combined with the 

c o n v e r s i o n - e l e c t r o n i n t e n s i t i e s of 

E l z e , showed that the a had a 
- 1 4 ^ 

m o r e n e a r l y E dependence 
Y 

at high e n e r g i e s , as s e e n in F i g . 
6. The r a t i o of a ( M l ) / a , ^ ( E l ) 

K K 

w a s 2:1 at 7 MeV. Thus it is 

p o s s i b l e to d i s t ingu i sh be tween E l 

and M l t r a n s i t i o n s in the h i g h -
114 

e n e r g y s p e c t r a of both Cd and 
150 

Sm and to a s s i g n p a r i t i e s to 

nnany of the s t a t e s in t h e s e nuc le i . 

A n a l y s i s of the a v e r a g e - r e s o n a n c e -

c a p t u r e da ta for both t h e s e nucle i 

i s expec ted to aid in conf i rming 

the m u l t i p o l a r i t i e s of m a n y of the 

o b s e r v e d t r a n s i t i o n s . 

10 
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(iii) N e u t r o n - C a p t u r e G a m m a -
Ray Studies of the Leve l 
S t r u c t u r e of the l^'^Te 
Nucleus i 

R. K. S m i t h e r , D. L. 
B u s h n e l l , and R. P . 
C h a t u r v e d i 

The g a m m a - r a y 

s p e c t r u m r e s u l t i n g f rom t h e r m a l -
123 

n e u t r o n c a p t u r e in Te was 

i n v e s t i g a t e d with the Argonne 7. 7 - m 

b e n t - c r y s t a l s p e c t r o m e t e r . The 

F i g . 6. K c o n v e r s i o n coeff ic ients 
for the 1^9 Sm(n, Y)1 5 0 Sm spec -
t r u m . The c r o s s e s , open c i r ­
c l e s , and open s q u a r e s a r e 
known E l , M l , and E2 t r a n ­
s i t i o n s , r e s p e c t i v e l y . The 
dashed c u r v e s a r e the t h e o r e t i ­
ca l va l u e s of Sliv and Band up to 
2. 5 MeV. The solid l ines a r e 
d rawn by hand th rough the 
points of known m u l t i p o l a r i t y . 
C o n t r a r y to the e a r l y t h e o r e t i c a l 
e x t r a p o l a t i o n s , the E l and M l 
c u r v e s a p p e a r to r e m a i n wel l 
s e p a r a t e d at 7 MeV. 

I D . L . B u s h n e l l , R. P . C h a t u r v e d i , and R. K. S m i t h e r , P h y s . R e v . 
179, 1113 (20 M a r c h 1969). 
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o b s e r v e d s p e c t r u m cons i s t ed of 75 gamma r ays with e n e r g i e s be tween 

100 keV and 1. 1 MeV. The s p e c t r o m e t e r used a new s p l i t - s o u r c e 

technique which al lowed s imul taneous m e a s u r e m e n t of the 

Te (n ,y ) Te s p e c t r u m from captur ing s a m p l e s with two d i f fe ren t 
123 . • 

i so topic e n r i c h m e n t s of Te and thus gave i m m e d i a t e i so top ic 
123 124 

ident i f ica t ion for the (n,y) s p e c t r u m . The Te(n , y) Te s p e c t r u m 

was a l so m e a s u r e d with Ge(Li) d e t e c t o r s in the ene rgy r e g i o n s 0. 5—4. 0 

MeV (112 l ines) and 5. 5 —9. 5 MeV (63 l ines) by u s e of the Argonne 

in -p i l e faci l i ty . The a s s o c i a t e d s p e c t r o m e t e r has a long, spl i t Nal 

r ing which s u r r o u n d s a Ge(Li) de t ec to r and was used to enhance the 

fu l l - ene rgy s p e c t r u m (ant icoincidence) and the d o u b l e - e s c a p e s p e c t r u m 

(coinc idence) . The above t h e r m a l - n e u t r o n - c a p t u r e s p e c t r u m was 

combined with the r e s u l t s of an a v e r a g e - r e s o n a n c e - c a p t u r e s p e c t r u m 

taken with the s a m e Ge(Li) facil i ty but with the t a r g e t s u r r o u n d e d wi th 

boron . These (n, y) expe r imen t s w e r e then combined with a l l p r e v i o u s 
124 

work to develop and extend the level s cheme of Te and to define 

many of the de ta i l s of the gamma decay of these l eve l s . The new 

va lues for the f i r s t 15 level ene rg ie s (keV) and J^ a r e : ground s t a t e , 

0" ;̂ 602 .42 ± 0 , 0 2 , 2^; 1247. 99 ± 0. 05, 4"^; 1324.82 ± 0 . 0 5 , 2"^; 

(1655.9 ± 0 , 2 , 0^); (1736,5 ± 0 ,3) ; (1747,40 ± 0, 16); 1956, 18 ± 0, 1 1 , 

3 ^ , 4"^; 2037 ,68 ± 0 , 0 7 , 2+; 2090,65 ± 0 . 3 5 , O"̂ , 2^; 2152, 04 ± 0. 15, 

0 > 2" ;̂ 2181 ,20 ± 0 , 4 0 , i ^ , 2293, 10 ± 0 ,30 , 3" ; 2322,57 ± 0 , 2 0 , 

0_^_J_; 2452, 9 ± 2, 6, O'̂ , Z^. The p a r e n t h e s e s indicate u n c e r t a i n t y 

in the level a s s i g n m e n t s while the under l ined spins and p a r i t i e s i n d i c a t e 

new v a l u e s . The level s c h e m e (Fig . 7) now includes 37 l eve l s ex tending 

to an ene rgy of 3100. 78 keV. 

The r e l a t i ve in tens i t i e s of y r ays f rom s t a t e s at ~Z 

MeV sugges t that E2 t r a n s i t i o n s to the two-phonon s t a t e s at 1248 and 

1325 keV a r e enhanced r e l a t ive to t r a n s i t i o n s to s t a t e s at 0 and 602 

keV; so t he se 2-MeV levels a r e ve ry l ikely co l lec t ive and pos s ib ly 

v i b r a t i o n a l . The (n,Y) data imply a neu t ron binding ene rgv 
124 

E = 9425 ± 2 keV for Te . 
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F i g . 7. Leve l s c h e m e for Te l^ '* . The widths of the l ines r e p r e s e n t i n g 
t r a n s i t i o n s a r e p r o p o r t i o n a l to the g a m m a - r a y i n t e n s i t i e s . Each 
h i g h - e n e r g y t r a n s i t i o n f rom the c a p t u r e s t a t e is d e s c r i b e d at the 
r igh t by a s m a l l a r r o w with an in tens i ty n u m b e r d i r e c t l y above . All 
i n t e n s i t i e s a r e given in photons pe r 100 n e u t r o n c a p t u r e s . The l eve l 
a s s i g n m e n t s inc lude conc lus ions based on the r e s o n a n c e as we l l a s 
the t h e r m a l - n e u t r o n r e s u l t s . W h e r e v e r a p a r e n t h e s i s is u s e d , it 
deno tes u n c e r t a i n t y . 

138 
(iv) Leve l Scheme of Ba 

D. J. Buss and R. K. Smi the r 

1^7 13 8 
The Ba(n, y) Ba s p e c t r u m has been s tudied with the 

Ge(Li) s p e c t r o m e t e r . Seven ty-e igh t of the 207 t r a n s i t i o n s o b s e r v e d 
13 8 

in th i s s p e c t r u m have been p laced in a t en t a t ive l eve l s c h e m e of Ba . 

P r i m a r y t r a n s i t i o n s f rom the c a p t u r e s t a t e (1 , 2 ) a r e expec t ed to 
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populate low-spin states. Negative-parity neutron-hole states have 

been identified in recent (p,p') and (d,p) experiments. Pr imary t ran­

sitions to those states having spins of 0, 1, 2, or 3 have been observed 

in the present experiment at energies of 2881, 2895, 3505, 3646, 3923, 

4079, 4167, 4280, 4325, 4446, 4517, 4536, 4564, 4647, 4745, 4799, 

and 4876 keV. A large number of transitions have also been placed 

in the level scheme as depopulating these states. In addition to the 
, 138 

previously reported primary transitions to low-lying levels in Ba, 

we have also observed six new transitions between these levels; and 

low-energy gamma rays have yielded more precise energy values 

for these low-lying levels. These are: 1435 .6+1 .0 , 1898.5 ± 1 . 5 , 

2218. 1 ± 1.5, 23 06.6 ± 1.5, 2445.9 + 1.5, 2639.4 + 1.5, and 

2880. 5 ± 1. 5 keV. Work to extend this level scheme is continuing. 

/ > T . ^ •. .150 ,151 

(v) Level Schemes of Sm and Sm 

R. K. Smither and D. J. Buss 

149 150 
The high-energy portions of the Sm(n, y) Sm and 

150 151 

Sm(n,y) Sm reactions were investigated with the new through-

hole Ge-diode facility at the reactor CP-5. The results are now being 

combined with the bent-crystal data on the low-energy portion of the 

(n,Y) spectrum to extend the level scheme of ^^°Sm and ^^^Sm. The 

average-resonance-capture spectra are expected to be a valuable 

supplement to other data used in developing these level schemes. 

(vi) The Level Scheme of ^ " s m Based on (n,v), (n .e- ) . and (B.v^ 
Experimentsl '—i-S-L 

R. K. Smither, E. Bieber, T. v. Egidy,* W. Kaise r ,* 
and K. Wien 

Th^ 152 ,153 

im(n,Y, Sm spectrum was measured with the 

Argonne bent-crystal spectrometer ..H „..>. a Ge(Li) detector at the 

Technischen Hochschule Miinchen, Germany. 

Technischen Hochschule Darmstadt, Germany. 

IR. K. Smither, E. Bieber, T. v. Egidy, W. Kaiser, .n^ ^ w . . . 
Phys. Rev. (20 November 1969). 



23 

i n - p i l e fac i l i ty at t he Argonne C P - 5 r e s e a r c h r e a c t o r . The l o w - e n e r g y 

b e n t - c r y s t a l s p e c t r u m c o n s i s t e d of 251 g a m m a t r a n s i t i o n s a s s o c i a t e d 
152 

wi th t h e r m a l - n e u t r o n c a p t u r e in Sm and with e n e r g i e s be tween 35 

keV and 1041 keV. The iden t i f ica t ion with the Sm(n ,y ) Sm r e a c t i o n 

was m a d e by c o m p a r i n g r e l a t i v e g a m m a i n t e n s i t i e s f rom t h r e e n e u t r o n -
149 

c a p t u r i n g s a m p l e s — t h e f i r s t being e n r i c h e d in S m , the second in 

Sm, and the t h i r d in Sm. The g a m m a - r a y i n t e n s i t i e s w e r e 

n o r m a l i z e d to the p r e v i o u s l y e s t a b l i s h e d in tens i ty of the 103-keV line 

in Eu f r o m the p decay of Sm. The e n e r g i e s and i n t e n s i t i e s 

of 24 o the r l ines m e a s u r e d with the b e n t - c r y s t a l s p e c t r o m e t e r and 

a s s o c i a t e d wi th th i s p decay a r e a l s o given to f ac i l i t a t e c o m p a r i s o n 

wi th p r e v i o u s l y pub l i shed work . The h i g h - e n e r g y po r t i on of the (n, y) 

s p e c t r u m obta ined with the Ge(Li) d e t e c t o r conta ined 35 l ines wi th 

e n e r g i e s be tween 5. 2 and 6. 3 MeV. The e n e r g y d i f f e r ences be tween 

t h e s e g a m m a r a y s , often good to 0. 1—0.2 keV, w e r e u s e d to sugges t 
153 „ , . . 

the e n e r g i e s of m a n y of the low- ly ing s t a t e s m Sm. The p r e c i s i o n 

e n e r g y m e a s u r e m e n t s of the l o w - e n e r g y g a m m a s wi th the b e n t - c r y s t a l 

s p e c t r o m e t e r w e r e then used to develop th i s l eve l s c h e m e and to obta in 

the de t a i l s of the y - d e c a y b r anch ing r a t i o s and to define the l eve l 

e n e r g i e s to + 0 . 0 0 5 — 0 . 0 3 0 keV. The c o n v e r s i o n - e l e c t r o n s p e c t r u m 

r e s u l t i n g f rom Sm(n, e ) Sm was m e a s u r e d wi th the h i g h -

r e s o l u t i o n m a g n e t i c s p e c t r o m e t e r at the Munich r e s e a r c h r e a c t o r . 

The m e a s u r e d s p e c t r u m , which c o n s i s t e d of 43 K and L c o n v e r s i o n 

l i n e s , w a s u s e d to obta in K and L c o n v e r s i o n coef f ic ien ts and c o r r e s ­

ponding m u l t i p o l e a s s i g n m e n t s for 30 of the l o w - e n e r g y g a m m a t r a n ­

s i t i o n s . Th i s i n fo rma t ion was u s e d in conjunct ion wi th the (n ,y) da ta 

to d e t e r m i n e the p a r i t y of 20 of the 39 l eve l s ident i f ied in the l eve l 
153 

s c h e m e of Sm and to m a k e unique spin a s s i g n m e n t s for 13 of t h e s e 

l e v e l s and to r e s t r i c t the sp ins of m o s t of the o the r l eve l s to two c h o i c e s . 

Of s p e c i a l i n t e r e s t i s the v e r y l o w - e n e r g y ( 7 . 5 3 keV) 

f i r s t exc i t ed s t a t e with sp in and p a r i t y a s s i g n m e n t | . E v i d e n c e for 
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Fig . 8. The no rma l i zed gamma decay of the low-lying r o t a t i o n a l band . 

The upper row shows the Ml and E2 t r ans i t i ons be tween l eve l s with 
the same par i ty . The lower row shows E l t r a n s i t i o n s be tween l e v e l s 
of different pa r i ty . The expe r imen ta l va lues for the l eve l e n e r g i e s 
(in keV) and for the spin and pa r i ty a s s i g n m e n t s a r e shown on the left. 
The proposed Ĵ ^ a s s ignmen t s for the ro ta t iona l bands a r e given to t he 
r ight of each group. The width of each t r a n s i t i o n is p r o p o r t i o n a l to 
i ts no rma l i zed y intensi ty l^ = constant X I / E ' , The l a b e l s on the 
t r ans i t i ons indicate the lowest poss ib le mul t ipo le a s s i g n m e n t tha t i s 
cons is ten t with the proposed spin and pa r i ty a s s i g n m e n t s . No t r a n ­
si t ions a r e left out. The dashed l ines indica te m i s s i n g t r a n s i t i o n s 
that may be hidden under l ines of a l m o s t the s a m e e n e r g y . The width 
of each dashed line r e p r e s e n t s the n o r m a l i z e d upper l imi t of i t s 
in tens i ty The exper imenta l upper l imi t s on the n o r m a l i z e d in tens i t i e s 
of the other m i s s ing t r ans i t ions a r e much s m a l l e r than t h e s e 
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the 7. 53 -keV t r a n s i t i o n was obta ined with a spec i a l l y c o n s t r u c t e d 

p r o p o r t i o n a l c o u n t e r . 

On the b a s i s of a d i r e c t c o m p a r i s o n with the wel l c a l i b r a t e d 
153 

l i nes in n i t r o g e n , the n e u t r o n binding e n e r g y of Sm was found to 

be 5869. 3 ± 2. 0 keV. 

The o b s e r v e d g a m m a - r a y b r a n c h i n g r a t i o s of the d e c a y s 

of the low- ly ing l eve l s w e r e c o m p a r e d with the t h e o r e t i c a l p r e d i c t i o n s 

of the N i l s s o n m o d e l for a s ing le p a r t i c l e coupled to a d e f o r m e d c o r e . 

A good m a t c h be tween t h e o r e t i c a l p r e d i c t i o n s and e x p e r i m e n t a l r e s u l t s 

w a s ob ta ined when ten of the e leven l eve l s below 200 keV w e r e a s s i g n e d 

to one p o s i t i v e - p a r i t y and two n e g a t i v e - p a r i t y K=|- r o t a t i o n a l b a n d s . 

The g a m m a - d e c a y b r a n c h i n g r a t i o s of the low- ly ing r o t a t i o n a l bands 

a r e shown in F i g . 8. Above 200 keV the level s c h e m e b e c o m e s qui te 

c o m p l e x and the g a m m a - d e c a y b r a n c h i n g r a t i o s can no longer be i n t e r ­

p r e t e d by a s s u m i n g p u r e N i l s s o n s t a t e s . 

180 
(vii) L e v e l Scheme of Hf 

D. J . B u s s , D. L. B u s h n e l l , and R. K. S m i t h e r 

The g a m m a - r a y s p e c t r u m following t h e r m a l n e u t r o n 
179 

c a p t u r e in Hf has been obta ined with the p r e c i s i o n c a p t u r e g a m m a -

r a y s p e c t r o m e t e r equipped with a new, h ighe r r e s o l u t i o n G e - d i o d e 

d e t e c t o r . A n a l y s i s of the 1—2-MeV reg ion of th is s p e c t r u m h a s led 

to the iden t i f i ca t ion of t r a n s i t i o n s be tween uppe r l eve l s and the g r o u n d -

s t a t e band. Twelve of t h e s e uppe r l eve l s have thus b e e n iden t i f i ed . 

P r i m a r y t r a n s i t i o n s to e leven of the twe lve uppe r l eve l s have been 

o b s e r v e d in the a v e r a g e n e u t r o n - r e s o n a n c e - c a p t u r e s p e c t r u m , and 

h a v e led to J va lue s for t h e s e l e v e l s which a r e c o n s i s t e n t with the 

1—2-MeV da ta . Innproved l o w - e n e r g y g a m m a - r a y s p e c t r a ob ta ined 

wi th the b e n t - c r y s t a l s p e c t r o m e t e r wi th the new 2 - m m q u a r t z c r y s t a l 

and p r e c o l l i m a t o r in p l ace a r e being a n a l y z e d to identify t r a n s i t i o n s 

be tween the uppe r l e v e l s and to obta in m o r e p r e c i s e v a l u e s for the 

l eve l e n e r g i e s . 



1 SUPERCONDUCTING INTERNAL-CONVERSION-ELECTRON 
SPECTROMETER 

S. B. Burson and P. F. A. Goudsmit 

The Argonne superconducting internal-conversion-

electron spectrometer has been completed and placed in operation. 

Although the electronic system for coincidence measurements has not 

yet been constructed, data already obtained indicate that the equipment 
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Fig. 9. The internal-conversion-electron spectrum of ' '9 Hf following 
thernrial-neutron capture in i '^Hf. The upper spectrum was col-
lected in 4 mm, the lower in 13 h. 
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will be a valuable source of heretofore unavailable information about 

the excited states of many nuclides. The instrument was designed with 

two types of experiments in mind. The first type, the investigation 

of radionuclides, has so far been confined to taking preliminary data 
18 1 182 

on Os and Os. In the second type, the measurement of in ternal-

conversion coefficients of neutron-capture gamma rays , targets of 

''^Hi, ^'°Hf, ^ ' ^ a , ' ' \ b , '°\g, and '^^Nd have been studied 

the CP-5 reactor . These data are currently being analyzed. For 

illustra 

Fig. 9. 

^ ' V ' ' V ' "^Ta , ' ' V , ' ° \ e , and '^^Nd have been studied at 

ing a 
179 

i l lustration, the internal-conversion spectra of Hf a re shown in 

The complexity of the spectra observed in both the 

radioactive work and the neutron-capture gamma-ray studies points 

up two conclusions: (1) the electron-gamma coincidence facility of 

the apparatus must be made available before definitive conclusions 

can be reached and (2) more sophisticated techniques of data analysis 

must be developed. In one effort in the direction of improved analysis , 

a For t ran program for the IBM-360-50-75 computer has been written 

to make a systematic search for meaningful relations among the gamma 

rays . All of the experimental transition energies are inserted into 

the computer which then searches for common differences that satisfy 

a programmable acceptance cri ter ion. The program is in operation 

and is being tested on the data described above. 
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B. FAST-NEUTRON EXPERIMENTS AT THE 4J^J£VJ^AN^E^^RAAF£ 

ACCELERATOR AND THE NEW DYNAMITRON 

During the past year most of the effort of the group 
involved in fast-neutron physics has been devoted to the installation 
of a new acce lera tor , a 4-MeV Dynamitron (Fig. 10). The installation 
of the accelerator itself has been completed and the experimental area 
is being prepared for experiments that will s tart in late spring 1969. 

Although the Dynamitron is now ready for routine use, 
the most effective use of the machine will require a continuing effort 
to develop methods for using the extremely large beam currents now 
available from the Dynamitron and to develop a pulsed-beam technology. 

The general nature of the research program at the 
Dynamitron will be similar to that at the 4-MeV Van de Graaff, but 
the high current of the new accelerator will provide a major improve­
ment in research capability. A continuing objective is to take advantage 
of the large beam currents available from the new machine to ca r ry 
out t r ip le-scat ter ing experiments, which (if they can be made with 
good accuracy) will provide qualitatively new kinds of information 
about nuclear react ions. Other aspects of the planned research program 
are outlined below. 

a. Operation of the4-M£VVan^de^^Graaj^^Accelerat^^ 

of the 4-MeV Dynamitron » 

(i) Operation and Replacement of the Van de Graaff 

Jack R. Wallace 

The 4-MeV Van de Graaff accelerator was operated 

in this period from 1 April to 31 May 1968, at which time it was shut 

Fig. 10. The new Dynamitron with the tank removed. Above: High-
voltage terminal and accelerating column. Below: The rf electrodes 
(dees) on insulating supports inside the p ressu re tank. When the 
tank is closed, these dees a re connected to an rf inductance (out of 
sight to the right of the upper photograph) to form a 120-kHz tuned 
circuit . The Dynamitron is a 96-stage voltage multiplier in which 
rf power is supplied by way of the capacitance between the "dees" 
and the "semi-arcua te r ings" along the accelerating column. The 
rectifier tubes are shown along the sides of the column. 
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down and dismantled to make way for the installation of the new 4-MeV 

Dynamitron Accelerator. No changes or improvements were ma 

in the original accelerator system. 

The 4-MeV Van de Graaff accelerator had been an 

important research tool m the Physics Division for 19 years . It has 

been given to Brigham Young University and will become a part of 

their training facilities for new physicists. 

(ii) Installation of the 4-MV Dynamitron 

A. S. Langsdorf, J r . , F . P. Mooring, W. G. Stoppenhagen, 
and J. R. Wallace 

During the summer of 1968, the area to house the new 

Dynamitron was modified in preparation for its installation. The floor 

of the experimental area was lowered 4 ft, shield walls were stacked, 

tracks for the pressure tank were laid, and electrical and water d i s ­

tribution systems were installed. By the early fall of 1968, all those 

alterations that could be made prior to the actual installation of the 

new accelerator were complete. 

The Dynamitron was delivered on 2 October 1968. 

Radiation Dynamics, Inc. , the vendor, also contracted to install the 

accelerator. In addition, the company supplied a gas-handling system 

and a system for providing chilled water to cool the acce lera tor and 

its peripheral equipment. These systems and the acce lera tor were 

installed concurrently. Simultaneously a program to t ra in Argonne 

personnel in the operation, maintenance, and basic principles of the 

Dynamitron was conducted. 

By the middle of December the installation of the various 

systems was complete, and on 17 December 1968 the Dynamitron was 

first operated. By 20 December it reached a terminal voltage of 

4 MV. The various tests continued and the minor problems that a rose 

were corrected during the month of January. On 28 January 1969 

the Argonne Dynamitron successfully produced a hydrogen-ion beam 
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in excess of 1 mA and a particle energy slightly above 4 MeV for more 

than 2 hours. However, the energy spread in the beam exceeded that 

permitted by specifications. 

Investigation showed that the principal source of the 

spread in beam energy was that the charging system caused a 120-kHz 

ripple in the terminal voltage. At Argonne's suggestion, a variable 

t r immer capacitor was built and installed between the lower dee and 

ground. This capacitor allowed the terminal ripple to be reduced 

by a large factor, and present indications are that the energy spread 

in the beam has been reduced to a value less than ±2 keV. All the 

acceptance tests were successfully completed by 19 February 1969. 

To date the accelerator has produced hydrogen-ion currents as large 

as 1. 6 mA and beam energies as great as 4. 2 MeV. 

Since we were not sure what radiation levels should 

be expected, all beam tests were performed in a shielded vault. 

Radiation levels, though high, were not as high as had been anticipated 

and our radiation shield was more than adequate for the levels produced 

during the test runs. Outside the shield, the levels of both neutron 

and x radiation were below accepted tolerances for inhabited a reas . 

It is still to be seen how effective our shield is when deuteron beams 

are accelerated. 

Of the five 4-MV Dynamitrons now in the field, the 

Argonne machine (the last to be delivered) was the first to successfully 

pass all acceptance tes t s . After a short conditioning period, the 

accelerator can be raised to full voltage and current very rapidly. 

This behavior is not character is t ic of most other electrostatic accel ­

e ra to r s , including all other 4-MV Dynamitrons. However, it is 

indicative of the reserve capacity built into the present accelera tor . 

As mentioned, the new machine has produced a well-

focused beam of positive ions in excess of 1 mA from 1.5 to 4 MeV. 

A similar machine has already delivered 3 mA of positive ions. The 

power supply is adequate to generate an ion beam as large as 10 mA 
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at 4 MeV, Thus the mach ine has the potent ial for the p roduc t ion of 

much l a r g e r beam c u r r e n t s . However , at p r e s e n t a p r i n c i p a l d e t e r r e n t 

to the product ion of l a r g e r beam c u r r e n t s is the loading of the p o w e r 

supply by the so -ca l l ed corona c u r r e n t . This c u r r e n t a r i s e s f r o m 

ionizat ion of the insulat ing gas by x rays which at m a x i m u m b e a m 

c u r r e n t and voltage reach a dose r a t e of 100 R / h at a point o u t s i d e t he 

p r e s s u r e tank and near the high-vol tage t e r m i n a l . Thus be fo re s t i l l 

l a r g e r beams of posi t ive ions a r e gene ra t ed , it i s imperat ive that the 

production of x r ays be reduced . 

The X rays a r e genera ted by e l e c t r o n s tha t a r e p r o d u c e d 

in the a c c e l e r a t o r tube and then a c c e l e r a t e d back to the t e r m i n a l . 

There a r e at leas t five known ways to r educe the effects of x - r a y 

production. (1) Use heavy me ta l a round the s o u r c e spo t s to a b s o r b 

the x rays before they enter the insula t ion g a s . (2) R e d u c e t he y ie ld 

of X rays per e lec t ron by using a light m e t a l such as b e r y l l i u m \ v h e r e v e r 

e lec t rons impinge. (3) Improve the vacuum i n s i d e t he a c c e l e r a t i n g 

tube to reduce the number of e l ec t rons g e n e r a t e d . (4) T r a p the e l e c ­

t rons by e lec t r i c or magnet ic f ields before they a c q u i r e enough energy 

to produce very ha rd x r a y s . (5) Use m a s s a n a l y s i s in t he t e r m i n a l 

to prevent undes i rab le beams of p a r t i c l e s f r o m e n t e r i n g t he a c c e l e r a t o r 

tube. Fo r example , an ion beam of m o l e c u l a r h y d r o g e n i s v e r y u n s t a b l e 

and upon breakup becomes a potent s o u r c e of e l e c t r o n s . With t he 

possible exception of (4), al l of t h e s e m e t h o d s a r e r e l a t i v e l y s i m p l e 

and will be uti l ized in an a t t emp t to i n c r e a s e the m a x i m u m c u r r e n t 

available. 

In addi t ion, the ene rgy s p r e a d of t he ion b e a m can be 

still further reduced . The p r e s e n t +2-keV s p r e a d in e n e r g y i s c a u s e d 

mainly by voltage r ipp les f rom v a r i o u s s o u r c e s . S tud ies of the v a r i o u s 

sources of the r ipple ind ica te tha t with a m i n i m u m of effort the e n e r g y 

spread can be reduced by ano the r o r d e r of m a g n i t u d e . When th i s i s 

accomplished, Argonne wil l indeed have an a c c e l e r a t o r tha t i s un ique 

in the world. 

file:///vherever
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A b e a m - s w i t c h i n g m a g n e t and b e a m - l i n e s y s t e m have 

been i n s t a l l e d . The p e r m a n e n t sh ie ld wa l l s be tween the t a r g e t a r e a 

and the c o n t r o l r o o m have been c o n s t r u c t e d . A r a d i a t i o n a l a r m and 

safe ty i n t e r l o c k s y s t e m , b a s e d on knowledge obta ined du r ing the t e s t i n g 

of the D y n a m i t r o n , is be ing d e v i s e d . A new d a t a - r e c o r d i n g r o o m h a s 

b e e n c o n s t r u c t e d . The new e x p e r i m e n t a l p r o g r a m was begun in August 

1969. 

(iii) N a n o s e c o n d T e r m i n a l P u l s i n g E q u i p m e n t for the 4 - M e V 
D y n a m i t r o n 

W. G. S toppenhagen , F . P . M o o r i n g , A. Langsdor f , J r . , 
A. J . E lwyn, J . W a l l a c e , and F . J . Lynch 

A nanosecond b e a m - p u l s i n g s y s t e m to be p l aced in the 

h i g h - v o l t a g e t e r m i n a l of the 4 -MeV D y n a m i t r o n h a s r e c e n t l y been 

o r d e r e d f rom ORTEC for i n s t a l l a t i on in the fall of 1969. The s y s t e m 

•will c o n s i s t of s t a n d a r d pu ls ing and k l y s t r o n bunching equ ipment capab le 

of p roduc ing p r o t o n pu l s e s l e s s than 1 n s e c in width at a m a x i m u m 

r e p e t i t i o n r a t e of 2 MHz and wi th a peak c u r r e n t in e x c e s s of 2. 5 m A . 

In add i t i on , a c r o s s e d - f i e l d a n a l y z e r wi l l p rov ide t e r m i n a l b e a m 

a n a l y s i s when the a c c e l e r a t o r i s o p e r a t e d in the dc m o d e . 

One i m p o r t a n t u s e of t he pu l sed b e a m wil l be in the 

cont inuing p r o g r a m of m e a s u r i n g a n g u l a r d i s t r i b u t i o n s and p o l a r i z a t i o n s 

of e l a s t i c a l l y s c a t t e r e d n e u t r o n s . Employ ing t i m e - o f - f l i g h t t e c h n i q u e s 

wi l l m o r e r e l i a b l y e l i m i n a t e effects due to n e u t r o n s f r o m the low- ly ing 

exc i t ed s t a t e s of the s o u r c e n u c l e u s . Another i m p r o v e m e n t a c c o m p a n y ­

ing the u s e of t i m e - o f - f l i g h t t e c h n i q u e s is a c o n s i d e r a b l e r e d u c t i o n in 

the b a c k g r o u n d s due to g a m m a r a y s o r b e a m - c o r r e l a t e d n e u t r o n s . 

Among the o the r types of e x p e r i m e n t s tha t a r e e x p e c t e d 

to m a k e u s e of the p u l s e d - b e a m capab i l i t y a r e : s t u d i e s of p a r t i c l e -

n e u t r o n r e a c t i o n s such as (d ,n) and (p ,n) r e a c t i o n s , n e u t r o n i n e l a s t i c 

a n g u l a r d i s t r i b u t i o n s and a n g u l a r c o r r e l a t i o n s , t r i p l e - s c a t t e r i n g 

e x p e r i m e n t s , n u c l e a r l i f e t ime m e a s u r e m e n t s , and c h a r g e d - p a r t i c l e 

t i m e - o f - f l i g h t m e a s u r e m e n t s . 
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•fh Neutron Beams at the Dynamitroin 
b. Planned E x p e r i m e n t a l ^ P r o g r a n ^ ^ ^ i t h ^ _ , - . - ; 
— .~.~^—^^ ^ ^ ^ V T E Monahan, F. P. Mooring, 

A. J. Elwyn, A. S. Langsdorf, J r . , J. i - ivi 
and W. G. Stoppenhagen 

1. „„ «f t-v,p neutron-producing ta rge t . With the nroper choice ol tne neuLiuii ^̂  o 
the D y n a m i t r o n ' a t r r r t o r ' w i U provide a P a - - n y J o l a r i z e d neutron 
beam with well-defined energy over an - ' " - ^ / / ^ " ° 7 „ ~ ' ° ' ^ f J ° , e 
^20 MeV. This beam is expected to be from 10 to 1°° ' ^ " ; ™ ^ ^ . ^ 
intense than that available at the 4-MeV Van de Graaff - - » ; - - ^ h ^ 
increase in intensity, together with the possibility °^ P̂ ^̂ ^̂  •^^^the beam 
makes feasible a number of "low-yield" measurements ^^at can provide 
detailed information about nuclear structure and nuclear react ions. 

Part of the program of neutron experiments that will 
be carried out at this facility will be an extension of previous m e a s u r e ­
ments of angular distributions and polarization distributions to include 
triple scattering. A brief description of this and other areas of r e sea rch 
that are being considered follows. 

(i) Triple (Elastic) Scattering of Neutrons 

These measurements, which determine both the initial 

and final states of polarization of the neutrons, provide the basis for 

the design of a set of experiments to determine all of the S-matrix 

elements for reactions with spin-zero sca t te re rs . Such complete 

information is of interest only in special cases. One example is 

scattering in the resonance region of light nuclei where it may be 

possible to compare the observations with calculations that employ 

"realistic" nucleon-nucleon forces. 

In general, however, it seems more practical to select 

only that subset of experiments that bear most directly on a specific 

question of interest. For example, as described in Sec. I. Be, one 

of the set of triple-scattering measurements at small scattering angles 

provides a measure of the compound elastic cross section. These 

measurements will permit an investigation of s t ructure in the neutron 

strength function (as a function of excitation energy). In conventional 

measurements this structure is generally obscured by shape-elast ic 

contributions. The observation and identification of any intermediate 



35 

structure in the strength function of a nuclear reaction is an important 

area of current research , l Obvious extensions of the single-particle 

optical model depend on the existence and identification of these simple 

(intermediate) excitations. 

Triple-scat ter ing measurements provide also the poss i ­

bility of obtaining other information about the optical-model potential. 

For nonzero-spin sca t te rers that are not polarized, these measurements 

are no longer complete. Again, however, a select subset of such 

measurements is sufficient to provide information about the magnitude 

of the spin-spin term in the optical potential. Also, at neutron energies 

- 1 0 MeV, small-angle polarizations should yield some information 

about the radial dependence of the nuclear spin-orbit potential. 

One experiment that will make use of a polarized target 

is being considered, namely the scattering of polarized neutrons 

from a polarized hydrogen target. One purpose of this measurement 

is to determine the isospin triplet phase shifts for low-energy n-p 

scattering. 

' J . E. Monahan and A. J. Elwyn, Phys. Rev. Letters 20̂ , 1119 
(1968); A. J. Elwyn and J. E. Monahan, NucL Phys. A1217 33 (1969). 

(ii) Inelastic Scattering of Neutrons 

Measurement of the polarization of n' and the n'-y 

angular correlation in (n,n'y) reactions initiated with polarized neutrons 

offers several interesting possibilit ies. The n ' -y correlation reveals 

whether a spin flip has occurred in the reaction and, in scattering 

from an isolated resonance, determines the spin of the resonance. 

This, together with a left-right asymmetry measurement of n ' , 

indicates whether a true compound nucleus was formed in the reaction. 

It remains to be determined whether such measurements permit a 

unique separation of direct and compound-nucleus p rocesses , par t icu­

larly at energies at which resonances overlap. To the extent that this 
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IS p o s s i b l e , such data would yield informat ion that is p a r t i c u l a r l y r e l e v a n t 

to s t a t i s t i ca l r eac t i on t h e o r i e s . 

(iii) Neutron Absorp t ion 

The a c c u r a c y of the se l f - ind ica t ion me thod in the m e a s u r e ­

ment of neu t ron absorp t ion c r o s s sec t ions has been d e m o n s t r a t e d in 

the m e a s u r e m e n t ! of the ' ° B ( n , a ) c r o s s sec t ion . A s i m i l a r m e a s u r e m e n t 

of the ^Li (n ,a ) c r o s s sec t ion is planned. T h e s e r e a c t i o n s a r e c o m m o n l y 

used as secondary flux s t anda rds and a r e a l so of i n t e r e s t a s e x a m p l e s 

of poss ib le a c lus t e r ing in light nuc le i , 

• F , P . Moor ing , J. E. Monahan, and C. M. Huddles ton , Nuc l . 

P h y s . 82_, 16 (1966). 

(iv) Neutron Reac t ions Leading to T h r e e - B o d y F i n a l S ta t e s 

M e a s u r e m e n t s that d e t e r m i n e sufficient k i n e m a t i c 

va r i ab l e s for a unique definition of a t h r e e - b o d y final s t a t e have y i e lded 

useful informat ion about f i na l - s t a t e i n t e r a c t i o n s . In p a r t i c u l a r , qui te 

i n t e r e s t i ng r e s o n a n c e i n t e r f e r e n c e effects can be s tudied in t h i s type 

of expe r imen t . A su rvey of such m e a s u r e m e n t s that s e e m p r a c t i c a l 

at the Dynami t ron will be made in the nea r fu ture . 

(v) Spon taneous ly -F i s s ion ing I s o m e r s in N e u t r o n - I n d u c e d R e a c t i o n s 

In the l a s t few y e a r s t h e r e has been c o n s i d e r a b l e i n t e r e s t 

in the ex is tence and p r o p e r t i e s of s h o r t - l i v e d s p o n t a n e o u s l y - f i s s i o n i n g 

i s o m e r s of nuclei in the ac t in ide r eg ion of the p e r i o d i c t a b l e . Mos t 

of the informat ion r e l a t e d to i s o m e r p roduc t ion is at p r e s e n t b a s e d 

on exper imen t s with c h a r g e d - p a r t i c l e b e a m s — a l t h o u g h , r e c e n t l y , 

shor t - l ived i s o m e r i c act ivi ty has been o b s e r v e d in n e u t r o n - i n d u c e d 

f iss ion e x p e r i m e n t s . ! Studies have in g e n e r a l c e n t e r e d on the 

A. J . Elwyn and A. T . G. F e r g u s o n , P r o c e e d i n g s of t he Second 
Symposium on the Phys ics and C h e m i s t r y of F i s s i o n , V i en n a , 28 
Ju ly-1 August 1969 ( In terna t ional Atomic E n e r g y Agency , V i e n n a , 
to be publ ished) . See a l so Sec. I. Bf. 
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m e a s u r e m e n t of both the ha l f - l i f e of the i s o m e r i c s t a t e and i t s p r o d u c t i o n 

c r o s s s e c t i o n . H o w e v e r , the a c c u r a c y of t h e s e m e a s u r e m e n t s h a s 

b e e n l i m i t e d . M o r e a c c u r a t e ha l f - l i fe d e t e r m i n a t i o n s a s we l l a s s y s ­

t e m a t i c m e a s u r e m e n t s of the e n e r g y dependence of the i s o m e r 

p roduc t i on c r o s s s e c t i o n s in a n u m b e r of d i f ferent r e a c t i o n s a r e needed . 

The v a l u e s of t h e s e e x p e r i m e n t a l quan t i t i e s a r e r e l a t e d to the exc i t a t i on 

e n e r g y and sp in of the i s o m e r i c s t a t e s , as wel l as to the he ight of the 

po t en t i a l b a r r i e r govern ing the f i s s ion p r o c e s s . T h u s , such i s o m e r 

s t u d i e s can p r o v i d e quan t i t a t ive i n fo rma t ion about s o m e of the p r o p e r ­

t i e s of the r e c e n t l y - p r o p o s e d d o u b l e - h u m p e d s t r u c t u r e in the d e f o r m a t i o n 

d e p e n d e n c e of the n u c l e a r po ten t ia l e n e r g y . The p u l s e d - b e a m fac i l i ty 

tha t wi l l be a v a i l a b l e at the D y n a m i t r o n should p r o v e useful in s tud i e s 

of i s o m e r p r o d u c t i o n in n e u t r o n r e a c t i o n s a s we l l as in v a r i o u s o t h e r 

a s p e c t s of the n e u t r o n - i n d u c e d f i s s ion p r o c e s s at n e u t r o n - b e a m e n e r g i e s 

of ~ 0 . 1—20. 0 MeV. 

c. S m a l l - A n g l e S c a t t e r i n g of N e u t r o n s 

F . T . K u c h n i r , A. J . E lwyn , J . E. Monahan , A. Langsdor f , 
J r . , and F . P . Moor ing 

Two po ten t ia l e n e r g y t e r m s that a r e g e n e r a t e d by the 

i n t e r a c t i o n be tween a n e u t r o n and the Coulomb field of a t a r g e t n u c l e u s 

m a y c o n t r i b u t e m e a s u r a b l y to the e l a s t i c s c a t t e r i n g of n e u t r o n s 

t h r o u g h s m a l l ang l e s ( < 15 for h i g h - Z nuc le i ) . T h e s e t e r m s a r e : 

(i) the ^ . H i n t e r a c t i o n be tween the m a g n e t i c m o m e n t of the n e u t r o n 

2 

and the m a g n e t i c field of the " m o v i n g " t a r g e t , and (ii) the a E i n t e r ­

ac t i on be tween the Cou lomb field E and the dipole m o m e n t a E induced 

in the n e u t r o n by the f ield. 

In an effort to o b s e r v e and m a k e u s e of t h e s e i n t e r a c t i o n s , 

the d i f f e ren t i a l c r o s s s e c t i o n s and p o l a r i z a t i o n s of n e u t r o n s e l a s t i c a l l y 

s c a t t e r e d f r o m s e v e r a l heavy nuc l e i have been m e a s u r e d ! at the A r g o n n e 

1 F . T . K u c h n i r , A. J . E lwyn , J . E. M o n a h a n , A. L a n g s d o r f , J r . , 
and F . P . M o o r i n g , P h y s . Rev . 176, 1405 (1968). 
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, t . . These measurements covered a 
4-MeV Van de Graaff accelerator. These m 

I 75° to 15° for incident neutron ener -
range of scattering angle from 1.75 to 15 

gies between 0.6 and 1.6 MeV. The energy spread of the pr imary 

neutron beam was such that the measured cross sections and po a r i z a -
„ = = Anslvsis of these data 

tions were averaged over many resonances. Analysis 

has led to the following conclusions: (a) A left/right asymmetry m e a s ­

urement of neutrons scattered through angles less than - 1 0 provides 

a polarization analyzer that is calibrated simply i n t e r m ^ o ^ t h e t r a n s ­

mission of the scatterer and the known scattering of the , . H interaction, 

(b) An upper limit a < 2 X 10""° cm^ can be assigned to the polar iza-

bility of the neutron. 

The increase in beam intensity available from the 4-MeV 

Dynamitron, which was installed recently at Argonne, makes practical 

the consideration of a number of modified small-angle measurements . 

Two such possibilities are described below. 

The small-angle differential cross sections for neutron 

scattering in the neighborhood of a single resonance are considerably 

more sensitive to the aE^ interaction than are the energy-averaged 

measurements described above. Calculations indicate that values of 

a of the order lO' cm could be detected by decreasing the energy 

spread of the primary beam to a value not greater than the width of 

an isolated resonance in the compound system. A determination of 
-42 3 

the value of a accurate to 10 cm would provide meaningful infor­

mation about the internal structure of the neutron. 

A measurement of the polarization perpendicular to 

the direction of motion of neutrons scattered through small angles 

can be shoivn to be equivalent to a measurement of the compound-

elastic cross section of the scatterer . Such " t r ip le-scat ter ing" m e a s ­

urements thus provide a means of separating direct from compound-

nucleus processes and provide information about the mechanism of 

a nuclear reaction. Any fine structure in the compound elastic c ross 

section as a function of neutron energy would indicate the formation of 
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states of intermediate complexity as stages through which the system 

evolves to the final compound-nucleus state. The identification of 

such intermediate excitations could be of considerable interest . The 

existence of "few-particle" or collective excitations is necessary to — 

and could provide the basis for—a simple description of the scattering 

process . Finally, the separate measurement of shape-elastic and 

compound-elastic cross sections should be of value in the study of 

corrections to the statistical theory of nuclear reactions arising from 

particle emission that may occur before the compound nucleus is formed. 

12 
d. Propert ies of the 3. 39-MeV State in B 

F. P. Mooring, J. E. Monahan, and R. E. Segel 

12 
The 3. 39-MeV state in B appears as a resonance 

11 
in the B + n system at a (laboratory) neutron energy of 20. 8 ± 0. 5 

keV. Neutron scattering and transmission measurements (Fig. 11) 

Fig. 11. The 21-keV 
resonance as 
observed in scat ter­
ing (left) and in 
t ransmission (right). 
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have been made in the neighborhood of this resonance.! Comparison of 

these results with B(d,p) data indicates that the resonance is d-wave 

and that its spin and parity is 3 . For this assignment the neutron data 

indicate that F = 3. 1 ± 0.6 eV, which is about equal to the Wigner 

limit. Neutron capture measurements , in which the residual 12 

1 F . P. Mooring, J. E. Monahan, and R. E. Segel, Phys. Rev. 
178, 1612 (1969). 
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4 0 0 -

5 300 -

2 0 0 
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F i g . 12. Yie ld c u r v e 
of 1 ^ B ac t i v i t y f r o m 
the n e u t r o n b o m ­
b a r d m e n t of ! 1 B . 
The n e u t r o n e n e r g y 
r e s o l u t i o n was 
p o o r e r t h a n it was 
for the s c a t t e r i n g 
and t r a n s m i s s i o n 
m e a s u r e m e n t s . The 
y ie ld i n t e g r a t e d 
over the r e s o n a n c e 
is i ndependen t of the 
e n e r g y r e s o l u t i o n , 

although the apparen t c r o s s sec t ion at any one ene rgy i s , of c o u r s e , 
v e r y dependent on the energy r e so lu t ion . 

act ivi ty was obse rved (Fig . 12), w e r e a l so c a r r i e d out in the n e i g h b o r ­

hood of the r e s o n a n c e . These data yield a to ta l r a d i a t i o n width 
12 

r = 0. 025 ± 0. 008 eV. The 18. 36-MeV s ta te in C a p p e a r s to be the 
y 

T = 0 analog of th is s t a t e . A paper based on th i s work h a s a p p e a r e d 
z 

in the Phys ica l Rev iew. ! 

e. Total Neutron C r o s s Sect ions 

Ca r l T. Hibdon and F . P . Moor ing 

The to ta l neu t ron c r o s s s ec t i ons of Li and n a t u r a l 

l i thium have been m e a s u r e d for neu t rons in the ene rgy r a n g e 10 —1235 
7 

keV, and the to ta l c r o s s sec t ion of Li was e x t r a c t e d f r o m the r e s u l t s . 

The r e sonance in Li nea r 250 keV and the one in Li n e a r 260 keV 

a r e being analyzed . 

The absorp t ion c r o s s sec t ion of Li h a s b e e n m e a s u r e d 

from 10 to 100 keV. It i s planned to extend t h e s e m e a s u r e m e n t s to 

higher e n e r g i e s . 

The to ta l neu t ron c r o s s s ec t i ons of Al and Mg h a v e 

been m e a s u r e d up to 640 keV. M e a s u r e m e n t s w e r e m a d e by the t r a n s ­

m i s s i o n method. F l a t - d e t e c t i o n m e a s u r e m e n t s w e r e m a d e over the 

en t i re region and se l f -de tec t ion over the r e s o n a n c e s . The da ta on Al 
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are be ing u s e d to a n a l y z e the r e s o n a n c e s . Only a s m a l l n u m b e r of the 

m a n y r e s o n a n c e s in Al can be a t t r i b u t e d to s - w a v e l e v e l s . The a v e r a g e 

leve l spac ing of a l l l eve l s is about 23 keV. 

f. S p o n t a n e o u s l y - F i s s i o n i n g I s o m e r s in N e u t r o n - I n d u c e d R e a c t i o n s 

A. J . Elwyn and A. T. G. F e r g u s o n 

We have s e a r c h e d for s h o r t - l i v e d s p o n t a n e o u s l y - f i s s i o n i n g 

i s o m e r s in n e u t r o n - i n d u c e d r e a c t i o n s on v a r i o u s i so topes of U and Pu . 

The pu l sed p ro ton b e a m f rom the IBIS e l e c t r o s t a t i c a c c e l e r a t o r at 

H a r w e l l was u t i l i zed to p roduce 0. 5 5 - and 2. 2 -MeV n e u t r o n s in p u l s e s 

of be tween 1 and 2 n s e c d u r a t i o n . F i s s i o n f r a g m e n t s f rom the b o m ­

b a r d m e n t of thin foils of the f i s s i l e s a m p l e s w e r e de tec t ed in a Si 

s u r f a c e - b a r r i e r coun te r and the t i m e d i s t r i bu t i on of the p u l s e s was 

m e a s u r e d r e l a t i v e to the pro ton b e a m pulse with a t i m e - t o - a m p l i t u d e 

c o n v e r t e r . The r e s u l t s b a s e d on n u m e r i c a l a n a l y s e s of the o b s e r v e d 

t i m e d i s t r i b u t i o n s a r e shown in Table I. The r a t i o s l i s t ed in the l a s t 

co lumn a r e the i n t e g r a t e d i n t ens i t i e s in the d e l a y e d - f i s s i o n even t s 

r e l a t i v e to the i n t e n s i t i e s a s s o c i a -
TABLE I. Lifetimes associated with spon-

ted with the prompt-fission taneous fission induced by neutrons. 

p r o c e s s . As s e e n in the t a b l e , 

s h o r t - l i v e d a c t i v i t i e s a r e found in 

the n e u t r o n - i n d u c e d f i s s ion of 
233 234 235 239 

U, U, U, and Pu . 

T h e s e a c t i v i t i e s a r e p robab ly 

a s s o c i a t e d with the (n, y) r e a c t i o n s 

on the t a r g e t s l i s t e d , so that the 

data a r e c o n s i s t e n t with the e x i s t -
. 234 

ence of f i s s ion ing i s o m e r s m U, 

Neutron 
energy 
(MeV) 

2 . 2 

0.55 

Target 

P u " ' 

u " ' 
u"* 
u"^ 
^238 

u"^ 

^ / 2 

(nsec) 

29. 0 ± 3.8 

4. 1—5,2 

30.4 ± 4 , 9 

19.7 ± 4 , 9 

66,6 ± 8 . 7 

No lifeti 

34.9 ± 4 , 5 

R 

.me o 

Delayed 
Prompt 

(X lo"*) 

4. 1 

39 

4 , 7 

1.2 

3, 1 

bserved 

7 , 4 

See a l s o Sec . I. Bb(v). 
t. 

N u c l e a r P h y s i c s Div is ion , Atomic E n e r g y R e s e a r c h E s t a b l i s h m e n t , 
H a r w e l l , B e r k s . , England . 
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" ^ " ^ , a n d ^ ^ ° P u . Of particular interest is the apparent^exist-

ence If two lifetimes associated with isomers m the nucleus Pu. 
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C. RESEARCH AT THE TANDEM VAN DE GRAAFF ACCELERATOR 

The FN tandem Van de Graaff accelerator provides the 
principal r esearch tool for about 15 Argonne scientists in the Physics 
Division and several in the Chemistry Division. Also, running time 
is made available to qualified physicists from universi t ies. Currently 
research groups from six universities a re using the system. 

The tandem is used to full capacity on an operating 
schedule of 24 hours per day. A terminal voltage of 8. 5 million volts 
is attained with ease and 9. 0 MV has been achieved on occasion. 

The research carried out at the Tandem is very broad 
in scope, reflecting the diverse interests of the physicists involved. 
The general features of the work have not changed greatly during the 
past year , although there have been some significant changes in 
emphasis. Perhaps the most noteworthy of these is the start of a 
ser ies of measurements on heavy-ion reactions. These nneasurements 
a re very difficult because of low counting r a t e s , and it is only because 
of the availability of a large fully-automated scattering chamber that 
the measurements are feasible. These are probably the first nuclear-
physics experiments in which the positions of the detectors are auto­
matically changed by a computer to satisfy kinematic requirements of 
the reaction, and it is doubtful if the measurements could be carr ied 
out in any other laboratory. In view of the rapidly growing interest 
in heavy-ion react ions, these pioneer experiments are likely to attract 
widespread attention. 

Another major technical development in the past year 
has been the installation of a split-pole magnetic spectrograph. This 
instrument, which has unusual efficiency and accuracy, is expected 
to be used very heavily during the coming year; our increasingly more 
sophisticated automatic plate scanner ^vill be a valuable asset in keeping 
pace with the output of this spectrograph. 

The individual experiments, some of which are seen in 
Fig. 13, a re described below. However, since the detail of these 
descriptions and the great diversity of the work tend to obscure the 
more general features of the research , we first outline some of the 
basic ideas and trends of the program. 

Analog States. The remarkable relationship between 
the "isobaric analog s tates" in nuclei was discovered in 1962 and the 
basic character is t ics of these states have been the subject of continuing 
intense interest . However, now these states are also becoming an 
important tool for obtaining spectroscopic information. Work at 
Argonne has pioneered in using analog states for the study of par t ic le-
hole states in complex nuclei. 
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Fig. 13. Apparatus in the west target room at the tandem Van de Graaff in November 1969. The 6-gap 
orange (3-ray spectrometer (Sec. I. Ee) is shown in the left background, the computer-controlled 70-in. 
scattering chamber (Sec. I. Clf,g) in the center background, and the new split-pole magnetic spec t ro­
graph (Sec. I .C lc ) at the right. 
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Coulomb Energies and Matter Radii. The energies of 
analog states also contain important information on nuclear radi i . 
Work at Argonne has recently focused attention on at least two new 
phenomena in the behavior of nuclear matter radii as derived from 
analog-state energies. 

Neutron-Proton Correlat ions. Although identical-nucleon 
pairing correlations in complex nuclei have been known for some time 
and are understood reasonably well, virtually nothing is known about 
the correlations between neutrons and protons. Experiments are 
being carr ied out at Argonne to search for such effects. 

Higher Isospin States. The gamma-ray decay of states 
of higher isospin than the ground state has been of considerable interest 
at Argonne both experimentally and theoretically. Studies of (p, y) 
T-forbidden resonances and the decay systematics observed in ( 'He,py) 
angular-correlat ion measurements show interesting simple features 
that had been predicted in shell-model calculations at Argonne. 

Transfer Reactions on Deformed Nuclei. Pa r t i c le -
transfer reactions on deformed nuclei were first studied with high 
resolution at Argonne and there is a continuing interest in the subject. 
So far most of the experimental information is limited to neutron 
stripping and to energies above the Coulomb ba r r i e r . With the new 
magnetic spectrograph we expect to be able to extend these investigations 
to particle-pickup and to proton-stripping reactions. These m e a s u r e ­
ments will yield much useful information about collective states in 
nuclei. 

% 
Heavy-Ion Scattering. The observation of pronounced 

gross s t ructure in the excitation function of i ' O + i ' O has created 
considerable interest in heavy-ion elastic scattering. The sophisticated 
computer-controlled scattering chamber mentioned ear l ier is being 
used to extend the measurements to a variety of heavy-ion systems 
such as 1 ^ O + ^ • ' ' ^ 'Mg . The observed structure is expected to provide 
a good understanding of the heavy-ion nuclear potential. 

Reaction Mechanisms. In this area Argonne work has 
contributed heavily with the discovery of j dependence in angular d i s ­
tributions and with one of the first and most careful systematic exper i ­
mental tes ts of the distorted-wave theory. Studies on j-dependent 
effects are still being carr ied out in order to obtain a more complete 
understanding of the phenomenon. 
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1. TANDEM OPERATION AND EQUIPMENT 

a. O p e r a t i o n of the T a n d e m Van de Graaff A c c e l e r a t o r 

J a c k R, Wal l ace 

The F N t a n d e m o p e r a t e d 5058 h o u r s in t he p e r i o d f r o m 

1 A p r i l 1968 to 14 M a r c h 1969. Th i s a c c e l e r a t o r has c o n s i s t e n t l y 

exceeded i t s g u a r a n t e e d o p e r a t i n g s p e c i f i c a t i o n s . Much v a l u a b l e da t a 

h a s been obta ined with a c c e l e r a t o r t e r m i n a l v o l t a g e s of 8. 5 MV. 

Many e l e c t r o n i c i m p r o v e m e n t s have been m a d e at t he c o n t r o l c o n s o l e . 

A new c o n t r o l c i r c u i t (des igned and bui l t by the E l e c t r o n i c s Div i s ion) 

has been i n s t a l l e d and has cut the e n e r g y f luc tua t ion t o l e s s t h a n half. 

It a l s o has add i t iona l c o n t r o l f e a t u r e s tha t a l low g r e a t e r e a s e of w^orking 

with h ighe r c h a r g e s t a t e s of heavy i o n s . S e v e r a l m o d i f i c a t i o n s in t he 

e l e c t r o n i c s of the ion s o u r c e f a c i l i t a t e w o r k wi th h e a v i e r i o n s . 

b . U n i v e r s i t y Use of the 12-MeV A r g o n n e T a n d e m 

J . P . Schiffer and F . P . M o o r i n g 

I n t e r e s t in the o u t s i d e - u s e r s p r o g r a m h a s r e m a i n e d 

s t r o n g d u r i n g the l a s t y e a r . Though s e v e r a l u n i v e r s i t i e s no l o n g e r 

p a r t i c i p a t e in the p r o g r a m , o t h e r p a r t i c i p a n t s h a v e i n c r e a s e d t h e i r 

u s e of the T a n d e m fac i l i t y and add i t i ona l ones h a v e e x p r e s s e d a d e s i r e 

to jo in the p r o g r a m . 

The fol lowing e x p e r i m e n t s a r e c u r r e n t l y a c t i v e a t t h e 

T a n d e m or have r e c e n t l y b e e n c o m p l e t e d . 

(1) Mu l t i p l e C o u l o m b E x c i t a t i o n and R e o r i e n t a t i o n Effect '" 

R. P . S c h a r e n b e r g , J . A. T h o m s o n , J r . , R. B e y e r , and 

W. Lutz 

P u r d u e U n i v e r s i t y , W. L a f a y e t t e , Ind iana 

C o m p l e t e d . 
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(2) Studies of Energy Levels in Light Nuclei 

C. P. Browne, G. Marolt , A. F . Hrejsa, E. Berkowitz, 

A. RoUefson, and J. Sobol 

Notre Dame University, South Bend, Indiana 

(3) Scattering of Alpha Par t ic les 

P. P. Singh, D. W. Devins, D. P lummer , J. Kroepfl, R. Li, 

R. Verma, T. Marvin, and T. Hall 

Indiana University, Bloomington, Indiana 

(4) J Dependence of Inelastic Scattering 

J. C. Legg and D. R. Abraham 

Kansas State University, Manhattan, Kansas 

(5) Propert ies of Nuclear Energy Levels 

Gerald Hardie 
Western Michigan University, Kalamazoo, Michigan 

(6) Nuclear Reactions Induced by Lithium Beams 

Richard R. Carlson and H. W. Wyborny 

The University of Iowa, Iowa City, Iowa 
151 t 

(7) Low-Lying Levels of Eu 
E. Bernstein, R. E. Shamu, and G. Boss 

Western Michigan University, Kalamazoo, Michigan 

The following individuals who have received their doctorate 

during the past year have based their theses wholly or in part on research 

performed at the Argonne tandem Van de Graaff accelerator : 

Notre Dame University, South Bend, Indiana 

John R. Duray 

William D. Callender 

Purdue University, W. Lafayette, Indiana 

Gerhardt Schilling 

David W. Gr issmer 

Indiana University, Bloomington, Indiana 

Alvin H. Sauter 

Bruce Watson (AMU-ANL predoctoral fellow) 

Completed. 
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c. S p l i t - P o l e Magne t i c S p e c t r o g r a p h 

J. R. E r s k i n e 

Our new s p l i t - p o l e m a g n e t i c s p e c t r o g r a p h is u n d e r g o i n g 

final focusing a d j u s t m e n t s and e n e r g y c a l i b r a t i o n and wi l l s h o r t l y be 

p r o d u c i n g new da ta . This i n s t r u m e n t wil l r e p l a c e ou r o l d e r B r o w n e -

B u e c h n e r s p e c t r o g r a p h which has led a long and p r o d u c t i v e l i fe . The 

new i n s t r u m e n t i s s u p e r i o r to the old one in e n e r g y r e s o l u t i o n , so l id 

a n g l e , l ower background , l a r g e r m a x i m u m e n e r g y , and g r e a t e r r a n g e 

of e n e r g i e s s i m u l t a n e o u s l y r e c o r d e d . We have bui l t ou r own c a m e r a 

s y s t e m which is des igned to give s u p e r i o r m e c h a n i c a l r e p r o d u c i b i l i t y 

and g r e a t e r e a s e of u s e . 

E x p e r i e n c e with our o l d e r s p e c t r o g r a p h h a s shown tha t 

d i f ferent e x p e r i m e n t e r s wil l m a k e m a n y d i f fe ren t u s e s of the new 

s p e c t r o g r a p h . F o r e x a m p l e , in r e s e a r c h wi th the o l d e r s p e c t r o g r a p h , 

the p r e s e n t w r i t e r u n c o v e r e d s e v e r a l p r o b l e m s in d e f o r m e d n u c l e i , 

and p lans to p u r s u e t h e s e f u r t h e r . P r o m i n e n t a m o n g t h e s e p r o b l e m s 

a r e (1) the r e a c t i o n m e c h a n i s m of c h a r g e d - p a r t i c l e r e a c t i o n s on d e f o r m e d 

nuc le i and (2) the n a t u r e of v i b r a t i o n a l l e v e l s in o d d - A d e f o r m e d n u c l e i . 

The b e t t e r r e s o l u t i o n and l a r g e r so l id ang l e shou ld m a k e i t p o s s i b l e 

to s tudy ind iv idua l v i b r a t i o n a l l e v e l s . 

O t h e r e x p e r i m e n t e r s a s we l l a s the a u t h o r wi l l u s e t he 

i n s t r u m e n t a s a g e n e r a l - p u r p o s e too l for i n v e s t i g a t i o n s of spec i f i c 

n u c l e i . The s p e c i a l p r o p e r t i e s of the new i n s t r u m e n t wi l l be e x p l o i t e d , 

for e x a m p l e , in s t u d i e s of c l o s e m u l t i p l e t s o r of r e a c t i o n s wi th v e r y 

low c r o s s s e c t i o n s . 

d. A u t o m a t i c P l a t e - S c a n n i n g M a c h i n e 

J . R. E r s k i n e and R. H. V o n d e r o h e ' 

A new type of h i g h - r e s o l u t i o n s c a n n i n g tube h a s b e e n 

i n s t a l l e d . In i t i a l t e s t s show tha t t h i s tube g ive s a t l e a s t t w i c e a s 

Appl ied M a t h e m a t i c s Div i s ion . 
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much detail on a single scan as did the older scanning tube. The 

computer program and operating procedure have not yet been changed 

to fully exploit this improved scanning tube. However, on the basis 

of previous experience, we expect a considerable improvement in our 

ability to scan poor-quality plates with weak t racks . 

Routine use of the machine continues as before for 

plates with good-quality t racks . We expect much of the data from 

the new split-pole spectrograph (Sec. I. Clc) to be scanned by the 

machine. 

e. Polarized-Ion Source 

D. von Ehrenstein and D. C. Hess 

The source for polarized ions (protons and deuterons) 

at the Argonne tandem is basically completed and the initial tests 

were successful. The last major event was the repeated observation 

of polarization (30% was achieved during the first attempt). To test 

this polarization the beam had to be accelerated by the Tandem and 

brought onto a target in the regular 18-in. scattering chamber. At 

the exit of our source and after mass analysis , negative-ion currents 

of up to 25 nA have been observed. Actual values of polarizations 

and currents a re quoted with great reluctance because they are only 

f i rs t -performance resul ts obtained without a good acquaintance with 

the machine and without the optimization of parameters that would be 

achieved during routine operation. Work with the facility has been 

discontinued, at least for the present . 

f. 70-in. Scattering Chamber 

J. L. Yntema 

The scattering chamber has operated under computer 

control this year . It was necessary to develop a secondary system 

for indication of the angular position of the a r m s . The programs used 

49 
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with the s y s t e m w e r e expanded c o n s i d e r a b l y . F u r t h e r d e v e l o p m e n t 

of the p r o g r a m s and mod i f i ca t ions of the c o n t r o l c i r c u i t s wi l l be 

n e c e s s a r y to exploi t the po ten t i a l of the i n s t r u m e n t . In a d d i t i o n , a 

change in the t a r g e t mount ing a r r a n g e m e n t and b e t t e r p r o t e c t i o n of 

the i n s t r u m e n t a g a i n s t power f a i l u r e and m i s u s e a r e n e c e s s a r y 

i m p r o v e m e n t s . 

g. C o m p u t e r - C o n t r o l l e d M i ^ t i ^ l ^ j D e t e c t o r ^ ^ S y ^ ^ 

Sca t t e r i ng E x p e r i m e n t s 

R. H. S i e m s s e n , J . B icek , H. T . F o r t u n e , J . W. T i p p l e , ' and 
J. L. Yntema 

The s tudy of h e a v y - i o n r e a c t i o n s is c o m p l i c a t e d by 

the low counting r a t e s a s s o c i a t e d with the th in t a r g e t s and s m a l l so l id 

ang le s n e c e s s a r y to a ch i eve a d e q u a t e e n e r g y r e s o l u t i o n . T h e s e 

de f i c ienc ies can be at l e a s t p a r t l y c o m p e n s a t e d for by t he u s e of 

r e l a t i v e l y i nexpens ive l a r g e - a r e a d e t e c t o r s wi th a p p r o p r i a t e l y - s h a p e d 

a p e r t u r e s in conjunct ion wi th the a s s o c i a t e d - p a r t i c l e m e t h o d for 

p a r t i c l e de t ec t i on and iden t i f i ca t i on . F o r s y s t e m s of n o n i d e n t i c a l 

p a r t i c l e s , h o w e v e r , the a s s o c i a t e d - p a r t i c l e m e t h o d is i m p r a c t i c a l 

if l a r g e a r r a y s of d e t e c t o r s a r e to be u s e d — t h e r e a s o n be ing tha t t h e 

k i n e m a t i c cond i t ions change wi th a n g l e . In the p r e s e n t s e t u p , t h e s e 

d i f f icu l t ies a r e o v e r c o m e by u s e of the A r g o n n e c o m p u t e r - c o n t r o l l e d 

7 0 - i n . s c a t t e r i n g c h a m b e r ( F i g . 14). A r r a y s of up t o 12 l a r g e - a r e a 

d e t e c t o r s (10 X 50 m m ) s i m i l a r to t h o s e in a p r e v i o u s e x p e r i m e n t a r e 

u s e d . The d e t e c t o r s a r e m o u n t e d on four i n d e p e n d e n t a r m s tha t a r e 

r e m o t e l y c o n t r o l l e d by an o n - l i n e c o m p u t e r so t h a t t h e i r p o s i t i o n s 

sa t i s fy the k i n e m a t i c cond i t i ons for e a c h p a i r of d e t e c t o r s o p e r a t e d 

in c o i n c i d e n c e and for each ang l e s e t t i n g of the m a s t e r a r m . R e c t a n g u l a r 

a p e r t u r e s in f ront of the d e t e c t o r s and in t he b e a m c o U i m a t i o n s y s t e m 

m a x i m i z e b e a m t r a n s m i s s i o n and d e t e c t i o n e f f ic iency; and a r o t a t i n g 

Appl ied M a t h e m a t i c s D iv i s ion . 
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Fig. 14. Interior view of the computer-controlled 70-in. scattering 
chamber at the tandem, showing the ar rays of detectors mounted on 
the four a rms . ' 

target is under construction. Four two-dimensional (64 X 128) coinci­

dence spectra of 8192 channels each are multiplexed into the 96-k 

di rect -access external memory and subsequently analyzed with the 

light-pen facility. 

2. STUDIES WITH LIGHT TARGETS (A < 16) 

a. LifetimeofJhe^^FHi^^t^^^^ 

M. J. Throop,* G. C. Morrison, and D. H. Youngblood 

The attenuated-Doppler-shift technique has been utilized 
Q 

to measure the lifetime of the 981-keV state in Li populated in the 

"university of Iowa, Iowa City, Iowa. 

^ Texas A & M University, College Station, Texas. 
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r e a c t i o n D( '^Li ,p)^Li induced by the Li b e a m f r o m the U n i v e r s i t y o 

Iowa Van de Graaff. The b e a m e n e r g y , a f t e r p a s s a g e t h r o u g h a thin 
o 

n i cke l window, was 7 .4 MeV. With a 2 0 - c c Ge(Li) d e t e c t o r a t 0 o 

the b e a m , the typ ica l ene rgy d i f fe rence be tween a fully shi f ted (D^ 

gas t a r g e t , 1 . 5 - 2 . 5 cm Hg) and an a t t e n u a t e d ( Z r D t a r g e t , 1 10 or 

140 H,g/cm^) g a m m a r a y was found to fall in the r a n g e 500 ± 200 eV, 

depending on e x p e r i m e n t a l cond i t ions . About 170 eV of t h i s d i f f e r e n c e 

can be a t t r i b u t e d to the d i f fe rence in e n e r g y l o s s in t he two t a r g e t s . 

The Z r D t a r g e t s w e r e found to con ta in s u b s t a n t i a l a m o u n t s of oxygen 

with an O / Z r a tomic r a t i o of 1. 1. The c a l c u l a t i o n s of e n e r g y l o s s and 

s topping power took such an oxygen conten t in to a c c o u n t . The D o p p l e r -
Q 

shifted Li peak loca ted at 1016 keV was found to be s i g n i f i c a n t l y 
18 

con tamina ted by the 2101 — 1080-keV t r a n s i t i o n in F f r o m the 
12 7 18 

C( L i , n ) F r e a c t i o n . An add i t i ona l c o n t a m i n a n t l ine ( s o u r c e u n i d e n ­

tified) was loca ted a t 1015 ± 1 keV and \was c o r r e l a t e d in i n t e n s i t y 

with l i nes in the s p e c t r a i nduced by n e u t r o n r e a c t i o n s . C o r r e c t i o n s 

for the effects of the c o n t a m i n a n t l i n e s w e r e m a d e for t h r e e s e p a r a t e 

g r o u p s of D and Z r D m e a s u r e m e n t s m a d e u n d e r s l i gh t l y d i f f e r en t 

e x p e r i m e n t a l c o n d i t i o n s . The r e s u l t i n g ne t D — Z r D e n e r g y d i f f e r e n c e 

was 410 + 190 eV, wh ich l e a d s t o a d e d u c e d ^Li l i f e t i m e of 9. 6 ± 4 . 4 
q 

f s e c . B e c a u s e of the high i n i t i a l r e c o i l v e l o c i t y (v„ x 1. 2 X 10 c m / s e c ) , 
it was only n e c e s s a r y to c o n s i d e r e l e c t r o n i c s topp ing in t he d e r i v a t i o n 

of t h i s r e s u l t . 

b . D i r e c t R e a c t i o n s on Be 

D. L. Auton 

. 10 
A Be t a r g e t h a s b e e n p r e p a r e d f r o m b e r y l l i u m e n r i c h e d 

by the AREMIS i s o t o p e s e p a r a t o r in t he C h e m i s t r y Div i s ion , A n g u l a r 

d i s t r i b u t i o n s f r o m the ( d , p ) , ( d , t ) , ( p , p ' ) , and (d, d) r e a c t i o n s on ^'^Be 

w e r e ob ta ined wi th t h i s t a r g e t . P r o t o n s l ead ing to t he g round s t a t e 

and f i r s t exc i t ed s t a t e of Be at 12. 0 MeV inc iden t e n e r g y i n d i c a t e 
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spin and parity assignments of j and j , respectively. At an incident 

deuteron energy of 15, 0 MeV, tritons could be detected up to an exci-
9 • • 

tation of 5.5 MeV in Be. No evidence was seen for an { = 1 transition 
9 

to known states of less than 3, 0 MeV excitation in Be, other than that 
to the ground state. Spectroscopic factors for observed states in the 

(d,p) and (d,t) reactions were extracted with the code JULIE. Elastic 
10 

and inelastic scattering of protons was observed on Be at several 

energies from 12. 0 to 16. 0 MeV. The elastic scattering was com­

pared with optical-model calculations, and values of B(E2) for the 

3. 37-MeV (2 ) — (O""") transit ion were obtained with the code JULIE. 

Spectroscopic information concerning transitions within the Ip shell 

is in good agreement with the calculations of Cohen and Kurath. 

c. The B(d,p) B Reaction at 17, 0 MeV 

J. R. Comfort, H, T, Fortune, and J, Maher 

As part of a continuing program to investigate the highly 
11 12 . , 

excited states of light nuclei, a study of the B(d,p) B reaction has 

been initiated. A 17.0-MeV beam of deuterons, a self-supporting 

'^B target , and the Brown-Buechner magnetic spectrograph are being 

used. Spectra covering the excitation region between 3.2 and 11.5 

MeV have been obtained at forward angles. It is expected that the 

data will shed light on the analog nature and structure of the T = l 

state in ^^C The results will be correlated with those from other 
12 , 12 

charged-part icle reactions leading to final states m B and C. 

d ^ D e u t e r o n E l ^ ^ t i x j ^ i ^ ^ 

J. C. Legg, D. Abraham, H. T. Fortune, R. C. Bearse , and 
J. L. Yntema 

Fur ther attempts have been made to understand the 

mechanism responsible for the observed J dependence in (d,p) reactions 

on light nuclei. In attempts to a s sess the propert ies of the entrance 
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c h a n n e l , d e u t e r o n e l a s t i c and i n e l a s t i c s c a t t e r i n g f rom t h e s e light 

nuc l e i should be s tud ied . In the p r e s e n t e x p e r i m e n t , da ta w e r e obtai 

for the B ( d , d ) a n d B(d, d') s c a t t e r i n g p r o c e s s e s by u s i n g four A 

coun te r t e l e s c o p e s s i m u l t a n e o u s l y . Deta i led a n g u l a r d i s t r i b u t i o n s 

w e r e m e a s u r e d in 1 -MeV s teps f rom 12. 0 MeV to 17 .0 MeV. In 

add i t i on , exc i t a t ion functions w e r e m e a s u r e d a t four a n g l e s in 50 10 

keV s t eps over the s a m e ene rgy r a n g e . The a n a l y s i s of t he da ta i s 

ju s t beginning. 

U 12 
e. E n e r g y Var ia t ion of J Dependence in the B(d ,p ) B R e a c t i o n 

H. T. F o r t u n e , R. C. B e a r s e , J . M a h e r , J . C. L e g g , J . C o m f o r t , 
and J, L. Yntema 

In a cont inuing s tudy of the e n e r g y d e p e n d e n c e of t he 
11 12 

jt=l J dependence in s t r i p p i n g r e a c t i o n s , t he B ( d , p ) B r e a c t i o n 

has been s tudied over the b o m b a r d i n g e n e r g y r a n g e 12 —17 M e V . 

F o r th i s r e a c t i o n the i = l g r o u n d - s t a t e t r a n s i t i o n p r o c e e d s r o u g h l y 

85% via AJ = -i, and 15% via AJ = | . At 12 MeV t h i s g r o u n d - s t a t e 
12 1 ^ 

angu la r d i s t r i b u t i o n is v e r y s i m i l a r to tha t for t he C ( d , p ) C 
12 13 ° g . s . 

r e a c t i o n . Since the J d e p e n d e n c e for G(d ,p ) G g r a d u a l l y d i s a p p e a r e d 
a s the b o m b a r d i n g e n e r g y was i n c r e a s e d , it w a s of i n t e r e s t t o s t u d v 

1 1 1 2 
the B(d ,p ) B r e a c t i o n a l s o . The a n a l y s i s of t h e da ta i s c o n t i n u i n g . 
P r e l i m i n a r y r e s u l t s i n d i c a t e tha t the a n g u l a r d i s t r i b u t i o n s at 16 M e V 

a r e s i m i l a r for the B(d ,p ) and ^^G(d ,p) r e a c t i o n s . 

H. T. F o r t u n e , R, C. B e a r s e , J . L . Y n t e m a , and H. O h n u m a 

12 13 

The C ( d , p ) C r e a c t i o n h a s b e e n m e a s u r e d o v e r 

the b o m b a r d i n g e n e r g y r a n g e 9. 6 - 1 7 MeV. N e i t h e r t he J d e p e n d e n c e 

no r the m a g n i t u d e of the f o r w a r d - a n g l e m a x i m u m a p p e a r s to be c o r r e l a ­

ted with the n a r r o w e r s t r u c t u r e (F < 1 MeV) in t he ^^C + d s y s t e m 

a r o u n d 12 MeV. T h e r e d o e s , h o w e v e r , s e e m to be a c o r r e l a t i o n 



I. C2f—h 55 

with the large resonance-like bump centered at 12 MeV and having 

a width of several MeV. Ear l ie r analyses had shown that the experi-
12 13 

mentally-extracted spectroscopic factor for the C(d,Pp) C(g . s . ) 
reaction had a resonance-l ike s tructure centered at about 12 MeV. 

Those analyses yielded a value S /S^, ~ 2. 0 at 12 MeV, slowly ' ' exp th 
decreasing to S /S = 1.0 at 17 MeV. In the present measurements , 

° exp th 
the J-dependent dip at about d =90 —which is character is t ic 

c. m. 

of AJ = I transitions—slowly disappears as the bombarding energy 

is increased from 12 to 17 MeV. The dip is almost completely absent 

at 17 MeV. 

12 
g. Deuteron-Induced Reactions on C 

H. T. Fortune, R. C. Bearse , J. L. Yntema, and H. Ohnuma 

Recent measurements of deuteron-induced reactions 

in light nuclei for bombarding energies around 12 MeV have indicated 

contributions to the reaction mechanism other than simple direct 

processes . The C + d system seemed to be of special interest . 

Thus, we have obtained data for the (d,d), (d,d ' ) , (d,p), and (d,a) 

reactions on ' ^ C . Angular distributions of these d-induced reactions 

were obtained at 1-MeV intervals from 10 to 17 MeV. In addition, 

excitation functions at several angles were measured in 50-keV steps 

from 11 to 17 MeV. Prel iminary analysis indicates a correlation of 

the gross s tructure in the various exit channels. 

3 12 
h. Excitation Functionjfor^^J^je^^Induxe^^ 

H. T. Fortune and N. Williams 

The He^^ beam from the tandem and self-supporting 

C foils were used to measure excitation functions from 18 to 24 MeV. 

Data were taken at four forward and four backward angles. Yield 

curves were obtained for elastic and inelastic scattering and for the 

' ^C(^He ,a )* ' c reaction leading to states in C below 8. 1 MeV. 
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The b a c k - a n g l e y ie ld c u r v e s show r e s o n a n c e - l i k e s t r u c t u r e having 

wid ths of a few MeV. This s t r u c t u r e is p r e s e n t in a l l the exit channe 

At f o r w a r d ang le s the c r o s s s e c t i o n s a r e g e n e r a l l y s m o o t h monoton 

funct ions of the e n e r g y . P r e l i m i n a r y a n a l y s e s i nd i ca t e tha t the s t r u 
12 3 

t u r e m a y be due to " o p t i c a l - m o d e l " r e s o n a n c e s in the C + He sys 

3. STUDIES WITH TARGETS IN THE RANGE 16 < A < 40 

21 
a. Study of the Low-Lying T = | S ta tes m Na 

R. C. B e a r s e , J . C. Legg , G. C. M o r r i s o n , and R. E . Sege l 

In a continuing study of the g a m m a - r a y d e c a y of T = j 
20 

s t a t e s in T = -j nuc l e i , the Ne(p , y) r e a c t i o n h a s b e e n i n v e s t i g a t e d , 
z 

Because analog s t a t e s have s i m p l e r c o n f i g u r a t i o n s than do the T ^ 

s t a t e s n e a r b y , t he i r g a m m a decay can be qui te s t r o n g and c o m p a r i s o n 

wi th s i m p l e n u c l e a r m o d e l s 

92K 
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Ne 
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0 
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F i g . 15. G a n a m a - r a y b ranch ing 
r a t i o s for t he two lower T = | 
s t a t e s in ^1 Na . 

b e c o m e s t r a c t a b l e . The r e s o n ­

a n c e s o b s e r v e d a t 8 . 9 7 3 and 

9. 216 MeV c o r r e s p o n d to the 

a n a l o g s of the g round s t a t e and 

f i r s t exc i t ed s t a t e of F , r e s p e c ­

t i v e l y . A Ge(Li) d e t e c t o r w a s 

u s e d in a d e t a i l e d s tudy of t h e i r 

y - r a y d e - e x c i t a t i o n to the l ow-
? 1 

lying T = j e x c i t e d s t a t e s in N a , 

wi th the r e s u l t t ha t the two 

r e s o n a n c e s w e r e a s s i g n e d J^ = 1^ 

and J , r e s p e c t i v e l y . Since the 
. 2 1 

l ow- ly ing s t a t e s of Na a r e we l l 

d e s c r i b e d by the r o t a t i o n a l m o d e l 

the o b s e r v e d g a m m a - r a y b r a n c h i n g 

r a t i o s (F ig . 15) w e r e c o m p a r e d 
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with the predictions of the Nilsson model. The model indicates that 

only the K = ^ parts of the analog-state wave function participate in 

the gamma-ray decay, so no measurement of the K mixing in the 

analog states themselves is provided. However, the fact that the 

branching ratios are consistent with the predictions of the model does 

indicate that the K = | strength is approximately the same for each of 

the first three states of Na. This supports a previous conclusion from 
21 

a study of the lifetimes of the low-lying states of Ne. 

21 24 
b. States in Na from the Mg(p,a) Reaction 

G. C. Morrison, R. C. Bearse , R. Boudrie, W. Pickles, and 
E. Kashy* 

24 21 
The reaction Mg(p,a) Na has been studied at an 

incident proton energy of 35. 0 MeV on the variable-energy cyclotron 
21 

at Michigan State University. States have been observed m Na to 

an excitation energy of 9 MeV, and the angular distributions of the 

emitted alphas have been determined. The motivation for the experi­

ment ar i ses both from an attempt to establish the reaction mechanism 

of the (p,a) reaction in the sd shell and from our interest in the low-
2 1 lying states in Na per se (Sec. I .C3a). Of particular interest is the 

location of the low-lying negative-parity levels which may also be 
21 

compared with those recently established in the mi r ro r nucleus Ne. 

The ^^Mg(p,a)^^Na reaction is now being studied for comparison with 
21 

the present results on Na. 

"Michigan State University, East Lansing, Michigan. 

c. Structure of Odd-Odd Nuclei in the 2s - Id Shell 

R. C. Bearse , H. T. Fortune, and G. C. Morrison 

Very few (d,p) reactions leading to odd-odd nuclei in 

the 2s - Id shell have been studied at bombarding energies above 8 

MeV. At these lower energies , the analysis of the data is complicated 

57 
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Fig. 16. Comparison 
between experimental 
and theoret ical 
spectroscopic infor­
mation on ^^ F . 

by the presence of reaction mechanisms other than direct stripping. 

We have measured several of these reactions at a bombarding energy 

of 16 MeV, where the direct-react ion mechanism is expected to dom­

inate. Because of the large number of closely-spaced levels , it was 

necessary to use a magnetic spectrograph and photographic emulsions 

to obtain the data. For the ' 'F(d, p) reaction the data have been 

analyzed and distorted-wave calculations have been car r ied out. 

Figure 16 shows the comparison between the spectroscopic information 

20 obtained and the results of recent shell-model calculations on ^°F . 

Measuremi 

completed. 
Measurements on the " N a ( d , p ) and " A l ( d , p ) reactions have been 

i^~S:i&.^li!iL!Idli!ssiP2!^^ 
L. Meyer-Schutzmeister , D. S. Gemmell, R. E. Holland, F T 
Kuchnir, H. Ohnuma, and N. G. Puttaswamy 

29 
The levels of Si have been studied with angular d i s ­

tributions of the "Al(^He,p)^'^Si reaction. A few s ta tes , in part icular 
the level at 8. 310 MeV (the analog of the ^ \ l ground state), have been 
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s t rong ly exc i t ed wi th an o r b i t a l - a n g u l a r - m o m e n t u m t r a n s f e r L = 0 

leading to s t a t e s with J = | , | , and p o s s i b l y | . The y decay of 

s o m e of t h e s e l eve l s h a s b e e n s tud i ed by p - y c o i n c i d e n c e s . 
39 3 41 

In con t inua t ion of our e a r l i e r w o r k on K( H e , p y ) C a , 

the y decay of the ana log s t a t e was of s p e c i a l i n t e r e s t . F o r s d - s h e l l 

n u c l e i , it had been shown tha t w h e n e v e r an u n p a i r e d nuc leon with 

i t s m a g n e t i c m o m e n t due to sp in p a r a l l e l to tha t due to o r b i t a l m o t i o n 

(e. g. , a d , or f , nucleon) i s coupled to a c o r e with i s o s p i n T 

to f o r m an ana log s t a t e wi th T = T + j , a s t r o n g M l t r a n s i t i o n to 

the an t i ana log is expec ted ; but an ana log s t a t e c o n s i s t i n g of t he c o r e 
and an u n p a i r e d d , nuc l eon with i t s m a g n e t i c m o m e n t s a n t i p a r a l l e l 

i I ^ 
is expec ted to show only a weak t r a n s i t i o n to i t s a n t i a n a l o g . The 

39 3 41 

e a r l i e r w o r k on the K( H e , p y ) Ca r e a c t i o n has shown tha t indeed 

the g a m m a t r a n s i t i o n be tween the ana log wi th J = f and T = | at 

5. 832 MeV and i t s a n t i a n a l o g at 2. 017 MeV with T = ^ and J = | 

is weak . H e r e the ana log s t a t e c o n s i s t s of an u n p a i r e d d , hole 
coupled to a c o r e with T = 1, J = 0 to f o r m a s t a t e with T = | , J = -j . 

c c 
In the p r e s e n t e x p e r i m e n t the s tud ied ana log s t a t e at an e n e r g y of 

29 • • 

8. 31 MeV in Si h a s an u n p a i r e d d^ ,,, hole and a s t r o n g t r a n s i t i o n 

to i ts an t i ana log is expec t ed . Our e x p e r i m e n t a l r e s u l t s on the y decay 

of th is s t a t e show tha t the t r a n s i t i o n s t r e n g t h s to two | s t a t e s a r e 

the l a r g e s t . In p a r t i c u l a r , the f""" s t a t e a t 4 . 906 MeV s e e m s to be the 

bes t c and ida t e for t he an t i ana log — e s p e c i a l l y s ince a l s o the a b s o l u t e 

g a m m a s t r e n g t h i s c o m p a r a b l e to tha t of o the r s t r o n g M l t r a n s i t i o n s 
be tween ana log and an t i ana log s t a t e s . 

S i m i l a r i n v e s t i g a t i o n s for nuc le i in the f -p she l l have 

been in i t i a t ed by L. M e y e r - S c h u t z m e i s t e r and J. Smi th . 

e. Study of t he ( H e , d ) R e a c t i o n for A =: 31 

R i c h a r d A. M o r r i s o n 

3 30 31 J 32 
The ( H e , d ) r e a c t i o n on t a r g e t s of S i , P , and S 

3 34 
h a s b e e n p r o d u c e d by 15-MeV He p a r t i c l e s — a n d on S t a r g e t s by 

59 
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13-MeV He. Angu la r d i s t r i b u t i o n s w e r e m e a s u r e d at —3 i n t e r v a l s 

f r o m 7 to 4 5 ° and at —5° i n t e r v a l s f rom 45 to —90 , and a b s o l u t e 
31 , 3 0 3 

c r o s s s e c t i o n s w e r e deduced . The data on P and Si at E( He) 

= 15 MeV w e r e used to t e s t ^He opt ica l m o d e l s ; d e u t e r o n o p t i c a l m o d e l s 

w e r e t e s t e d aga ins t ava i l ab le da ta . L e v e l s w e r e a n a l y z e d to 7. 15 MeV 

exc i t a t ion in ^ V , 6. 62 MeV in ^ ^ S , 2 . 8 5 MeV in CI , and 5. 76 MeV 

in ^^Cl by u s e of the DWBA code J u l i e , and i - v a l u e a s s i g n m e n t s and 

s p e c t r o s c o p i c f a c t o r s w e r e obta ined. The s p e c t r o s c o p i c f a c t o r s a r e 

in r e a s o n a b l e a g r e e m e n t with those of p r e v i o u s ( H e , d ) r e a c t i o n s on 

Si and P t a r g e t s . On the b a s i s of the N i l s s o n m o d e l , a c o m p a r i s o n 
30 31 

of the s p e c t r o s c o p i c f a c t o r s deduced f r o m the Si(d, p) Si r e a c t i o n 
and those f rom the ' S( He , d) ' CI r e a c t i o n s s u g g e s t s t ha t t h e 

31 
ch lo r ine i so topes a r e l e s s d e f o r m e d t h a n Si. 

f. The Si(a,PY) P R e a c t i o n 

G. H a r d i e , R. E . Hol land , L. M e y e r - S c h u t z m e i s t e r , F . T . 
K u c h n i r , N. G. P u t t a s w a m y , and H. Ohnuma 

The p r o t o n - g a m m a c o i n c i d e n c e s in t h i s r e a c t i o n h a v e 

been m e a s u r e d a s a funct ion of the ang le b e t w e e n the p r o t o n d e t e c t o r 

and the g a m m a d e t e c t o r . The p r o t o n d e t e c t o r , an a n n u l a r s u r f a c e -

b a r r i e r d e t e c t o r , i s l o c a t e d at 180° to the i nc iden t b e a m . As F e r g u s o n 

and L i t h e r l a n d have poin ted out , in m a n y c a s e s th i s p a r t i c u l a r g e o ­

m e t r i c a r r a n g e m e n t s i m p l i f i e s the sp in a s s i g n m e n t of s t a t e s in t h e 

final n u c l e u s . We have been ab le to d e t e r m i n e t h e sp in a s w e l l a s t he 

g a m m a b r a n c h i n g r a t i o s of a few l e v e l s in " p . T h e s e r e s u l t s a l l o w 

not only a c o m p a r i s o n wi th c a l c u l a t e d l eve l s c h e m e s but a l s o wi th 

m e a s u r e d g a m m a - d e c a y s c h e m e s of s i m i l a r n u c l e i such a s ^ ^ P and 

P . We feel tha t m o r e m e a s u r e m e n t s on ^ ^ P a r e n e e d e d for s u c h a 

c o m p a r i s o n and we intend to con t inue the s t u d i e s on ^ ^ P bv u s i n g thp 
34 3 33 ' 5 ••"<= 

r e a c t i o n S(d, He) P . Th i s r e a c t i o n had been app l i ed e a r l i e r but 

only for the v e r y lowes t s t a t e s in " p . It s e e m s to u s tha t we shou ld 

be able to e x t r a c t s p e c t r o s c o p i c f a c t o r s and t r a n s f e r r e d i v a l u e s for 
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the higher excited states as well if we have the cyclotron available in 

connection with the magnetic spectrograph which is now being installed. 

4. STUDIES ON NUCLEI WITH 40 « A < 70 

40 
a. Lifetimes of the Fi rs t Three Excited States m K 

R. E. Segel, N. G. Puttaswamy, and N. Williams 

The attenuated-Doppler-shift technique was used to 
40 

measure the lifetime of the second and third excited states m K. 

These two states plus the ground state and first excited state have 

been described as a d , f quartet , in which case all of the mag­

netic dipole transit ions between these states a re governed by the same 

reduced matr ix element. The lifetime of the first excited state has 

been measured by Holland and Lynch [Sec. I. Eb(ii)] . For the second 
-13 excited state we find 0. 8 X 10 sec and for the third excited state 

2 X lO" sec. The lifetime for the second excited state is somewhat 

longer than that predicted theoretically but, when all the e r ro r s a re 

considered, can perhaps be brought into agreement. However, the 

lifetime of the transit ion from the third excited state to the ground state 

is at least twice as long as can be explained by the model. 

b. Multipole Decomposition of Two-Body Multiplets 

J. P. Schiffer, M. Moinester, ' and W. P. Alford 

A Legendre multipole analysis has been carr ied out 

for all known par t ic le-par t ic le , part icle-hole, or hole-hole spectra 

near closed shells . This procedure was suggested long ago by J. B. 

French, but only recently did sufficient data become available, namely 

measurements on ^°^Bi, ^ ' ° B i , '̂  Nb, Sc, Sc, and Sc. The 

61 
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AVERAGE EVEN-MULTIPOLE COEFFICIENTS 
, . , ...208 

K—KUO 
8-8-FUNCTION FORCE 
o-EXPT. F i g . 17. A c o m p a r i s o n of e v e n -

mu l t i po l e coe f f i c i en t s . The 
coe f f i c i en t s , e x t r a c t e d f r o m 
four p a r t i c l e - h o l e m u l t i p l e t s in 
B i ^ ° ' and a v e r a g e d , a r e c o m ­
p a r e d with t h o s e e x p e c t e d for a 
de l t a - func t ion f o r c e and f o r a n 
effect ive i n t e r a c t i o n u s e d in a 
s h e l l - m o d e l c a l c u l a t i o n by Kuo. 

mul t ipo le coeff icients (F ig . 17) d e r i v e d f r o m e x p e r i m e n t a l s p e c t r a 

re f lec t the r ange of the effect ive t w o - b o d y f o r c e . T h e r e s u l t s i n d i c a t e 

a s h o r t - r a n g e effective i n t e r a c t i o n ; in f ac t , a d e l t a - f u n c t i o n f o r c e 

r e p r o d u c e s the e x t r a c t e d coef f ic ien ts v e r y w e l l . ! 

i M . M o i n e s t e r , J . P . Schi f fer , and W. P . A l f o r d , P h y s R e v 179 
984 (1969). ' 

43 c. G a m m a - R a y Decay in Ca 

R. E. Sege l , N. W i l l i a m s , and N. G. P u t t a s w a m y 

A 5 0 0 - n g / c m Ca t a r g e t backed by gold w a s b o m b a r d e d 

with 3-MeV d e u t e r o n s to f o r m the s t a t e s of '^^Ca t h r o u g h the ^ '^Ca(d ,p) 

r e a c t i o n . G a m m a - r a y s p e c t r a t a k e n wi th a Ge(Li) d e t e c t o r in c o i n c i ­

dence with p ro tons feeding the s econd and t h i r d exc i t ed s t a t e s s u p p o r t 

the p r e v i o u s l y r e p o r t e d decay of t h e s e s t a t e s . H o w e v e r , in c o n t r a s t 

to the p r e v i o u s r e p o r t tha t the chief decay of the 1. 3 8 9 - M e V four th 

exc i ted s t a t e i s an 80% b r a n c h to t h e 0. 9 9 3 - M e V t h i r d exc i t ed s t a t e , 

t h i s s t a t e was found to decay m a i n l y by a 1. 015-MeV t r a n s i t i o n to the 
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f i r s t exc i t ed s t a t e . The p r e s e n t w o r k puts an u p p e r l imi t of about 20% 

on th i s 396-keV t r a n s i t i o n and r e q u i r e s an i n c r e a s e in the a c c e p t e d 
43 

log ft va lue for t he (3 b r a n c h f r o m K to the four th exc i t ed s t a t e of 

Ca. D o p p l e r - s h i f t m e a s u r e m e n t s on g a m m a r a y s o r ig ina t i ng f rom 

the f i r s t four exc i t ed s t a t e s i n d i c a t e tha t in each c a s e the l i f e t ime 

is long c o m p a r e d to the s lowing-down t i m e in c a l c i u m , wi th t he o b s e r v e d 

shift n o w h e r e m o r e than about 10% of the full shi f t . 

48 3 48 
d. Study of the Ca( H e , t ) Sc R e a c t i o n 

H. Ohnuma, J. R. E r s k i n e , J . P . Sch i f fe r , J . A. Nolen , J r . , 

and N. W i l l i a m s 

48 

F u r t h e r i n f o r m a t i o n about the e n e r g y l eve l s of Sc 

h a s been ob ta ined f rom the s p e c t r a and a n g u l a r d i s t r i b u t i o n s o b s e r v e d 

with the '*^Ca(^He, t ) Sc r e a c t i o n . The a n g u l a r - d i s t r i b u t i o n i n f o r m a t i o n , 

t o g e t h e r wi th o the r ou t s ide i n f o r m a t i o n , has enabled us to m a k e the 

spin a s s i g n m e n t s j " " = 7"^, Z^, and l"̂  for the 1095 ± 5, 1145 ± 5 , and 

2526 + 5 keV exc i t ed s t a t e s , r e s p e c t i v e l y . The ground s t a t e and the 

s t a t e s at 133 ± 2 , 253 ± 2 , and 624 ± 4 keV had p r e v i o u s l y been a s s i g n e d 

J^ = 6""" 5"*" 4"*", and 3'^, r e s p e c t i v e l y , by o the r w o r k e r s . I n t e r p r e t a t i o n 
' ' ' 50 . 48 

of t h e s e da ta i s be ing a s s i s t e d by new data f rom the T i ( d , a ) Sc 
3 

r e a c t i o n ( taken a t t he U n i v e r s i t y of M i n n e s o t a ) . The ( H e , t ) r e a c t i o n 
is a l s o be ing u s e d to s tudy o the r m e d i u m - w e i g h t n u c l e i . 

e. The T i ( d , p ) Ti R e a c t i o n 

J . L. Y n t e m a , H. Ohnuma , and H. T. F o r t u n e 

In a cont inuing s tudy of the e n e r g y v a r i a t i o n of the J 

dependence for i = l t r a n s i t i o n s , the T i ( d , p ) Ti r e a c t i o n was s tud i ed 

at e n e r g i e s be tween 12 and 17 MeV. E l a s t i c s c a t t e r i n g in the i nc iden t 

channe l was a l s o m e a s u r e d . A n a l y s i s of the data is s t i l l in p r o g r e s s . 

P r e l i m i n a r y r e s u l t s i n d i c a t e tha t the conven t iona l d i s t o r t e d - w a v e 

B o r n a p p r o x i m a t i o n can at l e a s t qua l i t a t i ve ly exp la in the f = 1 J d e p e n d e n c e 

in the 2p s h e l l . 
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i. C o r r e l a t e d S ta tes in M e d i u m - M a s s Nucle i 

H. T. F o r t u n e , G. C. M o r r i s o n , J . P . Schi f fe r , and B. Z e l d m a n 

C o u n t e r s w e r e u s e d in an a t t e m p t to o b s e r v e c o r r e l a t e 

s t a t e s in m e d i u m - m a s s nuc le i which r e s u l t f rom the t r a n s f e r of two 

and four p a r t i c l e s into d e g e n e r a t e o r b i t a l s . T h e s e s t a t e s a r e e x p e c t e d 
7 . 6 . J. 

to show enhanced c r o s s sec t ions in r e a c t i o n s such a s ( L i , t ) , ( L i , d ) , 

or p e r h a p s (^He,p) on t a r g e t s of Ca , T i , N i , or Sn. While p r e l i m i n a r y 

s tud ies have not p roduced any pos i t ive r e s u l t s , it is c l e a r tha t c o m p e t i n g 

r e a c t i o n s and con taminan t s p r e s e n t a t e c h n i c a l p r o b l e m . I m p r o v e m e n t s 

in t echn ique , as wel l as u s e of the s p l i t - p o l e s p e c t r o g r a p h , shou ld 

enable us to obtain defini t ive ev idence c o n c e r n i n g the e x i s t e n c e of 

c o r r e l a t e d s t a t e s . 

RADII IN Co {Macroscopic Model) 

g. I n t e r p r e t a t i o n of Coulomb E n e r g i e s 

J. A. Nolen, J r . , and J . P . Schiffer 

A c o m p u t e r code has been deve loped to c a l c u l a t e s i n g l e -

p a r t i c l e wave funct ions in a Woods -Saxon wel l and t h e n e v a l u a t e 

Cou lomb e n e r g i e s wi th such wave f u n c ­

t i o n s . E x c h a n g e and e l e c t r o m a g n e t i c 

s p i n - o r b i t effects a r e a l s o c a l c u l a t e d . 

E x p e r i m e n t a l v a l u e s of C o u l o m b e n e r g i e s 

for i s o b a r i c ana log s t a t e s in t he Ca and 

Ni i s o t o p e s had been m e a s u r e d in t h i s 

l a b o r a t o r y p r e v i o u s l y . T h e y h a v e b e e n 

a n a l y z e d wi th the a id of t h i s p r o g r a m , 

a s have Cou lomb e n e r g i e s in m i r r o r 

nuc le i and t h o s e for Sn and Pb i s o t o p e s . 

Th i s a n a l y s i s l e a d s to the c o n c l u s i o n 

tha t t he d i s t r i b u t i o n of n u c l e o n s c o n t r i b ­

u t ing to the i s o b a r i c ana log s t a t e h a s a 

r a d i u s v e r y s i m i l a r to that of the c o r e 

J • L 

F i g . 18. R m s n e u t r o n and 
m a t t e r r a d i i d e r i v e d 
f r o m c h a r g e r a d i i and 
Coulomb e n e r g i e s in the 
Ca i s o t o p e s . 
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MATTER RflDI 

^ 
^ ̂  " ' 

1 

Co 

1 

y ^ 

_ ^ * ^ i 

-

50 
A 

for which both proton and neutron 

orbits are occupied. This result 

cannot be explained by any simple 

single-particle potential model of 

the nucleus nor is it explained by 

published Har t ree-Fock calcula­

t ions.! Another result seems to 

be that throughout the Ca isotopes 

the neutron and proton radii 

remain approximately constant 

(Fig. 18) while in the Ni isotopes 

they increase as neutrons are added (Fig. 19). This may be the result 
40 

of the difference in polarizabilities of the Ca core by Ify/ , neutrons 

and the Ni core by 2p-lf , neutrons. ^ 
5/ ^ 

1 J. A. Nolen and J. P. Schiffer, Phys. Letters 29B, 396(1969). 

2 J. P. Schiffer, J. A. Nolen, and N. Williams, Phys. Letters 29B, 
399 (1969). 

Fig. 19. The trend in rms matter 
radii for Ca and Ni isotopes 
(heavy line) plotted along with 
an Al / ' line (light). 

5. STUDIES ON NUCLEI WITH 70 < A < 140 

a. Electric-Dipole Transition from the 2d5 /z j£235ii^,^^tiSI-SS5SSfiSS5., 
to the 2pj ;j Ground State in ^ ' Rb 
R. C. Bear se , J. V. Maher, G. C. Morrison, and A. Richter 

We are attempting an experiment to detect the e lectr ic-
86 

dipole y rays in the reaction Kr(p, y„ ) from the 2d5/2 isobaric analog 

state ( 2 T J " ' ' ^ T | i ) to the 2p^^2 ground state |f> in S'̂ Rb by use of 

a gas chamber and a Ge(Li) detector. The purpose of the experiment 

is to extract the matr ix element of the El gamma transit ion, namely 

-1/2, 
| ( f | m T_(2TJ i>l-
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This m a t r i x e l e m e n t i s r e l a t e d to the m a t r i x e l e m e n t |< f jm | i / | ° 

the ana logous f i r s t - f o r b i d d e n p t r a n s i t i o n . In a p r e l i m i n a r y e x p e r i m , 

on- and o f f - r e sonance y r a y s have been o b s e r v e d . It i s obvious 

t h e r e is a s e v e r e o n - r e s o n a n c e y - r a y background which a r i s e s b e c a u s e 

n e u t r o n s p roduced in the r e s o n a n t (p, n) r e a c t i o n i n t e r a c t in the Ge(Li) 

d e t e c t o r . 

103 105 102, 104„ , , . 

b . Low-Lying Sta tes of Ru and Ru f rom the Ru(d , p) 

Reac t ion 

H. T, F o r t u n e , J, A. Nolen, J r . , P . K i e n l e , and G. C. M o r r i s o n 

The ' Ru(d ,p ) r e a c t i o n s on i s o t o p i c a l l y e n r i c h e d 

t a r g e t s w e r e s tudied at a b o m b a r d i n g e n e r g y of 14 MeV. A n g u l a r 

TABLE II. E n e r g i e s and s p e c t r o s c o p i c f a c t o r s for s t a t e s 
obse rved in l » ^ Ru(d, p) ' ° ' Ru and ' " •* Ru(d, p) ' » = Ru. 

102 

E 
X 

0.000 

0. 170 

0 .213 

0.237 

0.306 

0 .401 

0 ,429 

r o . 5 4 1 

[ 0 , 5 5 1 

0 ,589 

0 ,658 

0 ,735 

0.906 

1, 005 

1, 105 

1.245 

1. 320 

Ru(d,p) 

/ 

2 

0 

[(0) 
1(4) 

4 

? 

2 

0 

2 

0 

2 

2 

0 

2 

2 

0 

2 

[(2) 
1(4) 

Ru 

(2J^+ 1)S 

1.40 

0 .85 

(0,04) 

(2.4) 

4 , 4 

0, 85 

0. 055 

0. 15 

0. 08 

0 .33 

0. 24 

0. 064 

0.67 

0. 091 

0 .076 

0 ,26 

(0.05) . 

(1 . 1) 

104 

E 
X 

0, 000 

0. 094 

0. 140 

0. 186 

0 .208 

0 .302 

0 .423 

0 ,445 

0 .558 

0, 607 

0 ,738 

0 .786 

0. 804 

0 ,855 

0. 869 

0. 893 

0. 973 

Ru(d ,p) 

I 

2 

(2) 

0 

4 

[(0) 
1(4) 
[(0) 

1.2, 
2 

2 

2 

0 

2 

0 

2 

0 

2 

(2) 

2 

105 
Ru 

( 2 J j + 1)S 

1,34 

(0 .05) 

0, 79 

5 , 0 

(0 ,02) 

(1 .7) 

(0 .02) 

(0 ,05) 

0 ,28 

1. 09 

0. 19 

0. 088 

0, 19 

0. 20 

0 ,46 

0. 14 

0, 11 

(0 .11) 

0. 15 
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d i s t r i b u t i o n s w e r e ob ta ined for the l e v e l s be low E = 1 . 0 MeV (12 

l eve l s in Ru and 17 l eve l s in Ru) . The a n g u l a r d i s t r i b u t i o n s 

w e r e fi t ted wi th DWBA c a l c u l a t i o n s in o r d e r to obta in i v a l u e s and 

s p e c t r o s c o p i c f a c t o r s . The g r o u n d - s t a t e t r a n s i t i o n s in both n u c l i d e s 

have i = 2. Both Ru and Ru have low- ly ing \ s t a t e s (E = 0. 17 0 
103 105 

MeV in Ru and 0. 140 in Ru) . 

The t a r g e t t h i c k n e s s e s w e r e ob ta ined by m e a s u r i n g 

the e l a s t i c s c a t t e r i n g a t e x t r e m e f o r w a r d a n g l e s at low e n e r g i e s and 

c o m p a r i n g with R u t h e r f o r d s c a t t e r i n g . The a b s o l u t e s p e c t r o s c o p i c 

f a c t o r s ob ta ined for s t a t e s in both Ru and Ru a r e shown in Tab le I I . 

The e m p t i n e s s of t he g . , / , s he l l a g r e e s with o the r m e a s u r e m e n t s in 
11 ^ 

the r eg ion A == 110. 

. 1 0 5 „ j 
c . C o u l o m b - E x c i t a t i o n Studies of the L o w - L y i n g Exc i t ed S ta tes of Pd 

H. H. Bolot in and D. A. M c C l u r e 

C o u l o m b - e x c i t a t i o n s tud i e s of t he o d d - m a s s nuc l ide 

Pd w e r e u n d e r t a k e n to t e s t s u g g e s t i v e ev idence that co l l ec t ive effects 

m a y be p r e s e n t in n u c l i d e s in th i s m a s s r eg ion . A d e t e r m i n a t i o n of t h e 

r e d u c e d E2 exc i t a t i on p r o b a b i l i t i e s to the low- ly ing exc i ted s t a t e s of 

' ° ^ P d i s c l e a r l y s igni f icant for an u n d e r s t a n d i n g of any co l l e c t i ve 

behav io r a s s o c i a t e d wi th t h e s e s t a t e s . In th i s s tudy , a th ick t a r g e t 

e n r i c h e d in ^ ° ^ P d was b o m b a r d e d wi th a lpha p a r t i c l e s f rom the A r g o n n e 

t a n d e m Van de Graaff a t s e v e n e n e r g i e s f r o m 4 . 4 to 8. 0 MeV. A 

l a r g e - v o l u m e , h i g h - r e s o l u t i o n Ge(Li) d e t e c t o r was employed in c o n ­

junc t ion wi th a 4 0 9 6 - c h a n n e l p u l s e - h e i g h t a n a l y z e r to v iew the d e - e x c i t a ­

t ion y - r a y t r a n s i t i o n s . A to ta l of t en exc i ted s t a t e s up to an e n e r g y 

of ~ 8 0 0 keV w e r e o b s e r v e d to be popula ted in th i s r e a c t i o n ; only two 

of t h e s e s t a t e s had been r e p o r t e d in e a r l i e r C o u l o m b - e x c i t a t i o n s t u d i e s 

with a Nal (Tl ) d e t e c t o r . The exc i t a t i on of each of t he t e n e x c i t e d 

s t a t e s has been found to be c o n s i s t e n t wi th exc i t a t i on of the E2 t y p e . 

The t h i c k - t a r g e t y i e ld s of 13 d e - e x c i t a t i o n t r a n s i t i o n s a r e p r e s e n t e d 
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6.0 8.0 10.0 
E„ (MeV) 

F i g . 20. Re l a t i ve y - r a y 
t h i c k - t a r g e t y i e ld s 
obta ined in th i s s tudy . 
The poin ts r e p r e s e n t the 
data and the l ines r e p ­
r e s e n t the n o r m a l i z e d 
t h e o r e t i c a l t h i c k - t a r g e t 
y i e lds for E2 exc i t a t ion 
of each s t a t e . The 
y ie lds of al l o b s e r v e d 
d e - e x c i t a t i o n y r a y s a r e 
cons i s t en t with E2 
Coulomb exc i t a t ion . 

in F i g . 20. The va lue of B(E2f) has b e e n 

d e t e r m i n e d for e a c h s t a t e . Only two of 

t h e s e ten s t a t e s show B(E2f ) va lues t h a t 

a r e s igni f icant ly enhanced over s i n g l e -

p a r t i c l e e s t i m a t e s and thus qualify a s 

p o s s i b l e c and ida t e s for c o l l e c t i v e s t a t e s . 

A leve l s c h e m e s u m m a r i z i n g the p r e s e n t 

f indings on Pd is shown in F i g . 2 1 . 

T h e s e r e s u l t s w e r e c o m p a r e d wi th the 

c o r e - e x c i t a t i o n m o d e l of L a w s o n and 

Ure t sky i in an a t t e m p t to u n d e r s t a n d 

t h e s e enhanced t r a n s i t i o n s a s c o l l e c t i v e 
104 

e x c i t a t i o n s of t he Pd c o r e . Al though 

the B ( E 2 ) v a l u e s ob ta ined for t h e s e 

two l eve l s a r e c o n s i s t e n t wi th c o r e -

exc i t a t i on e x p e c t a t i o n s , o t h e r p r e d i c t i o n s 

of th i s m o d e l a r e not b o r n e out e x p e r i ­

m e n t a l l y . Thus t he o b s e r v e d c h a r a c t e r ­

i s t i c s of the l ow- ly ing exc i t ed s t a t e s of 

105 

Pd a p p e a r to be m o r e c o m p l e x than 

m i g h t have been a n t i c i p a t e d . A s t r o n g 

s i m i l a r i t y w a s found b e t w e e n the p r e s e n t 
, . r 105 

r e s u l t s for Pd and the w o r k of o t h e r s ^ 
in s i m i l a r s t u d i e s of the o d d - m a s s 

r u t h e n i u m i s o t o p e s . 

1 R. D. L a w s o n and J . L . U r e t s k y , 
P h y s . Rev . 108, 1300 (1957); A. 
d e - S h a l i t , P h y s . R e v . 122, 1530 (1961). 

^ O. C. K i s t n e r and A. S c h w a r z s c h i l d 
P h y s . Rev . 154, 1182 (1967). 
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keV 

58 4 2 

5/2 
1 1 1 1 I 1 Ki" 

105 
Pd 

46 59 

Fig . 2 1 . Leve l s c h e m e of I " 5pd up to an exc i t a t ion e n e r g y of 782 keV. 
Only the t r a n s i t i o n s o b s e r v e d in th i s s tudy a r e inc luded . H o w e v e r , 
the i J - ' s t a t e a t 489 . 2 keV, o b s e r v e d in the p - d e c a y s tud ies but not 
in Coulomb e x c i t a t i o n , i s inc luded so that a l l of the known exc i ted 
s t a t e s be low 782 keV a r e d i s p l a y e d . The spins ind ica ted on the left 
a r e t h o s e r e p o r t e d by o the r w o r k e r s s tudying the |3 decay of ' ° ^ A g . 
Doubtful sp in a s s i g n m e n t s a r e enc losed in p a r e n t h e s e s . The pos i t i ve 
p a r i t i e s of s t a t e s so m a r k e d a r e con f i rmed by t h e i r E2 C o u l o m b -
exc i t a t ion c h a r a c t e r . The b r a n c h i n g r a t i o s for the decay of each 
level a r e i nd i ca t ed above the a p p r o p r i a t e t r a n s i t i o n and the e n e r g i e s 
(in keV) of the y r a y s a p p e a r wi th in the a r r o w r e p r e s e n t i n g the 
t r a n s i t i o n . The p o t - b e l l i e d a r r o w s r e p r e s e n t o b s e r v e d E2 exc i t a t ion , 
and the B ( E 2 t ) v a l u e s (in uni t s of 10-51 e ^ c m ^ appea r in the bu lges 
of the a r r o w s . 

d. Studies of the B a r i u m I so topes 

G. C. M o r r i s o n , D. von E h r e n s t e i n , N. W i l l i a m s , and J . A. 

No len , J r . 

(i) The (d ,p ) R e a c t i o n 

In the (d ,p) s t ud i e s on the b a r i u m i s o t o p e s , p a r t i c u l a r 

e m p h a s i s h a s been p laced on the t h e o r e t i c a l f i t t ing of the m e a s u r e d 
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F i g . 22 . A n g u l a r d i s t r i b u t i o n s 
for the i n d i c a t e d l e v e l s . 
The c u r v e s , e a c h n o r m a l i z e d 
to the m a x i m u m of the 
e x p e r i m e n t a l d i s t r i b u t i o n 
(points)J a r e DWBA f i t s . 
F o r the z e r o - r a n g e l o c a l -
po ten t i a l a p p r o x i m a t i o n , 
the so l id and d a s h e d c u r v e s 
w e r e ob ta ined r e s p e c t i v e l y 
wi thout and wi th s h a r p r a d i a l 
cutoff. The do t t ed l i ne i s the 
fit r e s u l t i n g f r o m f i n i t e -
r a n g e n o n l o c a l - p o t e n t i a l 
c o r r e c t i o n s ( F R N L ) , 

Bo(d .p ) . E - laOMeV 
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F i g . 23 . Abso lu te s p e c t r o s c o p i c f a c t o r s S for s t a t e s popu la t ed in (d ,p ) 
r e a c t i o n s on the e v e n - m a s s b a r i u m t a r g e t i s o t o p e s . T h e s e s p e c ­
t r o s c o p i c f a c t o r s have been c a l c u l a t e d wi th s h a r p r a d i a l cutoff ( the 
s a m e for a l l a va lues ) a t about t h e n u c l e a r s u r f a c e ; and wi th a r a d i u s 
Tn = 1.20 F and a d i f fuseness a^ = 0 . 7 0 F of the b o u n d - s t a t e (neu t ron) 
po ten t ia l we l l . 
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angular distributions and on the extraction of absolute spectroscopic 

factors. The DWBA calculations which were previously performed 

with zero-range and local potentials have been supplemented by calcu­

lations using finite-range approximations and nonlocal potentials. 

It is found that the shapes of the measured angular distributions cannot 

be fitted by these later calculations, but only by zero- range , local-

potential DWBA calculations that include a radial cutoff—as seen in 

Fig. 22. 

To extract reliable absolute spectroscopic factors , the 

absolute cross section has been carefully redetermined. This confirmed 

our earl ier results although the values obtained are significantly different 

from those in the l i tera ture . To establish a confidence limit on the 

spectroscopic factors , additional calculations [discussed in Sec. I. C5d(ii)] 

have been performed to find their dependence on the rms radius of the 

bound-state (neutron) potential well. Slight variations of this rms 

radius produced sizeable changes in the spectroscopic factors; this 

effect often has not been recognized in the l i terature . Calculations 

were also made to determine how the spectroscopic factors are affected 

when the deuteron and proton wave functions a re described by other 

sets of pa ramete r s . The overall resul ts for the even-A target isotopes 

are displayed in Fig. 23. 

(ii) Comparison of Spectroscopic Factors from (p,Po) and (d,p) 
Reactions 

In the studies of proton elastic scattering on the five 

stable even-even barium isotopes (masses 130 — 138), strong s- , p - , 

d-, and f-wave analog resonances have been observed. These can 

be related to the ^i^i-^, ^P^/z' ^Pl /2 '^^"t ' ' °" single-particle levels 

above and the 3s , 2d , levels below the N=82 closed shell which 

are observed in the (d,p) reactions on the same ta rge ts . Spectroscopic 

factors from the two reactions have been compared by using the same 
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Fig. 24. Absolute 
spectroscopic factors 
from the Ba(p,P(,) 
and the Ba(d,p) 
reactions on the 
indicated t a rge t s . 
These w^ere calcula­
ted for identical , 
fixed radii of the 
bound-state neutron 
potential well and 
the isospin-dependent 
nuclear well (rj^ 
= r . = 1.20 F) . 

DIFFUSENESS (F) 

set of smoothly-varying optical-model parameters in the analysis of 

both processes. Their dependence on the mean-square radius of the 

optical potential is found to be slightly different for the (p,p) and (d, p) 

analyses. In principle then, the intersection of the (p,p) and (d,p) 

curves could provide a unique spectroscopic factor for each level and, 

in addition, values of the mean-square radius for each target . In 

the present analysis, however, no consistent crossover was found as 

is seen in Fig. 24. [Actually, the differences between the ( p , p j and 

the (d,p) curves become insignificant when the spread due to exper i ­

mental e r rors and procedural uncertainties is taken into account. ] 

The dependence of the proton-scattering analysis on the symmetry 

potential is being further examined. 
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6. STUDIES ON NUCLEI WITH 140 < A 

a. He-Induced Reactions in Rare Earth Nuclei 

A. M. Friedman and B. Zeldman 

Prel iminary runs at the cyclotron indicated the need 

for better resolution than is now available for ( He,d) reactions. 
3 

Subsequently, He-induced reactions on a number of ra re earth nuclei 

were briefly investigated at the tandem. These data showed that the 

( He,d) reaction will require long runs on many targets to provide 

an understanding of proton levels as complete as that already obtained 

for neutron levels. This survey also indicated, however, that the 

( He, a) reaction complements existing neutron-transfer data by 

preferentially exciting high I values (i = 4 or 5), in contrast to the 

(d,t) reaction which accentuates low I values. A series of relatively 

short runs at several angles provided data on the location and strength 

of high-spin states in r a r e earth nuclei. Of particular interest was 

the location of the [505 f ] state which had previously escaped detection 

in several nuclei. This work will be expanded so as to provide a 

clearer picture of the low-lying proton and neutron states in r a r e 

earth nuclei. Those studies will be facilitated by the use of the split-
3 

pole spectrograph which will allow the use of higher energy He ions 

and a broader range of acceptable momenta. 

73 

Chemistry Division. 

^ 185„ ^ 187^ 
b. Coulomb Excitation of Re and Re 

H. H. Bolotin and D. A. McClure 

Coulomb-excitation studies of the odd-mass rotational 

nuclides '^^Re and Re have been conducted at the tandem Van de 

Graaff in order to obtain a more detailed description of the low-lying 

excited states of these nuclei. The data are being analyzed to determine 

B(E2f) for the states observed in this reaction. 
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£^^^^Gros^^S t ruc tu reObse iw^ 

J. P . Schiffer , P . K ien le , and G. C. M o r r i s o n 

The e l a s t i c and i n e l a s t i c s c a t t e r i n g of p r o t o n s w a s 

s tudied with t a r g e t s of ' ' ^ ' ' A U , '"^^Pt, and W. E x c i t a t i o n func t ions 

w e r e obtained f rom 12. 0 to 18. 0 MeV. The s t r u c t u r e o b s e r v e d in 

the e l a s t i c exci ta t ion functions (Fig . 25) is r a t h e r s i m i l a r to t h a t s e e n 
2.0R 

in s c a t t e r i n g f rom P b , p a r t i c u l a r l y in the v ic in i ty of the 2g .^ 

s i n g l e - p a r t i c l e analog r e s o n a n c e . H o w e v e r , the fact that t h e s e effects 

a r e w e a k e r ind ica tes that the 2g , conf igura t ion m i g h t be s p r e a d out 
7 / ^ 

among a number of s t a t e s . F o r i n e l a s t i c s c a t t e r i n g (F ig . 26) , t he 

exci ta t ion function to the 2 s t a t e of P t b e a r s s o m e r e s e m b l a n c e 
208 

to the ine l a s t i c s c a t t e r i n g f rom Pb at c o r r e s p o n d i n g e n e r g i e s ; 

ine las t i c s ca t t e r i ng to a s ta te at ~ 2 , 6 MeV r e s e m b l e s the i n e l a s t i c 

ELASTIC PROTON SCATTERING 170* 

1 1 ' 1 f II ^ 
11/2 5/2 1/2 "3 /2 

W E„-l.4 MeV 

PI E„-0.4 MeV 

Au E o - 0 ,4 MeV 

F i g . 25 . E x c i t a t i o n 
funct ions for the 
e l a s t i c s c a t t e r i n g 
of p r o t o n s f r o m 
20 6pb^ 19 7AU, 
I ' ^ P t , and 1 ̂ •^W. 
The l i n e s r e p r e s e n t 
s m o o t h c u r v e s 
d r a w n t h r o u g h the 
da ta p o i n t s . T h e 
e n e r g y s c a l e s for 
the c u r v e s had 
been shif ted by the 
a m o u n t s i n d i c a t e d 
in the f igu re to 
m a t c h 20 8p{^ ^j^^^^ 

at what i s b e l i e v e d 

§ 9 / 2 to be the 
r e s o n a n c e . The 
s ing le n e u t r o n 
s t a t e s in 2° 9 P b a r e 
i nd i ca t ed by a r r o w s 
at the top of t he 
f i g u r e . 
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INELASTIC PROTON SCATTERING TO FIRST 2 STATE 170 

Fig. 26. Excitation 
functions for the 
inelastic scattering 
of protons to the 
first excited 2+ 
states of zo^Pb, 
I ' ^ P t , and 1 8" w. 
The lines represent 
smooth curves 
drawn through the 
data points. The 
energy scales are 
adjusted exactly as 
in Fig. 25. 

' I 1 
V : 'II 

' 1 I 
2 \ll ' 

II ' 

W I p . p ) Ep-1.4 MeV 

Ip .p ' l E . - 0 - 4 MeV 

scattering to the 3" state in Pb; and the observation that some higher 

states seem to resonate at the "Zg^i^' energy indicates a simple 

particle-hole s t ructure . Some similar effects were also seen in the 
+ ,184 

excitation function for inelastic scattering to the 2 state of W. 

d ^ t u £ y o f A c t m i d e ^ N i ^ ^ 

T. H. Braid, J. R. Erskine, and A. M. Friedman' 

Our investigations of odd-A deformed nuclei in the 

actinide region has continued this past year with major emphasis on 

analysis and interpretation of the many spectra previously acquired. 

Our studies will be greatly aided by the new split-pole spectrograph 

(Sec. I. Clc) . Its larger solid angle and better resolution will make 

it possible to obtain, for example, angular distributions of individual 

vibrational energy levels. Little is known experimentally about the 

wave functions of these levels. Our new instrument together with the 

experience we have gained in studying the deformed single-particle 

Chemistry Division. 
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levels should enable us to make further progress in understanding 

various complicated phenomena in deformed nuclei. 

7. STUDIES WITH BEAMS OF HEAVY IONS 

a. Elastic Scattering of Heavy Ions 

Recently there has been considerable theoretical in teres t 
in the shape and magnitude of the heavy-ion—nucleus potential. The 
derivation of such a potential from scattering data is complicated by 
the ambiguities associated with the optical-model analysis of complex 
part icles. A program has therefore been started to study the elast ic 
scattering of heavy ions from various targets in an attempt to obtain 
a consistent heavy-ion—nucleus potential for a large set of data. By 
requiring a smooth mass and energy dependence, it is hoped that the 
ambiguities can be greatly reduced. Previous experience with exci­
tation functions has shown that these are less subject to ambiguities 
in the potentials than are angular distributions. Also, in the presence 
of compound elastic scattering, fits to the gross s t ructure in excitation 
functions were found to be better suited for deriving average potentials 
than were fits to individual angular distributions. 

,., 18 16 
(i) O + O Elastic Scattering 

R. H. Siemssen, H. T. Fortune, A. Richter , and J. W. 
Tipple'" 

In view of the striking gross s t ructure found in the 
16 16 18 16 

O + O excitation functions, a study of the O + O system is 

of considerable interest . Excitation functions measured at five angles 

from 70 to 100 in the center -of -mass system (Fig. 27) exhibit a 

marked and very regular diffraction pattern s imi lar to that observed 
• .T, 16^ 16 
in tne O + O scattering, although the peak-to-valley rat ios a re 
not as pronounced as in the lat ter . More significantly, the s t ruc ture 
• t i , ^^r> 1 8 

m the 0 + O excitation function is reproduced with optical-model 

parameters almost identical to those derived from the O + O 

scattering. 
Applied Mathematics Division. 
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Fig . 27 . l ^ o + I ' O 
exc i t a t ion funct ions 
at c . m . ang l e s 7 0 , 
80 , 84 , 90 , and 100° . 
The so l id c u r v e 
is the r e s u l t of an 
o p t i c a l - m o d e l c a l c u ­
la t ion with p a r a ­
m e t e r s a l m o s t i d e n ­
t i ca l to t h o s e found 
for the 1 ^ O + ! ' O 
s c a t t e r i n g . 

49 29 33 

'*0 ENERGY IC.M.l 

16 24 26 28^, , 30 
(ii) O E l a s t i c S c a t t e r i n g f rom Mg, Mg, 5 i , and bi 

R, H. S i e m s s e n , H. T . F o r t u n e , A. R i c h t e r , and J. Yntema 

F ig . 28. Angu la r 
d i s t r i b u t i o n s f r o m 
the e l a s t i c s c a t t e r ­
ing of I ' O off ^•'Mg 
and ^ ' M g . 

', .= 0.01 

-3"'.° 

v«, / 

V 
A<f 60* 60* lOO' 

—I—'—n 
26 16 

Mg + 0 

-"X \ 

n;'̂  

(f eo* to' 60* eO* 100* 
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Angular distributions at 40, 45, and 50 MeV and exci ­

tation functions (Fig. 28) at several angles were measured in the 

energy range from - 3 5 to 52 MeV. Mg and Si were chosen as targets 

since these are about the heaviest nuclei for which the maximum FN 

tandem energies are sufficiently above the Coulomb ba r r i e r that one 

still can hope to find diffraction-like structure in the excitation functions. 

Regular and diffraction-like structure is indeed observed at the most 

backward angles. An optical-mode 1 analysis of these data is in 

progress . 

(iii) Li + Li Elastic Scattering 

G. C. Morrison, H. T. Fortune, and R. H. Siemssen 

4 
After He + a, the lightest identical-part icle system 

6 6 

accessible to scattering studies is Li + Li. Elas t ic-sca t ter ing 

excitation functions were measured at four angles at c m . energies 

from 5 to 17 MeV, and angular distributions were obtained at 6, 10, 

and 14 MeV. The excitation functions (Fig. 29) a re relatively smooth, 

with a broad (~4 MeV wide) gross-s t ruc ture peak centered at 13 MeV 
in the 90 data. 

— 
-
' 
_ 
: 

-

= 
'. 
-

J 1 1 1 1 1 1 

>.-̂  

\ 
*"._ V....' 

\ 
\ 

". 
', '̂ 

1 1 1 . 1 1 1 

1 1 t 

eo' 

*'"*•., 

90* 

, , 1 

1 

---
*''. 

-

-
E 

; 
"•<-

Fig. 29. Excitation 
functions from the 
' Li + 6 Li elastic 
scattering in the 
energy range from 
4 to 16 MeV. 
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b. Li-Induced Reactions on Light Nuclei 

J. R. Comfort, H. T. Fortune, G. C. Morrison, and B. Zeldman 
/ n 

Energetic Li and Li beams from the tandem have 
^ 10 11 

been used to study the s tructure of light nuclei. Targets of B, B, 
1 2 and C were bombarded by 30-MeV Li ions and the emergent a, d, 

and t were detected simultaneously in counter telescopes. These 

studies are intended to investigate the correlated structure (clusters) 

of states in light nuclei and compare these results with data involving 

single-nucleon t ransfers . Excitations up to 25 MeV were observed 

in some nuclei, including a broad group at about 20. 5 MeV excitation 

in O. This state can be seen in the spectra reproduced in Fig. 30. 

This study is continuing with counters and will utilize the split-pole 

spectrograph when it becomes operational. 

C-12 IL1-7.T1 0-16 31.5 KEV 
C-12 ILI-6.01 0-16 29.0 HEV 

Fig 30. Spectra for ( 'L i , t ) and (6 Li,d) reactions on 12 0. Angl 
and vertical scales a re indicated. Ground-state Q values are ' 
and 5. 69 MeV, respectively. 

es 
4. 69 
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16 
O-Induced Transfer Reactions 

The ( '^O, ^^C) reaction has been utilized to study a 

transfer to nuclei in the calcium region. The reaction tends to populate 

several low-lying states with comparable cross sections. Typical 

cross sections are ~100 |j:b/sr in the region near 6^ ^ = 25 . The 

angular distributions are relatively smooth for an ^°0 energy of 50 
40 16 12 44 44 

MeV. From the Ca( O, C) Ti reaction, five states m Ti 

(previously unreported) were observed below an excitation energy of 

5 MeV. Future plans include extending these studies to a wider range 

of nuclei. 

Chemistry Division. 
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D. RESEARCH AT THE 60-in. CYCLOTRON 

The 60-in. cyclotron is one of the low-energy accelerators 
operated by the Chemistry Division. The beam energies a re fixed at 
46.5 MeV for a par t ic les , 36 MeV for ' H e , 23 MeV for deuterons, 
and 11.5 MeV for protons. These values are the maximum possible 
with the existing components. Two experimental a r e a s , Tunnels I 
and II, are available for use. The beam-handling facilities allow 
use of three stations in Tunnel I for experiments with the unanalyzed 
beam and of two beam lines in Tunnel II for analyzed-beam experiments. 
In addition, the split-pole magnetic spectrograph is located in Tunnel I 
where the continuation of an unanalyzed beam line intersects a new 
analyzed beam line which passes through Tunnel II. An 18-in. sca t te r ­
ing chamber and a 60-in. scattering chamber, located in Tunnel II, 
are used for counter experiments. 

The beam-analyzing magnet system provides a resolution 
width «0 . 1%. To utilize the analyzed beam to the maximum extent, 
a split-pole magnetic spectrograph of the Enge type is being installed 
at the cyclotron. This design, with its broad momentum range and 
large solid angle together with excellent resolving power, provides 
a facility which is extremely flexible and efficient and which supplies 
data of substantially improved accuracy. 

In a continuing effort to improve the efficiency and 
accuracy of data acquisition at the cyclotron, equipment has been 
designed so that several experiments may be performed simultaneously. 
In this way, for example, the relative crdss sections for several 
reactions a re measured more precisely, and systematic e r ro r s are 
substantially reduced. In many of the experiments described in this 
section, this feature is of crit ical importance in evaluating the sig­
nificance of the data. 

The cyclotron is in operation approximately 80 hours 
per week. On the average, the Physics Division uses 25 — 30% of 
this t ime. 
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1. REACTION MECHANISMS AND STRUCTURE OF LIGHT NUCLEI 

3 12^ 
He-Induced Reactions on C 
H. T. Fortune and B. Zeldman 

3 
(i) Elastic and Inelastic He Scattering 

_, 3 
In this study, the angular distribution of scat tered He 

particles was measured at an incident energy of 35. 6 MeV over the 

c m . angular range 8 — 170°. These detailed measurements a re at 

a higher energy than in previous studies. Striking features of these 

results are the very deep minimum in the elastic cross section at 

about 130 c m . and the strong excitation of the 0 state at 7.6 MeV. 

The optical-model parameters obtained provide a reasonable fit to 

both elastic and inelastic scattering. To clarify some questions, 
3 3 the ( He, He'y) reaction is to be investigated. 

(ii) ^^C(^He,a)^^C 

The angular distributions of the C( He,a) C reaction 

were studied at E( He) = 35.6 MeV. Since data were obtained in 1° 

steps over much of the range, a detailed theoretical fit to the data 

was attempted. While a satisfactory fit was obtained over the limited 

range up to about 70 , it was not possible to fit the entire angular 

distribution. 

(iii) Assignment of J^ = | " for the 8. 1-MeV State in ^ ^C 

with J. R. Comfort and J. V. Maher 

To determine the spin of the 8. 10-MeV state in C, 

we have measured the angular distributions for single-nucleon pickup 

and stripping reactions leading to it (Fig. 31). Previous single-nucleon-

transfer reactions to this state have not yielded unambiguous i -value 
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F ig . 3 1 . Angu la r d i s ­
t r i b u t i o n s of s e l e c t e d 
s t a t e s exc i t ed in the 
i 2 C ( ' H e , a ) ! l C 
r e a c t i o n at E ( ' H e ) 
= 3 5 . 6 MeV (top) and 
in the i " B ( 5 H e , d ) i i C 
r e a c t i o n a t E ( ' H e ) 
= 2 1 . 0 MeV (bo t tom) . 

E , = 0 0 0 

E^=8,42 
• " 5 -

C('He,a) C 

E , = 8 . l l 

; : + • 

"B( ' 'He,d)"C 

E«=842 
Tr_ 5 " 

J--1 

•••. 
• • • . . 

« • . • , 

E , = 2.00 

i = 3 

25° 50° 75° 25 50 75 25° 50° 75° 100° 

a s s i g n m e n t s , m a i n l y b e c a u s e of the low b o m b a r d i n g e n e r g i e s . In the 

p r e s e n t w o r k , the He b e a m e n e r g i e s w e r e 21 and 36 MeV for the 

^B(^He,d) and ^^C('^He, a ) ' ' c r e a c t i o n s , r e s p e c t i v e l y . The a s s i g n -10 ,3 
~ ' i e , d ) ana 

men t i = 1 in the (^He,Q) a n g u l a r d i s t r i b u t i o n to the 8. 10-MeV leve l 

y ie lds j ' ' = f or | " . The ' °B( ' ^He ,d ) angu la r d i s t r i b u t i o n is domina ted 

by i = 1. This l e a d s to the unambiguous a s s i g n m e n t J = -j s ince a 
i " s t a t e could not be r e a c h e d f rom B(J = 3 ) via i = 1. 

12 3 13 
(iv) C( H e , d ) N 

3 
T h i s r e a c t i o n was s tudied at E( He) = 35 .6 MeV in an 

13 
a t t emp t to fit the a n g u l a r d i s t r i b u t i o n of the exc i ted s t a t e s m N. 

T h e s e s t a t e s a r e unbound and the u sua l f o r m a l i s m is not a p p l i c a b l e 

to such s t a t e s . The high e n e r g y of both e m e r g e n t and inc ident b e a m 

a l lows the u s e of a p p r o x i m a t i o n s not va l id a t lower e n e r g i e s . It i s 

hoped tha t a c o n s i s t e n t t echn ique for the e x t r a c t i o n of s p e c t r o s c o p i c 

f a c t o r s for unbound s t a t e s m a y r e s u l t . 
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, > 12 ,3 12 
(v) C( H e , t ) N 

The angu la r d i s t r i b u t i o n s for t he t h r e e lowes t s t a t e s 

of ' ^ N w e r e m e a s u r e d at E(^He) = 35. 6 MeV. The da ta w e r e ob t a ined 
3 12 

s i m u l t a n e o u s l y with those for He s c a t t e r i n g on C and for the 

' ^ C ( ^ H e , Q ) ' ' c r e a c t i o n . Of p a r t i c u l a r i n t e r e s t i s the fact t ha t t h e 

' ^ C ( ^ H e , t ) ' ^ N r e a c t i o n s a r e d i r e c t l y r e l a t e d to t he i n e l a s t i c s c a t t e r i n g 
1 z 

leading to the T=l s t a t e s in C which a r e m e m b e r s of the s a m e 
i s o b a r i c mu l t i p l e t . The c r o s s s ec t i ons and a n g u l a r d i s t r i b u t i o n s for 

the two r e a c t i o n s a r e now being c o m p a r e d wi th t h e o r e t i c a l p r e d i c t i o n s . 

4 
b. He- Induced Reac t ions in Light Nucle i 

(i) (a , t ) Reac t ions on Ip -She l l Nucle i 

D. Dehnha rd , H. T. F o r t u n e , R. H. S i e m s s e n , and B . 
Z e l d m a n 

The (a , t ) r e a c t i o n on t a r g e t s of L i , L i , B , B , 
12 , 13 

C, and C have been s tudied at an inc iden t a lpha e n e r g y of 46 M e V . 

Angular d i s t r i bu t i ons have been obta ined ove r the a p p r o x i m a t e a n g u l a r 

r ange 6^ = 9—75 for the t r a n s i t i o n s to t he g round s t a t e and to 
•7 

exci ted s t a t e s at 0. 431 and 4 . 53 MeV in Be ; to s t a t e s up to 8 . 1 0 11 . 12 MeV in C; to s t a t e s a t 4 . 4 3 3 , 7. 66 , 9. 6 3 , and 1 2 . 7 0 MeV in C; 

to the doublet at 3. 55 MeV in N; and to s t a t e s up to 6 M e V in ^^N. 

The data a r e c o n s i s t e n t wi th the a s s u m p t i o n of a d i r e c t i n t e r a c t i o n in 

which a pro ton is t r a n s f e r r e d f r o m the i nc iden t a lpha p a r t i c l e . T h e s e 

r e s u l t s a r e being c o m p a r e d with o t h e r p r o t o n - t r a n s f e r r e a c t i o n s — 
3 

e. g. , ( He ,d ) and ( d , n ) — a s wel l a s wi th ( a , t ) da ta a t two o t h e r e n e r g i e s . 

To da t e , DWBA ca l cu l a t i ons have r e p r o d u c e d the e x p e r i m e n t a l a n g u l a r 

d i s t r ibu t ions over only a l i m i t e d a n g u l a r r a n g e . 

Univers i ty of M i n n e s o t a , M i n n e a p o l i s , M i n n e s o t a . 
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(ii) (a,d) Reactions on Light Nuclei 

H. T. Fortune, R. H. Siemssen, and B. Zeldman 

The (a,d) reaction on several Ip-shell nuclei has been 

investigated with 46-MeV alpha par t ic les . The resolution is substan­

tially better than in previously published data and allows for comparison 

with ( He,p) reactions on the same nuclei. Of particular interest is 
9 

the possible existence of a state at 1. 7 MeV excitation m Be which 
7 9 

might be reached via the Li(a,d) Be reaction. Our data show a peak 

in this vicinity, but it is not yet clear whether this corresponds to a 

state or to the very close continuum threshold. 

(iii) Elastic and Inelastic Alpha Scattering on Light Nuclei 

H. T. Fortune, J. Maher, R. H. Siemssen, and B. Zeldman 

We have obtained preliminary data on the elastic and 
4 

inelastic scattering of 46-MeV He particles on light nuclei. This 

study is intended to provide suitable optical-model parameters for 

light nuclei and to test various descriptions for inelastic scattering. 

The bulk of the data is yet to be taken. 

c. Reactions Resulting in Ions Heavier Than He 

, , 12 3 
(i) C + He 

H. T. Fortune and B. Zeldman 

Angular distributions have been measured for emergent 

^Be, ^Be, and ^Li resulting from He bombardment of C at 

E(^He) = 35.6 MeV. Data were obtained for all reaction products 

simultaneously. A typical energy spectrum is shown in Fig. 32. 

The angular distributions for ^Be, ^Be"", and Li show a pronounced 

diffraction s t ructure indicative of a direct reaction mechanism. In 
7 

addition, the difference between the angular distributions for the Be 
7 .. 8 

and Be'" (Fig. 33), both leading to the Be ground s tate , suggest a 
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C( He, Be) Be 
E, . 3565 MeV 

Q = l05;iC 

- V ^ I '- 1 \ r 
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CHANNEL NUMBER 

Fig . 32. Ene rgy s p e c t r u m of ' 'Be f rom the ' H e b o m b a r d m e n t of ! ^ C . 
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F i g . 33 . A n g u l a r d i s ­
t r i b u t i o n s for the 
! ^ C ( ' H e , ' ' B e ) 8 B e 
r e a c t i o n . The n o t a -
t i o n [ i , j ] s ign i f i e s 
tha t 8 Be is left in i t s 
j t h exc i t ed s t a t e and 
' B e in i t s j t h exc i t ed 
s t a t e . The c u r v e s 
a r e t he r e s u l t of 
p r e l i m i n a r y z e r o -
r a n g e DWBA c a l c u ­
la t ions for the 
i n d i c a t e d v a l u e s of i . 

J -dependen t effect which m a y r e f l ec t the i n t e r n a l s t r u c t u r e of Be 

and Be . A study of the effect of the i n t e r n a l s t r u c t u r e upon the 

angular d i s t r ibu t ion is being a t t e m p t e d . 
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3 
(ii) Heavy Ions from He-Induced Reactions on Ip- and 2sld-Shell 

Nuclei 
H. T. Fortune and B. Zeldman 

We have obtained prel iminary data for reactions yielding 
3 10 

heavy ions (A * 6) produced by 35.6-MeV He bombardment of B, 

B, C, O, Mg, and Si. A more detailed investigation is 

planned. The objective of the study is to determine to what extent 

the cross section is influenced by the internal correlations both in 

the target nuclei and the reaction products. Such correlations (i. e. , 

clustering) result in differences between the cross sections for different 

reactions leading to the same final product. 

4 
(iii) Heavy Ions from He-Induced Reactions on Ip- and 2s Id-

Shell Nuclei 

H. T. Fortune and B. Zeldman 

10 11 12^ 13^ , 16 

Targets of B, B, C, C, and O were bom­

barded with 46-MeV alpha par t ic les , and preliminary data were obtained 

for reactions yielding heavy ions. Extension to heavier nuclei and 

3 

collection of more detailed data a re planned. Together with the He-

induced react ions, the He-induced reactions provide a means for 

varying initial conditions as well as final conditions in determining 

clustering effects upon cross sections and angular distributions. The 

simultaneous measurement of a number of reactions substantially 

reduces systematic uncertainty—particularly in the comparison of 

different react ions. 

(iv) Experimental Test of the Barshay-Temmer Theorem 

H. T. Fortune, A. Richter, and B. Zeldman 

The reactions B(a, Be) Li and B( He, Be) Li 

were used in an experimental test of the Barshay-Temmer theorem. ! 

IS . B a r s h a y a n d G . M. Temmer , Phys. Rev. Letters J^, 728(1964). 
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Li SPECTRUM FROM B+a 
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Fig. 34. Pulse-height spectra of 
the reactions ! ° B(a, ' Li) 'Be and 
1 ° B(a, ' Be)' Li. The notation 
used in labeling the peaks in the 
spectra from the nuclear r e ac ­
tion A(B,C)C' is that the double 
index [ i , j] linked Vidth the peaks 
in the C spectrum indicates that 
C is left in its ith excited state 
and C in its jth. 

JD 1.5 

. - ' °B(», 'Be, , ) \ i , . . , ' 

E„=45MeV 

-i 1 1 1 h 

20 40° 

Fig. 35. Angular distributions 
(above) and the ratio R of the 
cross sections (below) for the 
ground-state transi t ions [0 ,0] 
of the reactions i ° B(a, ' L i ) 'Be 
and ! ' ' B ( a , ' B e ) ' L i . The line 
in the upper panel is drawn 
only to guide the eye. The 
indicated e r r o r s a re due to 
background and s ta t is t ics . The 
average of the ratios in the 
lower panel is R = 1. 021 
± 0. 030, the individual ratios 
being weighted with their r ec ip ­
rocal squared e r r o r s due to 
background and s ta t is t ics . 

In brief, the theorem implies that if the initial system is prepared 

in a pure isospin state (i. e. , if either target or projectile has T = 0) 

the angular distributions and cross sections are identical for all 
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react ions in which both p r o d u c t s 

are m e m b e r s of the s a m e i s o s p i n 

mult iplet , p rov ided i s o s p i n is 

s t r i c t l y c o n s e r v e d . The s y s t e m 

B + a s a t i s f i e s the i n i t i a l 
10 

cond i t ions ; in fac t , both B and 
4 

He have T = 0. Hence the 

r e a c t i o n p r o v i d e s a m e a n s of 

t e s t i ng i s o s p i n c o n s e r v a t i o n . 

Data w e r e obta ined s i m u l t a n e o u s l y 

for the v a r i o u s r e a c t i o n s f rom the 

B + a s y s t e m ; the a n g u l a r r a n g e 
o , o 

was 8—25 l ab . in 1 s t e p s . 

Typ ica l p a r t i c l e s p e c t r a and 

angu la r d i s t r i b u t i o n s a r e shown in 

F i g s . 34 and 35 , r e s p e c t i v e l y . 

The c r o s s s e c t i o n s for the r e a c -
7 J 7 

t i o n s t o t h e L i a n d B e 
g . s . g . s . 

w e r e f o u n d t o b e e q u a l w i t h i n 

s t a t i s t i c a l e r r o r s . In t h e a b s e n c e 

of s p e c i a l c i r c u m s t a n c e s , t h e 

i m p l i c a t i o n ^ i s t h a t t h e i s o s p i n 

n o n c o n s e r v a t i o n i s ^ 3 % , a 

s u b s t a n t i a l r e d u c t i o n f r o m t h e 

l i m i t s e t b y e a r l i e r e x p e r i m e n t s . 

T h e c r o s s s e c t i o n f o r r e a c t i o n s 

f r o m t h e B + a s y s t e m t o r e a c ­

t i o n p r o d u c t s t h a t a r e no t b o t h 

m e m b e r s of t h e s a m e m u l t i p l e t 

S 150 [ ' 88 (0 43)1 _ ' ['Be 10.0)1 

[ ' L I I04B)J >t 1 I 'L I (00)J 

:AA^ 
150 2 0 0 

CHANNEL NUMBER 

F i g . 36. P u l s e - h e i g h t s p e c t r a of 
the r e a c t i o n s i ! B(5 He , ' L i ) ' Be 
and ! ! B ( ' H e , ' B e ) ' L i . The 
g r o u n d - s t a t e t r a n s i t i o n s [ 0 , 0 ] 
have m a r k e d l y di f ferent y i e l d s , 
as can be s e e n f rom the d i f f e r ­
ent a r e a s u n d e r the c o r r e s ­
ponding [ 0, 0] p e a k s . 

( i . e . 
1 1 3 7 7 

^Be** and ^Li ) a r e not equa l . The B( H e , Be) Li r e a c t i o n 
- - 10 w a s s tud ied in o r d e r to check the va l id i ty of the B + a r e s u l t . 

^H. T . F o r t u n e , A. R i c h t e r , and B. Z e l d m a n , P h y s . L e t t e r s (in 

p r e s s ) . 
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Prel iminary analysis indicates a substantial deviation from equality, 

as seen in Fig. 36. Further work is planned to check the isospin 

purity and the charge dependence of nuclear interactions. 

2. STUDIES OF ld2s-SHELL NUCLEI 

3 1 9 2 4 

H. T. Fortune, N. G. Puttaswamy, and J. L. Yntema 

In order to complement experiments at other labora tor ies , 
3 

we have undertaken a study of the (d. He) reaction on nuclei in the 

region of A ~ 20. Measurements have been completed for the 

F(d, He) O and Mg(d, He) Na reactions. The analysis is 

not yet complete but preliminary results indicate that the data for 

predominantly 1=0 transitions are not fitted well by distorted-w^ave 

calculations. This result has been pointed out previously for other 

nuclei in this mass region. 

23 3 24 

b. Study of the Na( He,d) Mg Reaction! 

R. C. Bearse and J. L. Yntema 

23 3 24 
The Na( He,d) Mg reaction induced by 35-MeV 

3 . 24 

He ions has been studied for the first seven states in Mg. Spec­

troscopic factors have been extracted and compared with theoret ical 

predictions. The simple picture of the K=2 band being built on the 

one-phonon y-vibrational level appears to be contradicted by this 

evidence. A simple Nilsson argument predicts spectroscopic factors 

in fair agreement with the data. 

'R . C. Bearse and J. L. Yntema, Phys. Rev. 175, 1442 (1968). 
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c Single-Nucleon Transfers at N = 14 

H. T. Fortune, J. V. Maher, G. C. Morrison, and B. Zeldman 

(i) Mg(d, He) Na Reaction at 23 MeV 

Using standard AE-E counter-telescope methods and the 

23-MeV deuteron beam from the Argonne cyclotron, we have measured 

angular distributions for the Mg(d, He) Na reaction with 60-keV 
25 

resolution. The only previous study of the Na nucleus by single-
nucleon transfer was a study of the Mg(t,a) reaction at E^ < 6 MeV. 

In that experiment angular distributions and angular-momentum transfers 
25 

were not obtained, but seven residual states of Na were seen at 

excitations below 3 MeV. In the present experiment, performed at 

an energy at which direct processes are expected to dominate, only 

three levels are appreciably populated, namely the ground state and 

the excited states at 1. 07 and 2. 20 MeV. Prel iminary DWBA fits and 

spectroscopic factors have been obtained. We have also studied the 

sensitivity of the DWBA predictions to variations in the optical-model 

pa ramete r s . 

* 
77 28 

(ii) A l (d ,p ) Al R e a c t i o n at 23 MeV 

As p a r t of a s y s t e m a t i c s tudy of s i n g l e - n u c l e o n - t r a n s f e r 
27 28 

r e a c t i o n s on N = 14 n u c l e i , a n g u l a r d i s t r i b u t i o n s for the Al (d ,p ) Al 

r e a c t i o n have been m e a s u r e d for s t a t e s be low 4 . 4 MeV exc i t a t i on in 

^^Al . The A r g o n n e c y c l o t r o n was u s e d to p rov ide 23-MeV inc iden t 

d e u t e r o n s and s t a n d a r d A E - E s i l i c o n - d e t e c t o r - t e l e s c o p e m e t h o d s w e r e 

u s e d to m e a s u r e the r e a c t i o n wi th an o v e r a l l r e s o l u t i o n of - 6 0 keV. 

S ta te s a t 1 .372 , 1 .633 , 2 . 4 9 , 2 . 5 9 , 2 . 6 6 , 3 . 4 6 , and 4. 03 MeV, and 

the t r i p l e t ( p a r t i a l l y r e s o l v e d ) a t 2. 14, 2. 2 1 , and 2. 28 MeV w e r e 

s t r o n g l y e x c i t e d . The double t s at 0. 00 and 0. 03 MeV, 0. 933 and 

1.017 M e V , 2 . 9 9 and 3 .01 M e V , 3 .29 and 3 . 3 5 M e V , 3 .54 and 3 . 4 9 

M e V , and a t 3 .67 and 3 . 7 0 MeV a l s o a p p e a r e d s t r o n g but u n r e s o l v e d . 
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P r e v i o u s m e a s u r e m e n t s of t h i s r e a c t i o n have been p e r f o r m e d at e n e r g i e s 

below 8 MeV and w e r e ana lyzed with the p l a n e - w a v e B o r n a p p r o x i ­

m a t i o n . The p r e s e n t r e s u l t s have been ana lyzed with t he DWBA. 

Spec t ro scop i c f a c t o r s and f - t r a n s f e r a s s i g n m e n t s a r e d e t e r m i n e d 

and c o m p a r e d with t hose of the e a r l i e r w o r k . 

(iii) C o m p a r i s o n of Spec t ro scop i c F a c t o r s for M i r r o r S t a t e s 
Popula ted in the (d , t ) and (d .^He) R e a c t i o n s on ' ^ S i 

Angular d i s t r i bu t i ons have been m e a s u r e d s i m u l t a n e o u s l y 

for the ^^Si(d , t ) and ^^Si(d, ^He) r e a c t i o n s leading to s t a t e s in t he 
27 27 

m i r r o r nuclei Si and Al. The e x p e r i m e n t w a s p e r f o r m e d wi th 

the 23-MeV d e u t e r o n b e a m of the Argonne c y c l o t r o n . C o n v e n t i o n a l 

A E - E c o u n t e r - t e l e s c o p e t echn iques y ie lded an o v e r a l l e n e r g y r e s o l u t i o n 

of ~ 6 0 keV. P r e v i o u s p ro ton and n e u t r o n p ickup e x p e r i m e n t s h a v e 

yie lded s p e c t r o s c o p i c f a c t o r s which differ by a s m u c h a s a f a c t o r of 

t h r e e for the four low- ly ing p o s i t i v e - p a r i t y s t a t e s at E = 0. 0 (f ) , 

0 .842(1" ' ' ) , 1. 013 (I"*"), and 2 . 7 3 1 MeV d"*") in ^Al and t h e i r m i r r o r 
27 

s t a t e s in Si. Even the r e l a t i v e s p e c t r o s c o p i c f a c t o r s have d i f fe red 

by as much a s a fac to r of two . In the p r e s e n t e x p e r i m e n t , t he 

s imul t aneous m e a s u r e m e n t of both r e a c t i o n s s e r v e s to e l i m i n a t e 

s y s t e m a t i c e r r o r s . Thus a c o n s i s t e n t t e s t of the DWBA a n a l y s e s for 

t he se two r e a c t i o n s m a y be a c h i e v e d . 

3 
d. (d, He) Reac t ion on the Ch lo r ine I s o t o p e s at 2 3 . 3 5 MeVl 

N. G. P u t t a s w a m y and J . L . Y n t e m a 

, . 36 , 3 4 
L e v e l s m S and S up to about 8 MeV e x c i t a t i o n 

3 37 
energy (Fig . 37) have been s tudied wi th the (d. He) r e a c t i o n s on CI 

35 
and CI , r e s p e c t i v e l y . S p e c t r o s c o p i c f a c t o r s have b e e n e x t r a c t e d 
c c 36 34 
for four s t a tes in S and t en s t a t e s in £ The l e v e l s at 4 . 58 MeV 

i N . G. P u t t a s w a m y and J . L . Y n t e m a , P h y s . R e v . 177, 1624 (1969) . 
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EXCITATION ENERGY IN S (MeV) 

F i g . 37. S p e c t r a of t h e 
" C l ( d , 3 H e ) ' « ' S and 
' 5 c i ( d , ' H e ) ' ' ' S r e a c t i o n s . 

EXCITATION ENERGY IN S (MeV) 

in ^^S and 4. 09 MeV in ^'*S m a y be the l''' s t a t e s tha t s h e l l - m o d e l 

c a l c u l a t i o n s p r e d i c t at 5 .75 and 4 .97 MeV, r e s p e c t i v e l y . C o n s i d e r a b l e 
• 34 

d s t r e n g t h is s e e n to t he s t a t e s above 4. 71 MeV in S. 
5/2 ^ 

39 38 
e. Study of t he K(d , t ) K R e a c t i o n 

H. T . F o r t u n e , N. G. P u t t a s w a m y , and J . L . Yn tema 

A 22 8-MeV d e u t e r o n b e a m f rom the Argonne c y c l o t r o n 
39 38 

w a s u s e d to ob ta in a n g u l a r d i s t r i b u t i o n s for the K(d , t ) K r e a c t i o n 

leading to nine s t r o n g l y - p o p u l a t e d s t a t e s below an exc i t a t ion e n e r g y 

of 5 MeV. Two weak n e g a t i v e - p a r i t y t r a n s i t i o n s w e r e o b s e r v e d - o n e 

hav ing ^=1 and a n o t h e r with f =3 a n g u l a r d i s t r i b u t i o n s . F o r p o s i t i v e -

p a r i t y t r a n s i t i o n s in which both i = 0 and ^ = 2 could c o n t r i b u t e , a t t e m p t s 

w e r e m a d e to e x t r a c t the r e l a t i v e i n t e n s i t i e s of the two t y p e s . C o m ­

p a r i s o n with r e s u l t s of ^ \ ( p , d ) ^ V and ^ V ( ^ H e , a ) ^ V e x p e r i m e n t s 

show that a t t h e s e e n e r g i e s and in th i s m a s s r e g i o n , the (d , t ) r e a c t i o n 

i s a b e t t e r tool wi th which to e x t r a c t a d m i x t u r e s of i = 0 and ^ = 2 

t r a n s i t i o n s t r e n g t h s . 
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3. REACTIONS IN If2p-SHELL NUCLEI 

a. Proton Levels in If . -Shell Nuclei 

T. H. Braid, J. A. Nolen, J r . , and B. Zeldman 
•2 

The (d. He) reaction has been used to investigate the 

location of the proton-hole states in If -shell nuclei. Evidence is 

found for the admixture of nominally unfilled orbitals in the target 

wave function. The particle-hole nature of collective states was 

examined by use of odd-proton targets and a correspondence was 

observed between collective states seen in inelastic scattering and 

some hole states. The relative spacing between 2s , , Id . , and 

If . proton-hole states is strongly correlated with neutron number 

for even-A targets , and is consistent with a monopole interaction 

model. 

b. Proton Levels in fp-Shell Nuclei 

T. H. Braid, J. A. Nolen, J r . , and B. Zeldman 

The effects of neutrons in the 2p-shell upon the proton 
•5 

levels for ^i^j-^, ^'^i^j^' ^"^^ ^^ilZ ^^® investigated via the (d. He) 

reaction on 56,58f-e j^^d 58,60j^i_ Because of additional degrees of 

freedom, greater fragmentation of hole states r e su l t s , although the 

correspondence between levels in adjacent nuclei pe r s i s t s . Evidence 

is found for a strong interaction between 2p- and 2s Id-shel l par t ic les . 

This effect is yet to be explained. 

c. Levels in the Odd-A Cu Isotopes 

J. A. Nolen, J r . , and B. Zeldman 

Together with data from ( He,d) react ions , the (d, ^He) 

reaction on zinc isotopes provides a means for studying the levels of 

the odd-A Cu isotopes from A = 59 to 69. The number of levels , 

interactions, and spacings between levels a re strongly corre la ted with 
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the number of neutrons in each isotope. The nearly empty neutron 

shell in the lightest isotopes of this chain (or alternatively the nearly 

full shell in the heaviest) resul ts in few levels , mostly single-particle 

in character , and a wide spacing. In the middle of the shell, the 

interactions produce fragmentation, multiplicity of levels with the 

same J and parity, and levels with both single-part icle and collective 

behavior. A quantitative description of these phenomena is being 

attempted. 

3 
d. Study of the J Dependence in the (d. He) Reaction 

H. Ohnuma and J. L. Yntema 

The J dependence of the angular distributions in the 

(d. He) reactions was experimentally observed at small angles in 

the 2p proton pickup. This J dependence is qualitatively reproduced 

by distorted-wave calculations (such as those in Fig. 38 in Sec. I. D4b) 

which indicate that the effect a r i ses mainly from the deuteron spin-

orbit potenital. The calculated angular distributions are strongly 

dependent on the Q value of the reactions and the incident deuteron 

energy. The calculations also show that the J dependence is localized 

at the surface of the nucleus, and is very sensitive to the volume of 

the real part of the deuteron optical potential. This sensitivity may 

be understood by considering the role of the spin-orbit t e rm in the 

optical potential. The sensitivity of the calculated angular distributions 

to the other pa ramete rs was investigated. 

40 48 e. Study of the ' Ca(d, a) Reactions 

H. T. Fortune, N. G. Puttaswamy, and J. L. Yntema 

Measurements for the Ca(d,a) reaction (reported 

previously) have been extended to larger angles. Angular distributions 

for the ^®Ca(d,a) reaction were also measured. The analysis of the 

data is continuing. Attempts to fit the angular distributions with 

95 
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distorted-wave calculations have not been very successful. The p r e ­

dicted angular distributions are quite sensitive to the various pa ra ­

meters in the distorted-wave calculations. 

f. Scattering of Helium Ions 

T. H. Braid,'" T. W. Conlon, and B. W. Ridley 

The optical-model analysis of the elastic scattering 

of ^He on '^°Ca and ^^Ni, which was initiated by the measurements 

made at the Harwell Variable-Energy Cyclotron in the fall of 1967, 

has been extended to cover additional data from other labora tor ies . 

The potential previously reported continues to predict the measured 

angular distributions excellently over a 70-MeV range of incident 
40 

energy, the agreement being particularly good for the Ca target . 

So far it has not proved possible to obtain a potential that descr ibes 

the a-particle elastic scattering well over a wide energy range, although 

excellent fits to the data can be obtained at individual energies . 
3 

With the aid of the He potential, the predictions of 

the DWBA theory have been used to fit the inelastic scattering to the 
58 

first excited state of Ni and extract a value for the deformation 

parameter |3 . We are attempting a coupled-channels calculation for 

these quantities, and a computer program that will search for optimum 

parameters in such a calculation is almost operational. 

Work done while on assignment at AERE Harwell, 1966-67. 

AERE Harwell, England. 

AERE Harwell; now at University of Colorado, Boulder, Colorado. 

4. STRUCTURE OF NUCLEI NEAR A = 95 

J^^^^^ExpejurnentaO^^St^^ Reaction on Even-Mass Mo Isotopes 

H. Ohnuma and J. L. Yntema 

92 94 96 98 The (d,t) reaction on ' ' ' Mo was studied with 

the 23-MeV deuteron beam from the Argonne cyclotron. The 
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experimental angular distributions of tr i ton groups were compared 

with the DWBA theory, and the I values and the spectroscopic factors 
91 

were determined. The level s t ructure of the Mo nucleus is very 
89 92 

similar to that of Zr . Evidence for core excitation in Mo was 

found. The resul ts for the other isotopes show that neutron orbits 

hieher than the 2d ,„ shell are admixed in the ground-state configura-
° 5/2 

tion of these nuclei. These resul ts a re compared with previous data 
and with shell-model calculations. 

b. Exper imenta lS tudyof^ t l^^ 

of Mo! 

H. Ohnuma and J. L. Yntema 

3 92 94 96 98 

The (d. He) reactions on ' ' ' Mo and the 

^^Mo(^He,d) reaction were studied with 23-MeV deuterons and 34-

MeV He part icles from the Argonne cyclotron. Experimental angular 

distributions were analyzed on the basis of the DWBA theory to deter­

mine the i values and spectroscopic factors (Fig. 38). Results were 

compared with previous data and the shell-model predictions. Experi­

mental strengths of the g .^ and p^^^ components in the ground state 

of ^^Mo are consistent with the calculations. Very-low-lying states 
with large p , , and f strength were observed. 

3/2 5/2 
IH. Ohnuma and J. L. Yntema, Phys. Rev. n6_, 1416(1968). 

94 3 95 
c, Studyofthe_^^_^__^r]^2ie^^^^ 

H, Ohnuma and J. L. Yntema 

.phe '^^Zr(^He,d) Nb reaction was studied with 34-

MeV ^He part ic les from the Argonne cyclotron. Experimental angular 

distributions were analyzed on the basis of the DWBA theory to deter ­

mine the I values and spectroscopic factors (Fig. 39). The resul ts 

were com 
pared with the previous data on the (d, He) reactions on 
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0 , 6 -

0,1 

Mo'Nd,He')Nb^' 

Q = - l , 8 5 MeV 
(gnd) 

t = I (1/2) 

Q = - 3 , 4 7 MeV 

C= I (3/2) 

Q = - 3 . 7 0 MeV 

i--Z 

Fig. 38. Angular distribution for the 
' 2 Mo(d,'He)'1 Nb reaction. The sig­
nificant difference between the ang­
ular distributions for the level 
labeled (i) and for those labeled (|) 
is well reproduced by the theoretical 
calculations. 

Fig. 39. Angular d i s t r i ­
butions and calculated 
DWBA curves for the 
'*Zr(SHe,d)95Nb reaction. 
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Mo and Zr isotopes, and the proton configurations of the nuclei in 

this region are discussed. 

12 
5. ISOMERIC STATES PRODUCED IN ( C, Xn) REACTIONS 

IN THE REGION Z > 50, N < 82 

T. W. Conlon' and A. J. Elwyn 

We have studied the gamma-ray spectra associated with 
12 

new short-lived activities produced in the C-ion bombardment of 
separated isotopes of Sn, Cd, and Sb nuclei at the Harwell Variable 

Energy Cyclotron. Both the energy of the gamma ray and its time of 
12 

arr ival after bombardment by the pulsed 88-MeV C beam were 

measured simultaneously by use of a 4096-channel two-dimensional 

analyzer. Several i somers with half-lives between 60 nsec and 0. 5 

sec have been observed. These activities have been assigned to the 

odd-mass nuclei '^^Xe, ' " x e , ^ ^ B a , ' ^ \ a , and '^^La. The basis 

upon which the observed isomeric activity was assigned exclusively 

to odd-mass nuclei was the lack of any observed gamma-ray transitions 

associated with the knovm low-lying energy levels of some of the even-
12 ' 

even nuclei that could be produced in C-induced reactions [mainly 

(^^C,4n) and (^^C,5n) reactions] at a beam energy of 88 MeV. Fur ther 

experimental studies a re necessary to determine the level s tructure 

in the final nuclei as well as the properties of the isomeric t ransi t ions. 

*Nuclear Physics Division, Atomic Energy Research Establishment, 

Harwell, Berks . , England. 

6. REACTIONS ON HEAVY NUCLEI 

a. Spectroscopy in Heavy Nuclei 

A. M. Fr iedman ' and B. Zeldman 

Prel iminary investigations of the proton-transfer reac-

tions (^He,d) and (a , t ) , as well as inelastic scattering of He and 

'^Chemistry Division. 

99 
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^He, on rare earth and actinide nuclei indicate the need for better 

resolution than is available from counters. These experiments have 

been delayed until the new magnetic spectrograph becomes operational. 

b. ( He, a) Reactions on Heavy Nuclei 

T. H. Braid and A. M. Friedman 

To supplement our earl ier (d,p) and (d,t) studies of 

neutron levels in the actinide elements, we have begun measurements 

on the neutron hole states, using the ( He, a) reaction initiated by 

35-MeV ^He ions from the 60-in. cyclotron. We have observed 

a-particle spectra from ^^U, U, and U ta rge ts . In addition 

to a large number of weakly-excited levels, there a re a few strong 

peaks which are to be associated with high-i-value t rans i t ions , since 

enhancement of such transitions is characteris t ic of this reaction. 

These levels presumably belong mainly to the n = 7 shell . 

Chemistry Division. 

7. INSTRUMENTATION AT THE CYCLOTRON 

a. Split-Pole Magnetic Spectrograph at the Cyclotron 

B. Zeldman 

During the past year the split-pole spectrograph at the 

60-in. cyclotron has been delivered, mounted, and aligned. Fabricat ion 

of the target chamber and camera box have proceeded, and assembly 

and calibration of the system is rapidly nearing completion. Installation 

and modification of utilities (power and water) is virtually completed. 

Subsequent development of techniques for operating with a coUimator-

free beam-transport system and acquisition and installation of a focal-

plane counter assembly will be needed to improve the operation of 

the spectrograph. 
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Measurements of the magnetic field contours up to 17. 6 

kG show no significant deteriorat ion over this range. At 17.6 kG, 

the spectrograph wdll allow the analysis of part icles with momenta 
2 

corresponding to mass-energy products Me/Z up to 116—i. e. , 38 .5 -

MeV tri tons or 116-MeV alpha par t ic les . The dynamic range 

p /p , determined by the length of the focal-plane detectors , 
m a x min 
is 2 25 and hence E /E . = 5 for any given part icle . For the 

max min 
sharpest energy resolution (1 part in 2500), the solid angle is res t r ic ted 

to about 0. 002 s r , but data may be taken with solid angles up to 0. 010 

sr provided that deterioration of the resolution by about a factor of 

2 is acceptable. Because of the large solid angles to be used, the 

focal plane may be moved so as to compensate for the kinematic angular 

variation in energy for a given reaction. 

b. Multi-wire Proportional Counters 

T. H. Braid, J. Himes, and R. Lieb 

Multi-wire proportional-counter systems are being 

studied for possible use in position-sensitive detection of charged 

par t ic les , determination of t ra jectory, etc. The preliminary work 

shows that such devices can be useful in a number of places in our 

work, e. g. , in the focal plane of a magnetic spectrograph. An inex­

pensive amplifier and discr iminator (supplied by C. Rush of the Argonne 

Electronics Division) have been evaluated and found suitable as the 

basis of an economical system for amplifying and standardizing the 

signal from each wire . A convenient and flexible structure for mult i -

wire a r r a y s is based on standard printed-circuit boards which are 

inserted into slots in a basic support. An arrangement in which all 

the wires in a plane are connected as anodes at the same voltage resul ts 

in a wide spread of pulse heights due to the variation in the strength 

of the collecting field (e. g. , half way between the wires there is a 

neutral point). If al ternate wires a re connected to the cathode voltage. 

101 
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the spread in pulse heights at the anode wires is rendered much more 

closely uniform. For use with low-energy charged part icles in "thin" 

counters, such a characterist ic has great advantages. Hence we are 

continuing our development of this configuration. 

J. L. Yntema 

Preliminary sketches for redesign of the scattering 

chamber to permit automated control have been made. Modifications 

on the design of the target-foil-changing system have been designed. 
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E. OTHER NUCLEAR EXPERIMENTS 

Several experimental nuclear investigations in the Physics 
Division a re not closely associated with any of the major sources of 
neutrons or charged par t ic les . These independent studies a re collected 
for convenience in this section. 

a. Detectors andCircuits^_for^J|a^t^^^ 

(i) Improvements in the Time Resolution of Scintillation Detectors 

F . J. Lynch 

The time resolution calculated on the basis of the m e a s ­

ured time constants and efficiency of the scintillator and the conversion 

efficiency and t rans i t - t ime spread in the photomultiplier agrees with 

the measured value. Such calculations indicate that the t rans i t - t ime 

spread in fast photomultipliers currently constitutes the most important 

limitation on time resolution. 

The fixed-fraction discriminator has been further im­

proved so that it more conveniently provides the sharpest possible 

time resolution from the detector. 

(ii) Fast Timing Circuits for Ge(Li) Detectors 

F . J. Lynch 

New electronic circuits developed for use with Ge(Li) 

detectors provide improved timing of gamma rays without impairment 

of the excellent energy resolution of these detectors. These circuits 

include a low-noise fast amplifier, a pulse-shaping amplifier, and a 

zero-cross ing discr iminator . With these new circuits one can obtain 

resolution widths as small as 1.6 nsec FWHM for 500-keV gamma 

rays and 5 nsec for 100-keV gammas. 
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b. Lifetimes of Nuclear Excited States 

. 134^ 
(i) The 11. 23-keV State of Cs 

F. J. Lynch 

100 1 ' 1 

l^Xcsl'^"-

\ l 

1 

1 

I 
1 3 8 - D h r 

127 

II 

, 0 

r%iu 
40 60 120 

CHANNELS {2.19 nsec/channel) 

Fig. 40. The probability distribution of 
the delay times of the 11-keV gaimma 
rays and L x rays relative to the 127-
keV gamma ray from Csi ' *m. 

The lifetime 

of the first excited state 
, . 134^ 

(E = 1 1 . 23 keV) in Cs 
X 

was measured by use of a 

delayed-coincidence 

technique and found to be 

T = 69 ± 1 nsec. A typical 

decay curve is shown in 

Fig. 40. This is 1. 8 

t imes the lifetime calcu­

lated by D. Kurath on the 

basis of the odd-group 

model from the magnetic 

moments of neighboring 

nuclei. 

40 
(ii) The 29. 4-keV State of K 

F. J. Lynch and R. E. Holland 

We have remeasured the lifetime of the first excited 
40 

state (E = 29.4 keV) of K by using the pulsed-beam facility at the 

tandem accelerator. The interest in this comes from Segel's recent 

measurements of the lifetimes of the second and third excited states 

of this nuclide. 

The positions of the four levels involved in these three 

transitions are well explained by the jj-coupling model; in fact, this 

case has long been thought to provide one of the best examples of the 
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application of this model. The model also predicts a relationship 

between the lifetimes. The only measurement on the first excited 

state was our 10-year-old mean lifetime T = 5. 6 + 0. 6 nsec. In view 

of the much better techniques available now, we redid this with the 

result T = 6. 1 ± 0.4 nsec. This result is only about half that implied 

by Segel's resul ts and the theory. 

(iii) The 280-keV State of As 

F . J. Lynch and R. E. Holland 

75 
The mean lifetime of the third excited state of As at 

280 keV was remeasured because of a disagreement between our 

previous measurement (0. 4 ± 0. 2 nsec), which was made by a pulsed-

beam technique, and a measurement of Varma and Eswaran who reported 

0. 78 ± 0. 08 nsec. The remeasurement gave a mean lifetime T = 0. 44 

± 0. 10 nsec. 

We plan to use the pulsed beam of the tandem to continue 

the measurement of lifetimes of states in the i^^^ shell and, in addition, 

to investigate the level s tructure of some nuclei in this region through 

the {a,n) reaction, « 

(iv) Gamma Isomers in Fission Fragments 

P. Kienle, F . J. Lynch, and R. E. Holland 

Johansson reported that about 6% of the gamma rays 

from fission fragments had meanlives of 10 -100 nsec and that the 

relative yield of these i somers varied greatly with fragment mass . 

We have looked for possible delayed neutrons or alpha particles that 

are p recurso r s of the delayed gamma rays , and have found no evidence 

of neutrons with energies above 200 keV nor of alpha part icles above 

2 MeV that are delayed 1 0 - 1 0 0 nsec relative to the fission. Since 

the fission fragments cover regions of the isotopic chart that are not 

readily accessible in other react ions , a detailed study of these i somer ic 
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transitions should be valuable. We are planning an experiment in which 

Ge(Li) detectors will be used to obtain good energy resolution for 

gamma rays. Three parameters will be recorded: the gamma- ray 

energy, the fission-fragment energy, and the time delay of the gamma 

ray (the time elapsed from detection of the fission fragment to detection 

of the gamma ray). 

• 161 
c Coriolis Mixing of Negative-Parity States in Dy 

Walter Henning 

From radioactive decay studies and (d,p) exper iments , 

a number of energy levels below 1 MeV have recently become known 

for the deformed odd-neutron nucleus Dy. The negative-parity 

states can be assigned as members of four rotational bands built upon 

the following Nilsson states: -i" [521] at 368 keV, f [521] at 75 keV, 

f" [523] at 26 keV, and f" [512] at 799 keV. The deviation of the 

experimental energy levels from the rotational formula and the enhanced 

interband transition probabilities indicate Coriolis mixing bet'ween the 

bands. 

Three- and four-band Coriolis-mixing calculations have 

been performed, fitting the theoretical energy expressions to the 

experimental values. The parameters determined were: the Coriolis 

interaction matrix elements A( |521—1521) = 10.5 keV, A(f 5 2 1 — | 523) 

= 6. 5 keV, and A ( | 5 2 1 — | 512) = 5. 9 keV; the moment of inertia 
2 

ti /2J = 11,435 keV; and the energetic decoupling parameter a = 0.455 

of the K=i band. With these results the wave functions of the 14 known 

negative-parity states were calculated. The degrees of mixing found 

between the bands explain the experimental interband transi t ion proba­

bilities. 

The computer calculations were very conveniently made 

by the use of the SPEAKEASY language. 
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d^^^J^^evel^^tructure^o^^ 

by the Decay of 2. 2-h ' ^Ge 

H. H. Bolotin and D. A. McClure 

66 66 , , 

The decay of 2. 2-h Ge to levels in Ga has been 

investigated by use of both singles and coincidence gamma-ray spec­

troscopic techniques that made exclusive use of high-resolution Ge(Li) 

detectors. The internal-conversion-electron spectrum was also studied. 

A total of 23 transit ions were observed in this decay and were incor­

porated in a complete and unambiguous level scheme (Fig. 41) that 

differs markedly from those previously proposed. The excitation 

energies of the ^^Ga states found to be populated in this decay are 

43 .8 , 108.9, 234.0, 290.9, 381.8, 514.6, 536.6, a n d 7 0 6 . 0 k e V . 

The half-life of the ^^Ge activity was redetermined to be 2.23 + 0.10 h. 

The half-life of the first excited state was measured by delayed-

coincidence techniques to be 21 ± 2 n s e c The multipolarities of many 

of the transit ions were determined. Spin and parity assignments of 

many of the excited states were inferred and severe limitations could 

be imposed on the spin assignments of the remainder of the levels. 

The log ft values of all p branches were established and limits on^the 

amount of isobar ic-spin impurity present in the ground state of Ge 

were set. The level character is t ics were found to be consistent with 

expectations derived from theoretical considerations. A report on 

this work has been published.! 

107 

!H. H. Bolotin and D. A. McClure, Phys. Rev. 180' 987 (1969). 

G. T. Wood 

Preparat ion to place the six-gap beta-ray spectrometer 

on one of the beam lines of the Tandem accelerator are nearing com­

pletion. Initially, it is planned to study conversion electrons from 

r a r e earth targets with (p,xn) and (a,xn) reactions and Coulomb 
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Fig . 4 1 . P r o p o s e d (3-decay and l eve l s c h e m e of 2. 2 - h 
^^Ge. All level exc i ta t ion e n e r g i e s in ^ ^ Ga a r e in k e V , 
as a r e the e n e r g i e s of the y - r a y t r a n s i t i o n s . The p 
b r a n c h e s ind ica ted by dot ted l ines c o r r e s p o n d to u p p e r 
l i m i t s on the r e l a t i v e i n t e n s i t i e s of t h e s e g r o u p s (in %) 
and consequent ly to lower l i m i t s on s t a t ed v a l u e s of log 
ft. The spins and p a r i t i e s shown in p a r e n t h e s e s a r e 
i n f e r r e d from the r e s u l t s of the p r e s e n t e x p e r i m e n t a l 
s tudy. However , in no c a s e should t h e s e be c o n s i d e r e d 
as e x p e r i m e n t a l l y m e a s u r e d p a r a m e t e r s . The r e l a t i v e 
in t ens i t i e s of the y - r a y t r a n s i t i o n s a r e i n d i c a t e d by the 
b r e a d t h s of the a r r o w s . The open a r e a s shown in the 
a r r o w r e p r e s e n t i n g the 4 3 . 8-keV t r a n s i t i o n i n d i c a t e t he 
f rac t ion of the t r a n s i t i o n in t ens i ty that p r o c e e d s by 
i n t e rna l c o n v e r s i o n . 
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excitation with heavy ions. The object is to obtain nuclear-s t ructure 

information on these nuclei—in par t icular , to study the collective 

and particle charac ter is t ics of the excited levels. 

Magnetic spect rometers have already been used in 

several other laboratories to study conversion-electron spectra from 

nuclear reactions. We are attempting to improve on these ear l ier 

systems by developing a spectrometer that simultaneously has high 

t ransmiss ion, freedom from background, and good energy resolution. 

High t ransmiss ion (10%) and freedom from background are charac ter ­

istics provided by the six-gap magnetic spectrometer; and good energy 

resolution (about 0. 2% at 1 MeV) is obtained by using a silicon surface-

bar r ie r detector at the focus of the magnetic spectrometer . 

The combination spectrometer system incorporates 

several advanced features that will make it exceptionally useful for 

research at the Tandem. The silicon detector will view all six gaps 

of the magnetic spectrometer and, since a momentum range of about 

4% is detected for each setting of the magnetic field, the counting 

efficiency will approach four times that for the conventional application 

as a magnetic spectrometer with 1% momentum resolution width. 

The existing sweep system of the spectrometer will sweep the magnetic 

field over the range of interest at a constant dB/dt. The spectrum 

will be obtained from the pulse-height spectrum of the silicon detector 

and will be collected in an existing computer-based data-acquisition 

system. To take full advantage of the magnetic resolution, the com­

puter digitally selects the pulses whose height matches the electron 

energy being magnetically selected at each instant as the field sweeps 

across the region of interest . 

The improved resolution obtainable with the new system 

should justify new measurements on many previously published cases 

since most of the ear l ier measurements were done at a 1% momentum 

resolution width and show considerable unresolved s t ructure . In 

addition, targets not previously feasible for study may now yield 
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information of interest . This improvement in the quality of spectra 

will be especially valuable for determining the positions of high-lying 

energy levels, for studying band mixing from measurements of branch­

ing rat ios, for identifying the residual nucleus of each transi t ion on 

the basis of the K-L splitting, and assigning the multipole order of the 

transition from the K/L ratio. From the B(E2) strengths of the t r an ­

sitions, useful information on the collective and quasi-part icle nature 

of the states can be obtained. Conversion-electron spectroscopy is 

a particularly useful tool for the determination of monopole mat r ix 

elements. Initially, it is planned to investigate only singles spect ra . 

Other possible uses of the instrument include (ion, e) or (e,y) coin­

cidences, electron angular distributions, and lifetime measurements 

by the delayed-coincidence method. 

f. Pattern Recognition for Nuclear Events 

C. Harrison, ' D. Jacobsohn, and G. R. Ringo 

The mechanization of the procedure for identification 

of interesting events is a problem of increasing importance in nuclear 

and particle physics. It is particularly cri t ical in the case of emul­

sions where it is desirable to scan large volumes of mater ia l with 
-8 

microscopes showing volumes of 10 cc or less in a view. Our 

approach to this problem uses a four-layer random-connection network 

similar in its general character to the Perceptron of F . Rosenblatt. 

It is intended to separate patterns presented in the form of 80-bit 

words into wanted and unwanted classes after a learning phase using 

a few hundred cases of each. The approach differs from the original 

Perceptron in that in the original the random connections were r e in ­

forced or weakened on the basis of the learning performance. In the 

Argonne version, many completely different sets of connections a re 

tried and the most useful (in the learning phase) kept. 

Applied Mathematics Division. 
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Recent work has tested programs that weight the learning 

patterns to produce a more uniform response over the learning set. 

The results would be called encouraging rather than remarkable , 

but numerous improvements in the strategy can readily be imagined 

and are fairly easy to test with the present program. 

. 17 18 ^ 15^, 
g. Microscopic Location of O, O, and N 

G. R. Ringo and V. E. Krohn 

17 18^ 
A technique by which the t racer isotopes O, O, 

and N could be located (possibly simultaneously) within a resolution 

diameter of 1 micron or better would have obvious value in biological 

research. We believe this could best be done by scanning a specimen 

with a focused beam of ions (e. g. , Ne ) to convert the t racer isotopes 

to ions which will be identified in a mass spectrometer with high 

resolution (a resolution of, say, 5000). The high-resolution mass 

spectrometer is available, but an ion beam with less than 1 ji diameter 

and more than 1 pA current remains to be produced. 

A duoplasmatron ion source and an ion-lens system 

have been obtained and the remainder of th.e ion-beam system is being 

designed. The particle optics which have been designed should achieve 

efficient collection of the secondary ions. Other parts of the system 

are under construction. 
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I I . MEDIUM-ENERGY PHYSICS 

Although the program in medium-energy physics is 
small , it is divided into two distinct par t s . One part is a study of 
accele'rators for the production of part icles in the medium-energy 
range; the other is concerned with preparations for the use of the 
Meson Factory at Los Alamos. 

The main aspect of the latter effort is a fairly intensive 
involvement by one of our staff members in various design and planning 
activities connected with the Meson Factory. A much smaller effort 
(described in Sec. I. D7b) is devoted to the development of new detector 
systems. 

The study of acce lera tors is carr ied out by means of 
financial support to a design group within the Chemistry Division. 
This cooperative arrangement is proving to be quite satisfactory — 
not only because of the limited funds available, but also because there 
is a strong overlap between the accelerator requirements of nuclear 
chemistry and nuclear physics. 

During the past year , most of the effort of the accelerator 
design group has been devoted to the study of an advanced accelerator 
system consisting of a TU tandem Van de Graaff and an open-sector 
cyclotron. The immediate enthusiasm of prospective users of this 
powerful combination stimulated an intensive study of the design concept. 
On the basis of this study, the Laboratory has submitted to the AEC 
a proposal for the construction (at Argonne) of a mjaor regional accel­
erator facility for nuclear-physics and nuclear-chemistry research . 
An outline of the proposal, published as ANL-7582, is given below. 

S u m m a r j ^ o ^ t h e ^ ^ P r o p o s ^ ^ 

The Midwest Tandem-Cyclotron accelerator system is 

proposed as a facility to be built at Argonne National Laboratory and 

operated by the Laboratory as a regional facility for advanced research 

in nuclear chemistry and nuclear physics. The research to be carr ied 

out at the proposed accelerator will encompass much of basic nuclear 

science, with special emphasis on (a) the search for the predicted 

" is lands" of stable superheavy elements , (b) the investigation of the 

nuclear structure revealed by energetic collisions between complex 
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PROTON ACCELERATION 

F i g . 42 . The two a l t e r ­
na t ive m o d e s of o p e r a ­
t ion of the M T C s y s t e m . 

HEAVY- ION ACCELERATION 

n u c l e i , and (c) the e luc idat ion of m o m e n t u m d i s t r i b u t i o n s of n u c l e o n s 

and the c o r r e l a t i o n between nuc leons in n u c l e a r m a t t e r . The p r o p o s e d 

a c c e l e r a t o r s y s t e m is bel ieved to be the next log ica l s t ep in t he 

deve lopment of the e x p e r i m e n t a l a p p a r a t u s needed to a t t a c k t h e s e 

f ron t ie r p r o b l e m s of nuc l ea r s c i e n c e . 

As i t s n a m e s u g g e s t s , the p r o p o s e d M i d w e s t T a n d e m 

Cyc lo t ron (MTC) complex c o n s i s t s of two m a j o r c o m p o n e n t s — a TU 

t a n d e m Van de Graaff and a v a r i a b l e - e n e r g y o p e n - s e c t o r r i n g c y c l o t r o n . 

T h e s e two a c c e l e r a t o r s would be o p e r a t e d in two a l t e r n a t i v e m o d e s , 

as is i l l u s t r a t e d in F i g . 42 . F o r the a c c e l e r a t i o n of heavy ions to 

high e n e r g y , the t andem m u s t s e r v e a s an i n j e c t o r for the c y c l o t r o n . 

A l t e r n a t i v e l y , the t a n d e m and the cyc lo t ron can be u s e d i n d e p e n d e n t l y 

and s imu l t aneous ly . 

Cons ide r f i r s t the independen t m o d e of o p e r a t i o n . H e r e 

the TU t andem wil l a c c e l e r a t e hyd rogen ions to 32 MeV (or p e r h a p s 

40 MeV) and a l m o s t al l h e a v i e r ions to h i g h e r e n e r g i e s . At t he s a m e 

t i m e , the cyc lo t ron wil l p rov ide p ro tons over a wide e n e r g y r a n g e up 
3 

to a m a x i m u m energy of 350 MeV, d e u t e r o n s to 200 M e V , He to 516 

4 

MeV, and He to 400 MeV. In the a l t e r n a t i v e in jec t ion m o d e of o p e r a ­

t ion , intended p r i m a r i l y for h e a v y - i o n a c c e l e r a t i o n , e n e r g e t i c ions 

i s su ing f rom the t a n d e m a r e s t r i p p e d to a high c h a r g e s t a t e b e f o r e 

they enter the cyc lo t ron , w h e r e they a r e a c c e l e r a t e d on up to e n e r g i e s 

wel l above the Coulomb b a r r i e r for i n t e r a c t i o n s on any t a r g e t n u c l e u s . 

F o r both l igh t - and h e a v y - i o n a c c e l e r a t i o n , the MTC wil l p r o v i d e b e a m s 
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with high intensity, high resolution, high maximum energy, and an 

energy that is continuously variable over a wide range. The maximum 

energies and currents of the system for representative projectiles are 

given in Tables III and IV. 

The MTC accelerator system is designed to have un­

excelled research capability in a very wide range of nuclear investiga­

tions. The heavy-ion beams will have energies and intensities far 

greater than any that have yet been achieved; these properties are 

essential for an effective investigation of the predicted new superheavy 

elements and will also provide a probe with which to investigate the 

nucleus in entirely new ways. Similarly, the light-ion beams will have 

much better intensity and energy resolution than any now available 

in the range covered by the MTC; these features and the variable 

energy will permit many qualitatively new investigations in a broad 

energy range which (for protons) extends well above the pion-production 

threshold. 

TABLE III. Character is t ics of beams from the TU tandem and from the cyclotron. 

Hydrogen beams Helium beams 

^ RpaTn r. irrent Energy range Beam current 
^ E n e r g y range ^ Beam c „ « _ n t ^ ^^ . ^ ^^ . . o - p a r t t -

,MeV, (MeV, ^'"^'"' (MeV, (MeV) " " ^ " - ' 

TU tandem 6 - 3 2 ( 4 0 ) 6 - 3 2 ( 4 0 ) 

Cyclotron 50 — 350 30 — 200 

6—48 (60)' ' 6—48 (60) 36 

48 — 510 48—400 10 

^Maximum energy calculated for a 20-MV terminal voltage. 

TABLE IV. Maximum beam c urrents of heavy ions (10' ^ par t i c les / sec) . 

16^ 
Ion species O 

TU tandem 50 40 40 40 40^ 30 ^ 

Cyclotron 10 10 7 ' ' ^^ ' " ' ^ 

"These currents are not limited by the current-carrying capacity of 

the TU. 
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The availability of two machines that can be used s imul­

taneously for independent experiments will allow the system to support 

a large volume of research , an important consideration for a regional 

facility that is intended for the use of some 200 experienced scientists 

from 25 or more institutions. 

Scientific Considerations. Although the proposed facility 

will have characterist ics that make it very well suited to a wide variety 

of investigations, the requirements of two areas of investigation have 

had a determining influence on the parameters of the accelera tor system. 

The primary requirement is that the system should provide intense, 

energetic beams of heavy ions over the full range of the periodic table. 

These heavy ions are intended largely for the study of very heavy 

elements and especially for the search for the widely discussed " is lands" 

of stability that are predicted to occur at masses considerably heavier 

than any that have yet been identified experimentally. An island of 

this kind is expected to result from the influence of closed nuclear 

shells, and currently it is thought that closed shells of 114 and perhaps 

126 protons and of 184 neutrons will have a dominating influence on 

stability. The discovery and understanding of superheavy nuclides 

of this kind, if they can be produced, would have a profound influence 

on our understanding of the nucleus; and it could also have major 

consequences for applied science. 

Finding effective ways to produce enough of the predicted 

superheavy nuclei for study is a considerable technical and scientific 

challenge. It seems clear that efficient production will require nuclear 

reactions between two heavy nuclei. However, one of the intriguing 

aspects of the problem is that we have little solid information on what 

kinds of reactions are most effective, what energies are required, or 

indeed on what product nucleus to str ive for. Consequently, an acce l ­

erator intended for the production of superheavy nuclei should have 

rather general capabilities that will allow all reasonable approaches to 
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be explored. It should provide intense, high-energy beams of ions 

throughout the periodic table, and in particular it should be able to 
2 "2 Q 

accelerate the heaviest ions ( U) well above the Coulomb bar r ie r 

for an interaction with a uranium target . Exactly what the desirable 

upper energy limit is for the uranium ion is not c lear . The energy 

needed to overcome the Coulomb ba r r i e r in an interaction between 

two spherical nuclei of mass 238 is only about 6 MeV per nucleon, 

but the deformation of actual heavy nuclei is likely to increase this to 

about 8 MeV per nucleon. Also, the recent indication that heavy-ion-

induced fission is an effective way to produce superheavy nuclei and 

that the production cross section increases with increasing projectile 

energy up to well above the Coulomb bar r ie r suggests that it may be 

important to be able to accelerate U up to energies of 10 or 15 MeV 

per nucleon. These considerations suggest that most of the accelerators 

now being actively considered for heavy-ion acceleration have too 

low an upper energy limit for the heaviest projectiles. It is to achieve 

the desired high energy that we use a TU tandem (rather than the 

smaller MP model) as the injector and that our cyclotron is larger 

than the 200-MeV four-sector Indiana cyclotron. 

The prospect of using heavy ions for other nuclear 

investigations is also exciting, since we now have very little knowledge 

of what can happen in energetic collisions between complex nuclei. 

Undoubtedly this field will prove to be a rich source of qualitatively 

new information for our understanding of the nucleus. There are also 

interesting new possibilities for the use of energetic heavy-ion beams 

for investigations in atomic and solid-state physics and in biology 

and medicine. 
The second area of research that has had a major influence 

on the design of the new accelerator system is the kind of nuclear-

physics research done with light ions in the medium-energy range. 

Here the determining considerations are that it is important to be able 

to explore the region of energy up to and through the meson threshold 
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much more thoroughly than will be practical with accelera tors m 

existence or under construction. The physics of this region is i n t e re s t ­

ing because of the presence of the meson threshold (at about 290 MeV 

for nucleon-nucleon interactions) and because the region links two 

fundamentally different sorts of nuclear physics. At the low-energy 

end of the region one studies the energy levels one by one and attempts 

to describe the level structure in te rms of nuclear models; the models 

themselves have to be related to the nucleon-nucleon forces , a connection 

that must necessarily be indirect. At high energies (> 100 MeV for 

protons) interest shifts to pair-correlat ion functions, momentum 

distributions, etc. ; these are related more directly to the nucleon-

nucleon forces , although virtually nothing is now known about them. 

Our accelerator complex may well turn out to be the ideal system for 

the study of nuclear structure in that it is equally well suited for both 

kinds of physics—its energy is low enough to permit the good energy 

resolution required to study individual states and at the same time 

its maximum energy is high enough to permit a thoroughgoing invest i ­

gation of the more general features of nuclear mat ter . Thus, the MTC 

may allow the gulf between the two areas of nuclear physics to be 

bridged. 

Accelerator Considerations. The MTC accelera tor 

complex combines two modern acce le ra to r s , each of which would be a 

valuable research tool by itself; when used as a sys tem, they will 

provide a unique and powerful probe for nuclear r e sea rch . 

The TU tandem is the largest of the tandem Van de Graaff 

accelerators; a prototype is nearing completion. The choice of this 

tandem is dictated by the need to inject highly-stripped heavy ions into 

the cyclotron so as to minimize the radius of curvature (and thus the 

size and cost) of the cyclotron. The use of the smaller MP model would 

require the construction of a substantially larger cyclotron; and the 

even smaller FN tandem probably would not be suitable at al l , because 

It could not provide the required intensity of heavy-ion beam. 
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Moreover, the TU by itself will be much more valuable than the smaller 

tandems in many a reas of r e sea rch . 

The TU will be used in its tandem mode of operation at 

all t imes . That is to say, negative ions will be injected into the machine 

from an ion source near ground potential, and these ions will be accel­

erated to the te rminal , where they will pass through an electron-stripping 

medium. An al ternat ive, and superficially at tract ive, possibility is 

to produce highly-stripped heavy ions in a source mounted in the t e r ­

minal of the TU, This possibility was rejected partly because of 

questions regarding its feasibility and partly because of our judgement 

that a terminal source would severely prejudice the reliability of the 

system for heavy-ion accelerat ion, in view of the short lifetimes of 

all known sources producing usable intensities of ions in the required 

high charge s tates . In contrast to these problems with the terminal 

source, the planned external source at ground potential is much more 

reliable and its accessibili ty makes all technical problems much easier 

to solve. The reliability of the external source is essential for our 

system, which (because of its regional character) must support the 

work of a very large number of u se r s . ^ 

The open-sector cyclotron with free-standing magnet 

sections has charac ter is t ics that make it especially suitable for the 

proposed application. In par t icular , the space between magnets allows 

the problems of beam injection and extraction, vacuum pumping, and 

the design of the accelerating structure to be solved much more easily 

than in a conventional cyclotron. The technology of open-sector cyclo­

trons is relatively well understood now, and the experience gained at 

the machine now under construction at Indiana University should provide 

answers to many of the remaining questions. 

The size of the proposed cyclotron was set by the dual 

requirements that the upper energy limit for protons should be well 

above the meson threshold and that the cost of the cyclotron should not 

be substantially higher than would be required for heavy-ion accelerat ion 
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alone. Both four-sector and six-sector designs were carefully con­

sidered. A six-sector design was chosen because orbit calculations 

showed that resonance instabilities in a four-sector machine could 

cause unsatisfactory operation for both protons and heavy ions. Such 

resonances are unimportant for the proposed s ix-sector machine, which 

will reliably accelerate protons up to at least 350 MeV. 

Construction and Operation. The way in which the 

proposed facility will be constructed can only be specified in general 

terms at this t ime. Consider first the TU tandem. The major respon­

sibility for the construction of this accelerator will, of course , res t 

with the manufacturer (High Voltage Engineering Corporation). How­

ever, in order to minimize the cost, we propose to take on a limited 

responsibility for the design and development of some parts of the tandem 

system that do not interact in a fundamental way \vith the basic cha rac t e r ­

istics of the accelerator. Also, this experience will prove valuable 

later, since an effective use of a machine of this magnitude will requi re 

an operating staff that is fully competent in all aspects of e lec t ros ta t ic -

accelerator technology, especially in view of the potential of the system 

for future improvements. Because of the experience gained from 

constructing and operating a Van de Graaff accelerator (starting in 

1948) and from operating a tandem since 1962, Argonne already has on 

its staff men with many of the technical skills that will be needed for 

the development and operation of the TU-tandem system. 

The conceptual design of the proposed cyclotron has 

been worked out by the accelerator design group in the Argonne Chem­

istry Division, who have had the previous experience of designing 

several other cyclotrons and who for many years have had the broadening 

experience of being responsible for the operation and development of 

several different kinds of accelera tors—a cyclotron, a Van de Graaff, 

a high-current electron linac, and a Cockcroft-Walton. In view of this 

existing competence, the Laboratory plans to take on the pr ime 

responsibility for the design and assembly of the proposed cyclotron. 

file:///vith
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although major mechanical construction will be done outside and major 

components will be purchased from commercial sources , when possible. 

An important aspect of this approach is the backup provided by the pool 

of skilled manpower concerned with the operation and improvement of 

the ZGS. Also, the universi t ies in the a r ea have staff members with 

demonstrated competence in cyclotron technology. 

Building. The great range of experiments for which the 

accelerator system may be used places severe demands on the beam-

handling system and on the building that houses the facility. It would 

not be justifiable to make full provision initially for all of the many 

experiments for which the system is well suited. Nevertheless, it is 

important that the design of the supporting facilities and especially the 

building should not preclude the possibility of exploiting the accelerator 

fully in any area of science that might become especially interesting 

in the future. Thus, we have attempted to lay out the facility in such a 

way as to permit the future development of many features of the system 

that do not appear to be of pr imary importance now. In general t e r m s , 

this has been done by considering what would be required to emphasize 

various character is t ics of the accelerated projectiles (energy resolution, 

time resolution, etc. ) and the building has 'been designed to make it 

feasible to satisfy these requirements la ter , if it becomes desirable. 

Similarly, the building (Fig. 43) was planned to permit the simultaneous 

use of several ion beams from the tandem in several independent experi-

ments . 
Since the proposed accelerator complex is to be a 

regional facility, some office and laboratory space for outside users 

is provided in the accelerator building. Additional space will be made 

available in existing buildings such as those that house the Chemistry 

and Physics Divisions. 

Supporting Facil i t ies . Existing equipment and auxiliary 

facilities at Argonne will contribute greatly to the effective use of the 

proposed accelera tor complex. For experiments tied directly to the 
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Fig. 43. The plan of the building. The directions of particle beams are 
indicated; some alternative beams, or beam directions, available to 
particles of less than the maximum rigidity are shown by dashed lines. 
The important beam-bending and switching magnets a re shown (not 
necessarily to exact scale) but many minor components (e. g. , quad-
rupoles) are omitted. Alternative positions of components are shown 
dashed. The experimental areas are labeled A, B, C, D, and E. 
Non-fixed shield walls in C are not shown. Other a reas a re : a — 
access route for heavy components to injector a rea , c—conference 
room, d—drafting room, e —elevator positions, h—target and radio­
active-components laboratory, i—locker room, m—men, o—office 
space, r—radiation safety, sr — secre tary-recept ion, w—women, 
^~i'abbit stations, and z — shielded beam dumps. 
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accelera tor , the existing i tems consist of major pieces of equipment 

(magnetic spectrograph, etc. ) now being used in nuclear-physics 

experiments at the present cyclotron and tandem; also, the Sigma-7 

multiple-task computing system now being developed by the Chemistry 

Division will serve initially as an on-line data-handling facility. The 

existing auxiliary facilities available for off-line experiments are 

even more valuable. The most notable of these is the M-wing "hot 

laboratories" of the Argonne Chemistry Division, probably the world's 

most sophisticated re sea rch facilities for carrying out laboratory 

operations on high-activity ma te r i a l s , particularly heavy elements. 

Other major facilities that will play an important role in off-line experi­

ments a re a mass separa tor , a high-resolution alpha spectrometer , 

and a double high-resolution high-transmission beta-ray spectrometer . 

The existence of these major facilities will greatly extend the research 

capability of the MTC. 

Research Personnel . One of the most important just i ­

fications for the construction of the MTC is the large and outstanding 

group of nuclear chemists and physicists eager to use i t - p e r h a p s the 

largest group of experienced scientists who have ever banded together 

to support the construction of an accelerator to be used in nuclear 

science. This pool of manpower skilled in research consists of nuclear 

chemists and nuclear physicists both at Argonne and at universities in 

the a rea . 

The nuclear chemists from the Argonne Chemistry 

Division constitute one of the largest and most productive groups of 

its kind and, of central importance for this proposal, it has had years 

of experience in heavy-element and nuclear chemistry. An approxi­

mately equal number of nuclear chemists a re distributed over seven 

Midwestern universi t ies . They provide a wide range of competence 

in nuclear chemistry. The large group of nuclear physicists in the 

Argonne Physics Division are an essential ingredient for an effective 

use of the MTC for physics since, as members of the operating 
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institution, they will establish the core of the physics r e sea r ch p rogram. 

The largest group of all consists of the nuclear physicists from the 

AUA universities (and a few others)—about 135 physicists with long-

term appointments. Associated with these groups of experienced 

scientists are a total of about 500 postdoctoral fellows and graduate 

students. 

Allocation of Experimental Time. In view of the large 

number of scientists who have already indicated a des i re to use the 

proposed facility, it is clear that running time on the new facility will 

be in great demand and that no single institution should control i ts 

use. Thus, although the facility will be built and operated by Argonne, 

it is assumed that its use will be governed by a representat ive group 

of users from the Midwest in somewhat the way the ZGS i s . 

A necessary implication of the concept that the MTC 

will be a regional facility used by a very large number of investigators 

is that, in spite of its capacity to support a large volume of r e s e a r c h , 

the new system cannot be expected to support the entire r e sea rch 

programs of many use r s . Thus, much of the research that is now 

carried out at other accelerators in the area will need to continue. 

Indeed, an important aspect of this proposal is that the new acce lera tor 

system will be effectively used because most of the use r s have smal ler 

accelerators at their home institutions and their r e sea rch can be 

effectively extended and complemented by experiments at the MTC. 

Cost. The estimated cost for the construction of the 

proposed facility is $24. 4 million. This total allows $6 .8 million for 

the TU tandem, $8. 6 million for the cyclotron and its light-ion injector, 

$7.3 million for the building, and $1.7 million for beam-handling 

and other equipment. The accelerator system will be operational in 

1975 if the project is authorized and funded in fiscal year 1971. 
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THEORETICAL PHYSICS 

The theoretical group consists of permanent staff 
members , postdoctoral r esea rch assoc ia tes , and long- and shor t - te rm 
visiting scientis ts . Four of the permanent staff members hold joint 
appointments at neighboring univers i t ies . Others teach occasional 
courses at various univers i t ies . Members of the group also participate 
in research collaborations with university faculty members , some of 
whom serve as consultants to ANL. The group has also undertaken a 
responsibility for postgraduate and postdoctoral training in nuclear 
theory. 

Although the largest concentration of theoretical effort 
is in nuclear physics, theoretical r esea rch is also being carr ied out 
in superconductivity, statist ical mechanics , hypernuclear s t ructure , 
e lementary-part icle physics, and the mathematical structure of quan­
tum mechanics. There is also a systematic development of software 
facilities for the numerical computations needed in nuclear-s t ructure 
calculations. This facility has by now become an important theoretical 
resource Par ts of it have successfully been t ransferred to other 
laboratories for the use of other groups, and that process is continuing. 

The theoretical group maintains an active partnership 
in the experimental program of the Physics Divis ion-through research 
collaborations, informal cooperative effort and mutual cr i t ic ism, 
and also through joint seminars whose principal purpose is to facilitate 
the flow of ideas between theorists and experimentalists . 

The major programs of theoretical research are 
computer-based studies of nuclear structure via the spherical or 
d : ^ r m e d nuclear shell models , of nuclear-reaction theo'.y ^ the shell 
model, and of the nuclear many-body problem. Common features 
T t h e e problems, such as the nucleon-nucleon interaction and some 
o the computational techmques, a re developed m - - - discuss 
sess ions . The aims and achievements of these and other research 
efforts a re described briefly below. 
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a. General Computational Programs 

(i) The SPEAKEASY Programming Language 

S. Cohen and C. M. Vincent 

SPEAKEASY is now available in a card-input version 

and in a version for the IBM-2250 display console. A new manual 

describing the basic language now enables use rs to learn the language 

quickly. 

Means of solving second-order linear differential equa­

tions have been added to the language. These are certain to be very 

useful in getting quick solutions to one-dimensional Schrodinger equa­

tions. The compiler now being developed will greatly increase the 

execution speed of SPEAKEASY programs. Means of temporar i ly 

incorporating user-wri t ten FORTRAN programs in SPEAKEASY are 

being explored. These developments, together with ready access to 

a library of manipulative routines within the Delphi system, a re expected 

to expand greatly the application of SPEAKEASY. 

(ii) The Shell-Model System (3600 Version) 

S. Cohen and D. Kurath 

The CDC-3600 version of the nuclear shell-miodel p ro ­

grams is in active use. Major revisions in these programs were made 

last year to increase their capabilities and efficiency. The most 

important of these was the addition of a program to calculate two-

particle coefficients of fractional parentage. This program has enabled 

us to improve the older program for calculating energy m a t r i c e s , and 

to expand the size of problems that can be handled by the sys tem. 

It will also be possible to calculate cross sections for two-nucleon 

transfer experiments. 
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(iii) The Delphi System for Theoretical Nuclear Calculations 

S. Cohen and C. M. Vincent 

Delphi is an advanced system for the development of 

algorithms and their synthesis into programs for carrying out l a rge-

scale physics computations. A basic version of Delphi has been im­

plemented for computers of the IBM-360 se r i e s . 

It is in the nature of every theoretical investigation that 

new or modified techniques must constantly be developed to augment 

existing methods. Built into the s tructure of this system are many 

features that greatly ease the task of constructing new computational 

p rograms. Of part icular interest is the expandable set of independent 

yet easily interlinkable algorithmic routines. This provides the means 

for rapid programming of new studies. As each new routine becomes 

available, it goes into the toolbox of the system. It is then usable with 

other routines or as par ts of new computational programs. To aid 

in the development of new routines, ways of storing, cataloging,and 

updating FORTRAN programs and their machine-language counterparts 

are being developed. 

Results of calculations can l>e stored in data l ibrar ies 

of the system. Such results are then available for use by computational 

programs for later examination or manipulation. Both a growing 

algorithmic l ibrary and a growing data reservoir are thus available. 

Each addition increases the capabilities of the system for further 

growth. 

(iv) The Shell-Model System (360 Version) 

S. Cohen, D. Kurath, J. Soper," and A. Stamp 

An IBM-360 version of the nuclear shell-model programs 

is being developed. During the past year most of the development work 

*A.E .R . E . , Harwell , England. 

^Department of Nuclear Phys ics , Oxford University, England. 
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has involved setting up the features that relate to the system functions 

and the adaptation to the Delphi system. This phase of the adaptation 

is now complete and the computational programs will now be t rans fe r red . 

b. Theoretical Nuclear Spectroscopy 

(i) Shell-Model Calculations in a Deformed Basis, and Shape Mixing 

M. H. Macfarlane and A. P. Shukla 

Nuclei far from closed shells show a strong tendency 

to assume nonspherical shapes. Much of the complexity of the desc r ip ­

tion of such nuclei in terms of the spherical shell model a r i s e s from 

the attempt to represent deformations in a spherical bas is . Simplified 

computations and greater physical insight can be expected if the single-

particle states underlying the shell-model description are themselves 

adapted to the deformation. Computer programs have therefore been 

written to carry out shell-model calculations in a deformed bas i s . 

The aim is to characterize the shell-model description of deformed 

nuclei in terms of as few deformed intrinsic states as possible. 

We have carried out many such calculations for nuclei 
18 22 

between F and Na; here we report briefly some of our resul ts for 
20 

Ne. The shell-model vector space is that spanned by the configurations 
4 

(Id . , 2s , , Id . ) . The intrinsic states are obtained from 

restricted Hartree-Fock calculations^ within those configurations. 

States with definite angular momentum J and isobaric spin T are p ro ­

jected from the intrinsic states. These J components a re orthogonalized 

and used to span a subspace of the complete model space (d, s) ; the 

shell-model Hamiltonian is diagonalized within the subspace so spanned. 

Calculations were performed with a variety of different model Hamil-

tonians; the qualitative results are the same for any Hamiltonian that 

' G. Ripka, in Advances in Nuclear Physics , Vol. 1, edited by M. 
Baranger and E. W. Vogt (Plenum P r e s s , New York, 1968). 
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r e p r o d u c e s the o b s e r v e d s p e c t r a wi th r e a s o n a b l e a c c u r a c y . The 

r e s u l t s g iven h e r e c o r r e s p o n d to the p h e n o m e n o l o g i c a l H a m i l t o n i a n 

u s e d in m o s t d s - s h e l l H a r t r e e - F o c k s t u d i e s ' —a Rosenfe ld two-body 

i n t e r a c t i o n wi th s i n g l e - p a r t i c l e e n e r g i e s U^^/z' « ^ l / 2 ' ' ^ 3 / 2 ^ 

= ( - 7 , - 4 . 2 , 0) (in M e V ) . 

T h e r e a r e five known' >̂  so lu t ions of the r e s t r i c t e d 

H a r t r e e - F o c k equa t ions for ^ °Ne a n d , c o r r e s p o n d i n g l y , t h e r e a r e five 

d e f o r m e d i n t r i n s i c s t a t e s . T h e r e a r e two p r o l a t e ax ia l s o l u t i o n s , two 

oblate ax ia l s o l u t i o n s , and one ax i a l l y a s y m m e t r i c so lu t ion ; of t h e s e , 

one of the p r o l a t e so lu t i ons i s l owes t in e n e r g y , fol lowed by the nonaxia l 

so lu t ion . We find tha t i n c l u s i o n of the nonax ia l so lu t ion is e s s e n t i a l 
+ + 2 0 

to a d e s c r i p t i o n of the f i r s t exc i t ed s t a t e s of spin 0 and 2 m Ne . 
20 

T h r e e d i f fe ren t s h e l l - m o d e l s p e c t r a for Ne a r e shown 

in F i g . 44 . All u s e the i n t e r a c t i o n H a m i l t o n i a n d e s c r i b e d above ; they 

10.91 

.9,94 iM^s: 

9.06 

7 BR 

9.30 

8.05 

9.26 

8.06 

-< 

-6 t 

F i g . 44 . C a l c u l a t e d d e f o r m e d 6.80 - - - - _ _ 
6.81 6,59 6.56 
6.80 

s h e l l - m o d e l s p e c t r a for ' ° N e . 
The b r a c k e t e d quant i ty at the 
foot of each leve l d i a g r a m is the 
g r o u n d - s t a t e binding e n e r g y . ^ ^^ j g^ ^ 
All e n e r g i e s a r e given in MeV. 3.45 — ''i 
C a l c u l a t i o n s l abe led A, B , and 
C a r e d e s c r i b e d in the t e x t . 

1.67 
1.87 1-92 ; * 

(-49.66) (-49.97) (-50.12) 
A B C 

^ J . C. P a r i k h , P h y s . L e t t e r s 25B_, 181 (1967). 
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differ in the number of deformed intrinsic states included in the bas is . 

Calculation A includes the lowest prolate HF intrinsic state (K = 0) 

and the nonaxial HF intrinsic state (a mixture of K = 0, 4 and 8). 

Calculation B adds to the intrinsic states of calculation A all 1-par t ic le-

1-hole excitations with K = 0 and K = 2 based on the lowest prolate 

HF solution. Calculation C includes all states of the configurations 

(Id , 2s , Id ) . This 'exact' calculation is in qualitative 
5 / Z 1 / ' - j / * -

agreement with experiment. 

It is clear that the truncated shape-mixing calculation B 

yields an excellent approximation to the exact shell-model spectrum 

of calculation C. The Ne states in question therefore a r i s e , to a 

high degree of approximation, from the lowest prolate HF intrinsic 

state, from its Ip- lh excitations, and from the lowest axially asymmetr ic 
19 20 20 21 22 

HF intrinsic state. Further results for F , F , Ne, Ne, Ne, 
22 

and Na will be presented in forthcoming publications. 

(ii) E2 Transitions in Nuclei 

R. D. Lawson 

The fact that spectra and transit ion rates in nuclei can 

be fitted with a wrong configuration assignment has led to a search 

for effects that will indicate core excitation. Shell-model calculations 

restricted to a single major oscillator shell have shown that the E2 

transition rate from the 0 ground state of an even-even nucleus to 

the second 2 state of the nucleus is quite small . The present work 

shows that this may be traced to an asymptotic selection rule which 

arises because in T^ = 0 nuclei or s ingle-closed-shell nuclei the mass 

quadrupole operator is the same as the E2 t rans i t ion-ra te operator . 

In the SU3 limit (the limit of large deformation) this operator is diagonal 

and consequently there can be no E2 transit ions between states with 

different (X,|j,). For finite deformation, the present calculation showed 

that although the selection rule is not rigorously satisfied, the phasing 
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of the various constituents of the wave functions tends to produce a 

cancellation. In fact it was shown that the size of the relevant matr ix 

element remains small even when the nucleus approaches spherical 

shape. Therefore, for AT = 0 transi t ions in T^ = 0 nuclei or^in single-

closed-shell nuclei, finding that the transit ion to the second 2 state 

has a B(E2) > 25% of the B(E2) to the first 2"̂  gives strong evidence 

for excitation out of the given major oscillator shell. Similarly if the 

E2 lifetime of the first excited 0+ state exhibits a nuclear matr ix element 

which is >25% of the first 2+ -* 0+ matr ix element, excitation out of 

the shell is indicated. 

(iii) Shell-Model Matrix Elements from a Realistic Potential ' 

R. D. Lawson 

In recent years there has been a great deal of interest 

in using a real is t ic two-body potential to deduce the effective-interaction 

matr ix elements to be used in a shell-model calculation. Most of the 

attempts to obtain these matr ix elements have relied on the use of the 

react ion-matr ix formalism. In this work the problem has been reformu­

lated so that the needed interaction energies can be obtained by finding 

the eigenvalues and eigenvectors of coupled integral differential equations. 

If one considers two part icles outside an inert core, the relevant eigen­

value problem that must be solved is 

{H„(l) + H„(2) + V(r^ - r^, <T^, ^^) - E} A> 

= Z 4 ' n , 2 ) / < ^ * ( 1 , 2 ) V + ( l , 2 ) d l d 2 , 

j ^ 

where H„ (i) is the single-part icle shell-model Hamiltonian, V is the 

residual two-body force, and ^. represents the j th two-particle state 

which must be excluded because of the Pauli principle. 

, R . D. Lawson and J. M. S O P I T T N U C I . Phys. A131(2), 473 (1969). 
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Fig. 45. Comparison of the 
experimental and theoretical 
level schemes of ^Li. The 
residual two-body force is r ep­
resented by the Hamada-
Johnston potential V in the 
equation and the shell-model 
potential is taken to be an 
harmonic oscillator with 
fiu = 13 MeV. 
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Fig. 46. Correlated wave functions that a r i se when the 
residual two-body interaction is considered, (a) Com­
parison between the correlated J=0 T = l wave function 
(obtained when the exclusion principle is ignored, i. e. , 
when the right-hand side of the equation is set equal to 
zero) and the harmonic-oscil lator wave function. 
(b) The 1=0 parts of the J = 0 T=l and J = l T = 0 wave 
functions when the exclusion principle is ignored. 
(c) d-state wave function induced in the J = l T = 0 eigen-
function by the tensor force. The unperturbed harmonic-
oscillator d-state wave function is almost indistinguish­
able from the T=l central-force eigenfunction shown in 
the graph. The exclusion principle changes the wave 
functions only slightly. Each eigenfunction is individually 
normalized. 
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Programs have now been set up on the IBM-360 computer 

for the solution of these coupled integral differential equations, an 

harmonic-osci l la tor form being assumed for the one-particle shell-

model potential. The resulting interaction energies will be used in the 

Argonne shell-model programs to compute nuclear level schemes. 

The level diagram resulting for V i is shown in Fig. 45. The resultant 

two-particle wave functions 4, contain correlations due to all possible 

single-particle and two-particle excitations of the valence nucleons. 

These wave functions (Fig. 46) can be used in conjunction with the 

shell-model programs to compute transit ion rates etc. in nuclei. 

This work was begun at the Weizmann Institute of Science 

in Is rae l , where Dr. J. M. Soper of UKAEA, Harwell collaborated 

in the early phases. 

(iv) Ip-Shell Nuclei 

S. Cohen and D. Kurath 

Spectroscopic factors for two-nucleon transfer have 

been extracted for comparison with particular^experiments at various 

laborator ies . The agreement with results.of N(p,t) N and 

^V(^He ,p ) ' ^C experiments is very encouraging. We have employed 

the resul ts of an ear l ier calculation' to extract coefficients for two-

nucleon t ransfer involving all possible Ip-shell targets between mass 

numbers A = 9 and A = 16. These calculated values show some in ter ­

esting predictions of relative strengths and dominant values of the 

orbital angular momentum t ransfer , thereby suggesting further exper i ­

ments to test the accuracy of this nuclear model. 

' S . Cohen and D. Kurath, Nucl. Phys. T±, 1 (1965). 

(v) Gamma Decay of Isobaric Analog States 

D. Kurath 

Isobaric analog states a re often part icularly simple 

s ta tes , lying at rather high excitation in the nucleus. These states 
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u sua l ly decay p r e f e r e n t i a l l y by s t r o n g M l g a m m a t r a n s i t i o n s . The 

study of the decay m o d e s p r o v i d e s i m p o r t a n t c lue s about the n a t u r e 

of the nuc l ea r s t r u c t u r e . 

In the r eg ion A = 20 — 25 , the r o t a t i o n a l m o d e l can 

explain the g e n e r a l o b s e r v a t i o n s , but the ana log d e c a y s p r o v i d e a d d i t i o n a l 

i n fo rma t ion . F o r example in o r d e r to expla in the b r a n c h i n g r a t i o s 

in A = 25 nuc l e i , one m u s t inc lude a s m a l l amoun t of a h i g h e r c o n f i g u r a ­

t ion which has e s p e c i a l l y l a r g e m a t r i x e l e m e n t s for M l t r a n s i t i o n 

to c e r t a i n lower s t a t e s . 

In many o ther r eg ions the ana log s t a t e i s we l l r e p r e s e n t e d 

by coupling an odd nucleon to a c o r e . The d e c a y s to m o r e c o m p l i c a t e d 

lower s t a t e s a r e d e t e r m i n e d by the r e l a t i v e m a g n i t u d e and p h a s e of 

the co re t r a n s i t i o n and the odd-nuc leon t r a n s i t i o n . S tud ies of s u c h 

t r a n s i t i o n s help u n r a v e l the n u c l e a r s t r u c t u r e of the i n t e r m e d i a t e 

s t a t e s . 

A n a l y s e s of t h e s e decay p a t t e r n s h a v e p r o v i d e d m u c h 

s t r u c t u r e in fo rmat ion not a c c e s s i b l e in o the r w a y s , and s u c h s t u d i e s 

•will cont inue to be of v i ta l i n t e r e s t . 

c. Nuc lea r Reac t ions 

(i) The Shell Model in the Con t inuum 

Wil l iam J. Romo 

The s u c c e s s of s h e l l - m o d e l c a l c u l a t i o n s for bound 

nuc lea r s y s t e m s has led to the a p p l i c a t i o n of s h e l l - m o d e l t e c h n i q u e s 

to the ca lcu la t ion of s c a t t e r i n g p r o b l e m s . The t r e a t m e n t of the 

con t inuum-cont inuum i n t e r a c t i o n due to t he r e s i d u a l n u c l e o n - n u c l e o n 

potent ial c a u s e s a s e r i o u s n u m e r i c a l p r o b l e m . The diff icul ty c a n 

be t r a c e d to the p r e s e n c e of n a r r o w s i n g l e - p a r t i c l e r e s o n a n c e s in the 

model s y s t e m . We have deve loped a m e t h o d tha t p r o v i d e s a s e p a r a t i o n 

of the ke rne l of the L i p p m a n - S c h w i n g e r equa t ion in to r e s o n a n t a n d 

nonresonant componen t s . The s e p a r a t i o n p e r m i t s u s to t r e a t t he 
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nonresonant background by perturbation theory, thus providing a ra ther 

efficient calculational scheme. The connection between the effective 

interaction that appears in this formulation and the effective interaction 

of conventional shell-model theory was discussed in a paper coauthored 

with Prof. K. W. McVoy. The original calculational scheme has been 

improved and a paper is in preparation. The techniques will be applied 

to the calculation of c ross sections for elastic and inelastic scattering 

of nucleons from nuclei. 

(ii) Distorted-Wave Theory of Stripping to Unbound States 

C. M. Vincent and H. T. Fortune 

In many stripping experiments the residual nucleus is 

left in a resonant state rather than a bound level. In the past, a realistic 

analysis of such experiments has usually been prevented by the very 

slow convergence of the radial integrals appearing in the distorted-

wave Born amplitudes. A contour integration method to circumvent 

this difficulty has been devised, and implemented in a CDC-3600 p ro ­

gram. The total cross section for a reaction leading to a resonant 

state is obtained by integrating over the resonance. The shape of the 

angular distribution is found to vary only slightly as the energy t r averses 

a resonance, although its over-al l magnitude peaks sharply. 

The program has been translated for the IBM-360 com­

puter , and will be incorporated in the DELPHI system, so that the 

various form factors and cross sections can be calculated and stored 

conveniently and flexibly. This is expected to facilitate further use of 

the program to analyze experiments , and hence to obtain spectroscopic 

factors for unbound nuclear s tates . 

(iii) Stripping to Unbound States 

H. T. Fortune and C. M. Vincent 

Distorted-wave calculations have been performed for 

a number of stripping reactions leading to unbound final s ta tes . For 
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the ' V ( d , p ) ' ^ 0 reaction leading to the | state at 5. 08 MeV, the 

present calculations agree reasonably well with ear l ier calculations 

of Huby and Mines in shape but not in magnitude. Calculations were 

also performed for the ' 'B(d ,p) B reaction leading to the 3. 39-MeV 

state, which is neutron-unbound by 20 keV. These calculat ions , ' 

together with ^ B(d, p) B and B + n data, establish the parity of 

this state as negative, in contradiction to ear l ier assignments . The 
3 

earlier assignments lead to a value 10 for the ratio of the spectroscopic 
11 2 U ^ 

factor S from B(d,p) to the reduced width 9 from B + n. For 
negative parity, S ~ d to within a factor of 2. 

" 4 0 3 41 

For the Ca( He,d) Sc reaction, the calculations 

produce angular distributions whose shapes agree with the data and 

whose magnitudes yield spectroscopic factors for the unbound states 
41 of Sc which are in reasonable agreement with those of the m i r r o r . 41 states in Ca. 

12 3 
At present, calculations for the C( He,d) reaction 

13 
to unbound states in N have not successfully reproduced the data. 

Since the fits to the ground state (which is bound) are also poor, it 

is probable that the difficulties are due to poor choices of distorting 

potentials or to basic deficiencies in the DWBA, ra ther than to uncer­

tainties involving the unbound states themselves. 

Future plans include doing calculations for stripping 

to states that are unbound by several MeV in both light and medium-

weight nuclei. 

' H. T. Fortune and C. M. Vincent, Phys. Rev. (in p ress ) . 

£u,;5^]iS33J3^^^SP^3;^i5^^2liJ^i^^ear^^ Transi t ions , 
and Cross Sections 

At sufficiently high excitation energies the density of 
nuclear states is so great that it becomes impossible to furnish a 
detailed theoretical description of individual s ta tes , and interes t becomes 
focused on average propert ies . One aim of the stat ist ical theory is 
to derive the laws that govern the fluctuations of quantities (such as 
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a decay width) associated with individual quantum states . Another aim 
is to derive the gross s t ructure (such as the dependence of the nuclear 
level density on the parameters of the shell model) by averaging over 
many states . Some of the stat ist ical principles discovered in the 
course of analyzing nuclear data have been found to be useful also in 
the description of atomic spectra. Applications of the statistical theory 
to a variety of complex quantum systems are expected to develop. 

(i) Phenomenological Theory of Nuclear Level Densities 

N. Rosenzweig and P. B. Kahn 

Accurate and transparent spin-dependent level-density 

formulas have been derived for a system of neutrons and protons 

moving in a rb i t ra ry periodic independent-particle energy-level 

s chemes . ' It is expected that these results will lend themselves to 

a semi-empir ica l description of the nuclear level-density data derived 

from slow-neutron spectroscopy. In part icular , a semiquantitative 

fit of the large effects associated with the filling of major nuclear 

shells now seems possible. The effects of "nonperiodic" perturbations 

in the single-part icle energy-level sequences has also been invest i­

gated. ^ 

*State University of New York, Stony BrOok, N.Y. 

' N . Rosenzweig and P. B. Kahn, Phys. Rev. (in press ) . 

^N. Rosenzweig and P. B, Kahn, J. Math. Phys. ^ , 707 (1969). 

(ii) Giant-Dipole Resonance Absorption and Radiative Strength 

Function of ' *> ^ Pt ' 

N. Rosenzweig 

The value of the radiative strength function observed 

in (n,y) reactions at the neutron binding energy is compatible with 

the value deduced from the inverse (y,n) reaction with the help of the 

hydrodynamical model. An analysis of the observed energy dependence 

N. Rosenzweig, Nucl. Phys. A118, 650 (1968). 



138 
I l l . d 

of the r a d i a t i v e s t r eng th function s u g g e s t s t ha t the f ami ly of d i s p l a c e d 

r e s o n a n c e - a b s o r p t i o n c u r v e s b a s e d on the v a r i o u s e x c i t e d s t a t e s of 

' ' ' ^ P t have roughly s i m i l a r shapes in the exc i t a t i on e n e r g y r a n g e f r o m 

6. 3 to 7. 9 MeV. M o r e g e n e r a l l y , it i s m a d e p l a u s i b l e tha t t he v a l u e 

of a c e r t a i n m e a n ene rgy should be d i s p l a c e d by an a m o u n t p r e c i s e l y 

equal to the ene rgy d i s p l a c e m e n t of the in i t i a l s t a t e . 

(iii) D i s p e r s i o n of Atomic G y r o m a g n e t i c R a t i o s — A p p r o a c h to 
S ta t i s t i ca l E q u i l i b r i u m ' 

N. Rosenzweig and B. G. Wybourne 

The d i s p e r s i o n of the g y r o m a g n e t i c r a t i o s about t h e i r 

m e a n value is ca lcu la ted a s a function of the m a g n i t u d e of the s p i n -

orbi t coupling p a r a m e t e r for s o m e e n e r g y m a t r i c e s of the c o m p l e t e 

e l e c t r o s t a t i c and s p i n - o r b i t i n t e r a c t i o n s in the f and f e l e c t r o n c o n ­

f igu ra t i ons . It follows f rom o r t h o n o r m a l i t y a lone tha t the d i s p e r s i o n 

a s s u m e s i t s g r e a t e s t value in the LS-coup l ing l i m i t . As t he m a g n i t u d e 

of the s p i n - o r b i t coupling is i n c r e a s e d , the e n e r g y m a t r i x b e c o m e s 

m o r e complex , i t s p s e u d o - r a n d o m c h a r a c t e r i s i n t e n s i f i e d , and the 

value of the d i s p e r s i o n dec l ines m o n o t o n i c a l l y unt i l it r e a c h e s a m i n i ­

m u m value which c o r r e s p o n d s a p p r o x i m a t e l y to a s t a t e of s t a t i s t i c a l 

equ i l i b r ium. Some a s p e c t s of the o b s e r v e d v a r i a t i o n m a y be u n d e r s t o o d 

with the he lp of s o m e s c h e m a t i c m o d e l s for the t r a n s f o r m a t i o n m a t r i x 

connect ing the LS and i n t e r m e d i a t e coupl ing s c h e m e s . The m i n i m u m 

values of the d i s p e r s i o n about the m e a n a r e rough ly equa l to the v a l u e s 

p red ic t ed by a s t a t i s t i c a l m o d e l in which a l l of the LS c o m p o n e n t s of 

the wave function a r e a s s u m e d to be s t a t i s t i c a l l y e q u i v a l e n t . 

C h e m i s t r y Divis ion . 

' N. Rosenzweig and B. G. W y b o u r n e , P h y s . R e v . 180, 33 (1969) . 
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(iv) Conservation Laws and Distribution of Energy Levels of 
Complex Quantum Systems' 

N. Rosenzweig 

The definition of random-matr ix models by applying the 

principles of information theory has provided a unified approach to 

diverse statist ical problems, namely (1) the fluctuation of nuclear 

level spacings as a function of the degree of violation of t ime- reve r sa l 

symmetry, (2) the distribution of atomic energy-level spacings as a 

function of the relative magnitude of spin-orbit and Coulomb forces, 

and (3) the temperature dependence of the specific heat of a collection 

of small metallic part icles as a function of the magnitude of the external 

magnetic field. It is expected that similar applications will be found, 

in due course , in molecular and elementary-part icle spectroscopy. 

IN Rosenzweig, in Proceedings of the International Symposium 
Contemporary Physics , Tr ies te , June 1968, Vol. II, pp. 381-390. 

e. StudiesofNu^)_eai^j;orc^s^^ar^^ 

(i) Meson Theory of Nuclear Forces 
i—i. % 

F. Coester 

Elimination of the meson degrees of freedom from the 

nuclear Hamiltonian requires a knowledge of the meson structure of 

the physical one-nucleon s ta tes . Conventional relativistic one-meson 

exchange potentials obtain if the one-nucleon states are calculated in 

f i r s t -order perturbation theory. If the meson-nucleon system is 

treated as a relativist ic part icle system without fields, then the 

physical one-nucleon state can be obtained exactly. Some of the features 

of local field theories can be recaptured in such models. The static 

limit of the nucleon-nucleon potential is local but otherwise largely 

a rb i t ra ry . The velocity-dependent t e rms are then unambiguously 

determined. 
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(ii) The Ground State of Homogeneous N u c l e a r Matter and the 
Foundat ion of the N u c l e a r Shell Model 

F . C o e s t e r 

A s e r i e s of l e c t u r e s on th i s top ic was given at the 1968 

S u m m e r School on Quantum Liquids and N u c l e a r S t r u c t u r e , U n i v e r s i t y 

of C o l o r a d o , 8 — 19 July 1968. The P r o c e e d i n g s wi l l be p u b l i s h e d 

by Gordon & B r e a c h . 

The g r o u n d - s t a t e p r o b l e m of h o m o g e n e o u s n u c l e a r m a t t e r 

of infinite vo lume is f o r m u l a t e d as a f ixed-po in t p r o b l e m in a s u i t a b l e 

Banach s p a c e . Approx ima t ion p r o c e d u r e s appropriate to different 

potent ia l s a r e d i s c u s s e d . 

This f r a m e w o r k is then ex tended to f ini te c l o s e d - s h e l l 

nuclei and the s h e l l - m o d e l p r o b l e m , i . e . , to the p r o b l e m of f inding 

the s t a t i o n a r y s t a t e s of a nuc leus that d i f fers f r o m a c l o s e d - s h e l l 

nuc leus by a few nucleons or h o l e s . 

(iii) Va r i a t ion in N u c l e a r - M a t t e r Binding E n e r g i e s wi th P h a s e -
Shif t -Equivalent Two-Body P o t e n t i a l s 

F . C o e s t e r , S. Cohen , B . D. Day , and C. M . Vincen t 

F o r any given two-body H a m i l t o n i a n t h e r e e x i s t s a 

l a rge c l a s s of un i t a r i l y equiva lent H a m i l t o n i a n s tha t l e ad t o t he s a m e 

s c a t t e r i n g phase shifts at al l e n e r g i e s . We have c a l c u l a t e d t y p i c a l 

s a tu ra t i on c u r v e s (shown in F i g s . 47 and 48) for r e a s o n a b l e equ iva l en t 

po ten t i a l s . The binding ene rgy p e r p a r t i c l e c h a n g e s by s e v e r a l MeV 

in e i ther d i r e c t i o n and the s a t u r a t i o n m i n i m u m shif ts to h i g h e r or 

lower dens i ty as the binding i n c r e a s e s or d e c r e a s e s . Softening the 

potent ia l i n c r e a s e s the b inding. The s e p a r a t i o n a p p r o x i m a t i o n for 

the r eac t i on m a t r i x p r o v i d e s qua l i t a t i ve in s igh t in to t h e s e e f f ec t s . 

Our exact ca lcu la t ions s t a r t with s i m p l e loca l s - w a v e p o t e n t i a l s wi th 

e i ther a ha rd c o r e or a Yukawa c o r e . The b inding e n e r g y p e r p a r t i c l e 

is ca lcula ted in the B r u e c k n e r a p p r o x i m a t i o n wi th s e l f - c o n s i s t e n t 

s i ng l e -pa r t i c l e e n e r g i e s be low the F e r m i l e v e l . F o r o u r e x a m p l e s 
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Fig 47 Saturation curves for S-wave potentials that give the same 
phase shifts as the standard hard-core potential. The calculations 
illustrated on the left depend on the separation approximation The 
contribution of the long-range part of the potential is assumed to be 
unaffected by the short-range transformation which preserves the 
phase shifts. In this approximation the family of saturation curves 
depends on a single parameter I that measures the distor ion of the 
correlated wave function. Exact Brueckner calculations (shown on 
the right) strikingly reproduce the main results of the separation 
approximation. 

we use unitary transformations that differ from the identity by a short-

range operator of rank two and transformations induced by distortions 

of the radial scale. The latter class of transformations a l ters the 

core radius and produces potential t e rms that are linear in the square 

of the momentum. 
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Fig. 48. Saturation curves for 
s-wave potentials that all give 
the same phase shifts as the 
Yukawa-core potential. Curve 
1 is for the untransformed 
potential. Curves 2 and 3 
represent radial dis tor t ions, 
while curves 4 — 10 represent 
various rank-2 t ransforma­
tions. These quite d iss imilar 
transformations again give 
saturation curves that approx­
imate a one-parameter set . 
The behavior of the binding 
energy and saturation density 
is qualitatively the same as 
for the standard hard-core 
potential. 

1.2 1.4 1.6 1.9 2.0 2.2 

FERMI MOMENTUM k, ( F ' ' ) 

(iv) Nuclear-Matter Programs 

F. Coester, S. Cohen, and C. M. Vincent 

A system of programs for the solution of nuc lear -mat te r 

problems is being constructed. These programs can calculate the 

binding energy of nuclear matter as a function of the density, using 

the Brueckner approximation with a reaction matr ix computed from 

a self-consistent single-particle spectrum. The calculation is made 

in momentum space. For hard (highly singular) potentials, the 

reference-spectrum reaction matr ix is a more suitable input than 

the potential itself. Accordingly, a coordinate-space reference-spect rum 
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r e a c t i o n - m a t r i x p r o g r a m by B. Day i s be ing i n c o r p o r a t e d in to the 

s y s t e m . The p r o g r a m s a r e d e s i g n e d for u s e wi th the Delphi s y s t e m . 

The d e s i g n of the p r o g r a m s i s such tha t the c o m p u t a t i o n can be r a d i c a l l y 

extended and modi f i ed by chang ing a few s u b p r o g r a m s , l eav ing the 

bulk of the s y s t e m i n t a c t . Thus the s y s t e m h a s a c o n s i d e r a b l e advan tage 

ove r r i g id ly d e s i g n e d p r o g r a m s in tha t it i s ab le to adapt to m e t h o d s 

of e v e r - i n c r e a s i n g s o p h i s t i c a t i o n . 

(v) F o u r - H o l e - L i n e D i a g r a m s in N u c l e a r M a t t e r 

B. D. Day 

An i n v e s t i g a t i o n of the f o u r - h o l e - l i n e d i a g r a m s in n u c l e a r 

m a t t e r h a s b e e n c o m p l e t e d . T h e s e d i a g r a m s cons t i t u t e the t h i r d t e r m 

in the e x p a n s i o n for the e n e r g y , the f i r s t two t e r m s coming f rom t w o -

h o l e - l i n e and t h r e e - h o l e - l i n e d i a g r a m s . S ix teen c l a s s e s of d i a g r a m s have 

been found, and f o r m a l e x p r e s s i o n s have been given for t h e i r c o n t r i b u ­

t ions to the e n e r g y . Each c l a s s h a s a l s o been c a l c u l a t e d n u m e r i c a l l y . 

The r e s u l t i s 0. 5 - 1 . 5 MeV of add i t i ona l binding for n u c l e a r m a t t e r at 

n o r m a l d e n s i t y . Th i s c o n f i r m s the c o n v e r g e n c e of the h o l e - l i n e e x p a n ­

s ion and r e d u c e s the d i s c r e p a n c y be tween the p r e s e n t t h e o r e t i c a l 13 

MeV and the va lue 16 MeV obta ined f r o m the s e m i - e m p i r i c a l m a s s 

f o r m u l a . A p a p e r d e s c r i b i n g th i s w o r k has been a c c e p t e d for p u b l i c a ­

t ion . ' The m e t h o d s and r e s u l t s of t h i s w o r k can u^sefuUy be app l i ed to 

the B r u e c k n e r - G o l d s t o n e t h e o r y of l iquid ^He and ^He at z e r o t e m p e r a ­

t u r e . In l iquid H e , t h r e e - h o l e - l i n e and f o u r - h o l e - l i n e t e r m s a r e c o n ­

s i d e r a b l y m o r e i m p o r t a n t than in n u c l e a r m a t t e r . C a l c u l a t i o n s h a v e 

been s t a r t e d on l iquid ^ H e , but so far only the t w o - h o l e - l i n e d i a g r a m s 

have been e v a l u a t e d . 

' B . D. Day , P h y s . Rev . (in p r e s s ) . 
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(i) A in N u c l e a r M a t t e r ; Effect ive I n t e r a c t i o n s ' 

A. R. B o d m e r and D. M. Rote 

A c o m p r e h e n s i v e study i s being m a d e of t h i s i n t e r e s t i n g 

nuc l ea r many-body p r o b l e m in which an i m p u r i t y (A p a r t i c l e ) i s p r e s e n t 

in nuc l ea r m a t t e r . Relevant e x p e r i m e n t a l da ta a r e a v a i l a b l e on t he 

binding energy of a A p a r t i c l e in heavy nuc le i ; it i s about 30 M e V . 

This is the only o the r n u c l e a r infini te m a n y - b o d y p r o b l e m in add i t ion 

to the c l a s s i c a l one of p u r e n u c l e a r m a t t e r . C o m p a r e d to the l a t t e r , 

it has d i s t inc t ive f ea tu re s due to the A being d i s t i nc t f r o m the n u c l e o n s , 

due to the sho r t r ange of the A-nucleon f o r c e , and a l s o due to the s t r o n g 

coupling of the A-nucleon channel with the e n e r g e t i c a l l y c l o s e S - n u c l e o n 

channel . The p rob l em is not only b a s i c and i m p o r t a n t for the p h y s i c s 

of h y p e r n u c l e i , but i s a l s o of i n t e r e s t as a t e s t and a f u r t h e r a p p l i c a t i o n 

of nuc l ea r many-body t e c h n i q u e s . The w o r k c o m p l e t e d and i n p r o g r e s s 

is convenient ly divided up as fol lows. 

(a) P e r t u r b a t i o n t h e o r y with u s e of p u r e l y a t t r a c t i v e 

f o r c e s . Both s c h e m a t i c f o r c e s and m o r e " r e a l i s t i c " m e s o n - t h e o r y 

potent ia l s (with z e r o cutoffs) a r e being u s e d . S e c o n d - o r d e r c a l c u l a t i o n s , 

in p a r t i c u l a r including t e n s o r f o r c e s , a r e in an a d v a n c e d s t a t e . It 

is intended a l so to s tudy the t h i r d - o r d e r c o n t r i b u t i o n s to ob ta in a m o r e 

significant idea of t he c o n v e r g e n c e of the p e r t u r b a t i o n s e r i e s . The 

s e c o n d - o r d e r r e s u l t s i nd i ca t e tha t th i s wi l l be c o n s i d e r a b l y s l o w e r 

than for the p u r e l y n u c l e a r c a s e a s a r e s u l t of t he A be ing d i s t i n c t . 

(b) Ex tens ive and a c c u r a t e r e a c t i o n - m a t r i x c a l c u l a t i o n s 

have been m a d e us ing c e n t r a l AN po t en t i a l s wi th r e p u l s i v e c o r e s . 

Univers i ty of I l l inois at Ch icago C i r c l e , C h i c a g o , I l l i n o i s . 

' A . R. B o d m e r and D. M. R o t e , in P r o c e e d i n g s of t he I n t e r n a t i o n a l 
Conference on H y p e r n u c l e a r P h y s i c s , A r g o n n e Na t iona l L a b o r a t o r y , 
May 1969 (Argonne Nat ional L a b o r a t o r y , A r g o n n e , I l l i n o i s , 1969), 
p . 521. 
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Th i s w o r k i s c o m p l e t e d and i s be ing w r i t t e n up . It i s , we b e l i e v e , a 

g r e a t i m p r o v e m e n t on p r e v i o u s s t u d i e s and should be r a t h e r def in i t ive . 

A wide r a n g e of p o t e n t i a l s h a s b e e n c o n s i d e r e d , inc lud ing both soft 

and h a r d r e p u l s i v e c o r e s . The c a l c u l a t i o n s a r e s e l f - c o n s i s t e n t and 

a r e b a s e d on the i m p r o v e d r e f e r e n c e - s p e c t r u m me thod due to Day and 

Ka l l io . The i m p o r t a n c e of o d d - s t a t e i n t e r a c t i o n s , of v a r i o u s gap 

p a r a m e t e r s and a s s u m p t i o n s about the s p e c t r u m for the n u c l e o n s , 

of the a n g l e - a v e r a g e a p p r o x i m a t i o n for the exc lu s ion p r i n c i p l e , and 

of the r e l a t i o n wi th the s e p a r a t i o n m e t h o d have been s tud ied . C o m p a r i ­

son wi th the e x p e r i m e n t a l b inding e n e r g y i n d i c a t e s the p r e s e n c e of an 

a p p r e c i a b l e r e p u l s i v e c o r e , a v e r y weak (or even r e p u l s i v e ) o d d - s t a t e 

AN f o r c e , and p o s s i b l y a l s o a p p r e c i a b l e s u p p r e s s i o n of the A N - S N 

coupl ing in n u c l e a r m a t t e r (or a p p r e c i a b l e r e p u l s i v e t h r e e - b o d y ANN 

f o r c e s ) . 

(c) Effec t ive c e n t r a l i n t e r a c t i o n s equiva len t to a t e n s o r 

fo rce (or to a coupl ing to the SN channe l ) . Much l e s s i s known about 

the AN f o r c e t h a n about the n u c l e o n - n u c l e o n f o r c e ; and it i s i m p o r t a n t 

to know w h e t h e r an effect ive c e n t r a l AN i n t e r a c t i o n , fit ted to the 

s c a t t e r i n g d a t a , m a y a l s o be u s e d for the b i n d i n g - e n e r g y c a l c u l a t i o n s 

even though s t r o n g t e n s o r f o r c e s a n d / o r coupl ing to the SN channe l 

m a y be p r e s e n t . The a p p r o a c h u s e d h a s been to c o n s t r u c t , and t h e n 

c o m p a r e , effect ive c e n t r a l non loca l po t en t i a l s for both the s c a t t e r i n g 

c a s e and the n u c l e a r - m a t t e r c a s e which a r e equ iva len t to a t e n s o r 

f o r c e . T h i s a p p r o a c h i s in fact an a p p r o x i m a t i o n to the so lu t ion of t he 

coupled equa t ions which a r e being u s e d to obta in the final r e s u l t s . 

R e s u l t s so far ob ta ined i n d i c a t e tha t for the v e r y - s h o r t - r a n g e t e n s o r 

f o r c e s e x p e c t e d t h e o r e t i c a l l y for the AN i n t e r a c t i o n , t h e r e i s a l m o s t 

c o m p l e t e e q u i v a l e n c e for s c a t t e r i n g and for n u c l e a r m a t t e r , a s i l l u s t r a t e d 

in F i g . 49 which shows the r e s u l t s of r e a c t i o n - m a t r i x c a l c u l a t i o n s for 

" r e a l i s t i c " o n e - b o s o n - e x c h a n g e p o t e n t i a l s [ S e c . I l l . f ( i i ) ] . A r a n g e of 

m i x t u r e s of a - m e s o n (T = 0, J = 0+) and K - m e s o n exchange p o t e n t i a l s 

w a s c o n s i d e r e d s u c h tha t a l l m i x t u r e s give the s a m e s c a t t e r i n g l eng th . 
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F i g . 49 . Some r e a c t i o n - m a t r i x 
r e s u l t s for the b inding e n e r g y 
of a A p a r t i c l e in n u c l e a r 
m a t t e r . The b inding e n e r g y i s 
p lot ted a s a funct ion of g^ — 
the s q u a r e of the coup l ing 
cons tan t for the coup l ing of 
the 0- m e s o n to the n u c l e o n s — 
for m i x t u r e s of o--meson and K-
m e s o n exchange p o t e n t i a l s t h a t 
a l l give the s a m e A-nuc leon 
s c a t t e r i n g length of -2 F . T h e 

a p p r o p r i a t e va lues of the s q u a r e of t he ANK coupl ing cons t an t gANK^ 
a r e a l so indica ted ; gyvNK^ = ° c o r r e s p o n d s to a p u r e l y c e n t r a l p o t e n t i a l . 
D Q is the cont r ibu t ion due exc lus ive ly to the c e n t r a l p a r t of the p o t e n t i a l , 
and D-p = D - D Q is the con t r ibu t ion f rom the t e n s o r p a r t . 

Since the o--meson exchange potent ia l i s p u r e l y c e n t r a l w h e r e a s the 

K - m e s o n exchange potent ia l has a t e n s o r - f o r c e c o m p o n e n t , one h a s a 

range of m i x t u r e s with vary ing amoun t s of c e n t r a l and t e n s o r f o r c e s 

such that they c o m p e n s a t e each o ther for the l o w - e n e r g y s c a t t e r i n g . 

The f igure then shows that t h e r e i s a l m o s t c o m p l e t e c o m p e n s a t i o n a l s o 

for the binding energy for the s h o r t - r a n g e t e n s o r f o r c e s invo lved . 

This s t rongly sugges t s that a v e r y c o n s i d e r a b l e and va l id s i m p l i f i c a t i o n 

is to use effective c e n t r a l f o r ce s (which a r e f i t ted to the s c a t t e r i n g ) 

a l so for b ind ing-ene rgy c a l c u l a t i o n s . S i m i l a r s t u d i e s a r e be ing m a d e 

for the coupling of the AN with the SN channe l . 

(d) Study of the t e r m s in the s q u a r e of the d e n s i t y . 

These t e r m s c o r r e s p o n d to the next s igni f icant a p p r o x i m a t i o n in the 

B r u e c k n e r - B e t h e expans ion . T h e i r eva lua t ion is e s s e n t i a l for a m e a n ­

ingful study of the p r o b l e m , and wil l i nd i ca t e the r a t e of c o n v e r g e n c e 

of the densi ty expansion. T h e s e t e r m s involve the ana log for a A 

pa r t i c l e in nuc l ea r m a t t e r of the B e t h e - F a d e e v t h r e e - b o d y (A p lus 

two nucleons) equa t ions , and a r e a l s o p a r t of a cont inu ing i n t e r e s t 

in th ree -body p r o b l e m s [ S e c . III. f(i i i)] , 
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(ii) Theoretical Models of the AN and AA Interactions 

A. R. Bodmer and D, Rote 

Our nuc lear -s t ruc ture investigations are being comple­

mented by studies of the A-nucleon (and A-A) interactions by use of 

a one-boson-exchange (OBE) model which also includes coupling to 

the SN channel. Such models can provide (in spite of all the uncertain­

ties) a valuable guide to the form of interactions to use in studies of 

hypernuclear s t ructure . Thus, they can provide indications of the 

ranges and the importance of the possible components of the interaction, 

such as tensor and spin-orbit forces. In fact, even rather qualitative 

information about the components of the interaction may have very 

valuable implications for studies of hypernuclear structure as in our 

study of the effect of AN tensor forces [Sec, I l l . f ( i )] . Conversely, 

the resul ts of phenomenological hypernuclear analyses of binding 

energies and scattering data may give some information about coupling 

constants, hard-core radi i , etc. Hence, theoretical models of the 

interactions are also of more fundamental interest , in the sense of 

leading to information about meson-baryon coupling constants. 

To date, the emphasis has b.een on the low-energy, 

in part icular on the s - s ta te , AN and AA interactions for which the 

work is now in an advanced state. These interactions have also been 

used for our nuclear -mat ter calculations [Sec, III.f(i)(a)] . We intend 

to extend these studies to higher partial waves (in part icular , to the 

p-wave interaction which is important for nuclear-s t ruc ture studies) 

and to higher energies . Eventually, we also intend to study momentum-

dependent t e rms in the OBE potentials. 

' un ivers i ty of Illinois at Chicago Circle , Chicago, Illinois. 
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V a r i a t i o n a l Studies of Bound T h r e e - B o d y S y s t e m s 

A. R. Bodmer and A. M a z z a 

v a r i a t i o n a l s tud ies of bound t h r e e - b o d y s y s t e m s a r e 

being m a d e . In p a r t i c u l a r we a r e c o n s i d e r i n g the p r o b l e m of i m p r o v i n g 

v a r i a t i o n a l wave functions such that t h e s e have a m o r e a d e q u a t e 

a sympto t i c behavior cons i s t en t with p o s s i b l e s e p a r a t i o n s of t he t h r e e -

body s y s t e m into two p a r t s . This p r o b l e m m a y a l s o be c o n s i d e r e d 

as a ca lcu lab le mode l for the m o r e g e n e r a l p r o b l e m of a c o r e p lus an 

ex t ra p a r t i c l e , w h e r e the c o r e has d y n a m i c a l p r o p e r t i e s . P r o g r e s s 

has been m a d e in se t t ing up the v a r i a t i o n a l c a l c u l a t i o n s , but no de f in i t e 

r e s u l t s have yet been obta ined. 

*Univers i ty of I l l inois at Chicago C i r c l e , C h i c a g o , I l l i no i s ; g r a d u a t e 

s tudent . 

g. P r e s y m m e t r y 

H. Eks t e in 

The g e n e r a l a i m of th i s s tudy is to obta in new i n s i g h t s 

into fundamental phys ica l laws by m a k i n g the r e l a t i o n s h i p betv^een 

l a b o r a t o r y p r o c e d u r e s and t h e o r e t i c a l ob jec t s ( such a s o p e r a t o r s ) 

m o r e expl ic i t . A paper ent i t led " P r e s y m m e t r y I I , " which is now 

ready for publ ica t ion , shows for e x a m p l e tha t the quan tum m e c h a n i c a l 

fo rm of Newton 's second law can be d e r i v e d f r o m no m o r e t h a n i n v a r -

iance c o n s i d e r a t i o n s and the ba s i c p o s t u l a t e s of quan tum m e c h a n i c s . 

The paper gives an o p e r a t i o n a l i s t foundat ion to n o n r e l a t i v i s t i c quan tum 

m e c h a n i c s . Dur ing the coming y e a r , t h e s e m e t h o d s wi l l be a p p l i e d 

to r e l a t i v i s t i c quantum m e c h a n i c s . The m a i n effort wi l l go t o w a r d 

an opera t ional i n t e r p r e t a t i o n of o p e r a t o r s " a t f ini te t i m e s , " in c o n ­

nection with an ope ra t iona l def in i t ion of " E i n s t e i n c a u s a l i t y " (i. e. , 

local i ty) . It has b e c o m e c l e a r dur ing the l a s t few y e a r s of t h e o r e t i c a l 

development that the o p e r a t o r s m o s t l ike ly to h a v e a d i r e c t p h y s i c a l 

in te rp re ta t ion a r e the c u r r e n t d e n s i t i e s r a t h e r t h a n the f i e l d s , and 

this approach will be u s e d . 
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h. Decay Theory 

H. Ekstein and A. J, F, Siegert 

The weakness of existing theories of decay is that they 

do not use an operator that corresponds to the actual laboratory pro­

cedure in which the instant of the decay (the click of a counter or the 

appearance of a fork in a bubble chamber) is recorded. We have 

constructed such an operator 9 in accordance with the accepted in ter ­

pretative (Bohr) rules of quantum mechanics , and we are investigating 

its proper t ies . Our emphasis is not on approximation methods but 

on conceptual clarification. 

Northwestern University, Evanston, Illinois. 

i. Gravity-Induced Electric Field Near a Conductor 

Murray Peshkin 

Dess ler , Michel, Rorschach, and Trammell have 

suggested on theoretical grounds that an electric field should be present 

in and near a metallic conductor which is s t ressed to nonuniform 

density. For a typical metal compressed by its own weight, this 

electric field should be of the order of lO'*' V/m. A qualitative theor­

etical model has been developed on the basis of this theory. The main 

point is that, in a plausible model of the surface region, it is ener­

getically advantageous for the conduction electrons to produce a surface 

charge distribution which leaves the large field predicted by Dessler 

e^a^. in the inter ior of the metal , but which provides a smaller field 

in a region shielded by the metal . This latter field, which precisely 

compensates the weight of a test electron in the shielded region, agrees 

with the experimental result of Witteborn and Fairbank. A detailed 

account of this work has been published. ' 

' M , Peshkin, Phys. Letters 29A, 181 (1969). 
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j . A n g u l a r D i s t i u b u t i o n ^ ^ f ^ P h o t o ^ ^ 

M u r r a y P e s h k i n 

Angular d i s t r i b u t i o n s of p h o t o e l e c t r o n s have often b e e n 

ca l cu la t ed on the b a s i s of p a r t i c u l a r d y n a m i c a l m o d e l s . It t u r n s out 

that e l e c t r i c - d i p o l e a b s o r p t i o n by r a n d o m l y - o r i e n t e d a t o m s o r m o l e c u l e s 

a lways leads to the s a m e o n e - p a r a m e t e r a n g u l a r d i s t r i b u t i o n , and t h a t 

changing the po l a r i z a t i on s t a t e of the inc ident l ight v a r i e s that a n g u l a r 

d i s t r ibu t ion in a p r e d i c t a b l e way , independen t ly of t he d y n a m i c s of the 

photoeject ion p r o c e s s . This r e s u l t has been r e c o g n i z e d a s a m a n i f e s t a ­

t ion of s y m m e t r y under ro t a t i on and space i n v e r s i o n , but the c o n ­

sequences of t hose s y m m e t r i e s for p h o t o e l e c t r o n a n g u l a r d i s t r i b u t i o n s 

have not p rev ious ly been p u r s u e d in a s y s t e m a t i c way . Such a s y s t e m a t i c 

t r e a t m e n t has now been c a r r i e d out. The a n g u l a r d i s t r i b u t i o n s of t he 

e l e c t r o n s , for gene ra l mu l t ipo le m i x t u r e s of the a b s o r b e d p h o t o n s , 

have been d e t e r m i n e d for v a r i o u s p o l a r i z a t i o n s t a t e s of the a b s o r b e d 

l ight . The p a r a m e t e r s that depend upon the spec i f ic d y n a m i c a l p r o p e r ­

t i e s of the t a r g e t a t o m s or m o l e c u l e s have been iden t i f i ed . It h a s 

been found, for i n s t a n c e , that p o l a r i z a t i o n n e v e r i n t r o d u c e s new d y n a m i c a l 

in fo rmat ion in o n e - e l e c t r o n m e a s u r e m e n t s , but tha t p o l a r i z a t i o n c a n 

in t roduce new in fo rma t ion when t w o - e l e c t r o n a n g u l a r c o r r e l a t i o n s 

a r e cons ide red . A comple t e r e p o r t i s in p r e s s . ' 

' M. P e s h k i n , Advances in C h e m i c a l P h y s i c s ( I n t e r s c i e n c e P u b l i s h e r s , 
New York, to be pub l i shed) . 

k. Magnet ic C h a r g e in Quantum M e c h a n i c s 

H. J. Lipkin , ' W. I. W e i s b e r g e r , " and M u r r a y P e s h k i n 

D i r a c found in 1931 t h a t , u n d e r s o m e a s s u m p t i o n s , 

e l ec t r i c and m a g n e t i c c h a r g e s m u s t be quan t i zed in un i t s (e and g, 

r e spec t ive ly ) that obey 

Weizmann Ins t i tu te of S c i e n c e , Rehovo t , I s r a e l . 

Work done while on a s s i g n m e n t to the W e i z m a n n I n s t i t u t e . 
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eg/c = nfi/2, (1) 

where n is an integer. Dirac 's quantization law (1) has usually been 

accepted in spite of questions which may be raised about his assump­

tions, principally because of qualitative arguments indicating that the 

quantity eg/c represents the angular momentum of an electromagnetic 

field. An accurate derivation has now been given to find reasonable 

assumptions under which the quantization law (1) is directly related to 

the quantization law for angular momentum. A detailed account of this 

work has been published. ' 

' H . J. Lipkin, W. I. Weisberger , and M. Peshkin, Ann. Phys. 
(N.Y.) 53, 203 (1969). 
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IV. EXPERIMENTAL ATOMIC PHYSICS 

Four entirely different kinds of physics are included in 
the atomic physics program. These a re studies of the MBssbauer 
effect, atomic-beam experiments , plasma physics, and the use of 
mass spectroscopy to investigate various problems in chemical, surface, 
and solid-state physics. 

Major new technical developments are continuing to 
strengthen the program. Preparat ions to use the MURA electron 
storage ring as a source of synchrotron radiation for photoionization 
measurements a re proceeding well and measurements are expected 
to start during 1970. In the meant ime, a more conventional experi­
mental system at Argonne is being intensively used for a ser ies of 
photoionization experiments . 

The work on channeling of charged particles in mono-
crystals was badly interrupted during the past year by the need to move 
the 2-MeV Van de Graaff at which the work is carr ied out. This machine 
has now been reinstalled and the experimental system improved, 
however, and what a re probably the first experiments on charge ex­
change in monocrystals a re in p rogress . These experiments are of 
considerable fundamental in teres t , but there is also some possibility 
that the resul ts obtained will have technological implications of great 
interest for nuclear physics (as pointed out in Sees. IV. 4 i ( i - i i i ) . 

The scope of measu remen t s tha t can be carr ied out by 
means of the MBssbauer effect has recently been expanded greatly by 
the development at Argonne of techniques that make it feasible to work 
with very-shor t - l ived radioactive absorbers and with source states 
that a re formed by a decay. 

The rf confinement part of the program in plasma physics 
has now developed to the point where it should be expanded considerably 
in order to reap the benefits of many years of preparation and thought. 

1. MOSSBAUER MEASUREMENTS 

In the last few yea r s , the Mbssbauer effect has become 
a powerful tool for the study of many phenomena in sol id-s ta te , chem­
ical , and low-energy nuclear physics. The experiments a re aimed m 
wo directions: (a) to yield accurate measurements of previously 

153 



154 
IV. la 

unobtainable nuclear properties (e.g. , the quadrupole monrients and 
magnetic moments of excited nuclear states) and (b) to make accurate 
determinations of the environment in which a nucleus is immersed 
(e g , to determine the charge transfer from an iodine atom as it forms 
a chemical bond with chlorine). Recent Argonne experiments^have been 
concerned with such diverse nuclear species as ^"K, ^''Fe, Kr , 
' " S n , ' 2 ' S b , i ^ ' I , I 2 9 , i 3 i x e , ' 33Cs , ' " Ba, ' ^^Sm, ^^^Np, ^^'^U, 
and ^*^Am, and others are being considered. 

The past year has been an especially fruitful one for 
the development of experimental techniques that will have an important 
impact on future research by means of the Mossbauer effect. One 
of these is based on the idea that the influence of unwanted radiation 
from a radioactive absorber itself can be minimized by making the 
area of the absorber as small as possible. The experimental techniques 
needed to implement this idea have been developed and applied s u c c e s s ­
fully to measurements on a tiny absorber of ' ^ 3 Ba, whose half-life is 
only 7.2 years . The small-area technique, using as it does only a few 
micrograms of absorber mater ia l , opens the way to numerous applica­
tions in which only very small amounts of mater ia l a re available. 
Another technological advance is the development of techniques for 
using alpha decay to populate low-lying states whose y decay is then 
used in Mossbauer experiments. Several isotopes of uranium have been 
studied in this way. These two major technical developments may 
be expected to add significantly to the utility of the Mossbauer effect 
as a research tool. 

a. Properties of Nuclear Excited States 

(i) Systematic Interpretation of Isomer Shifts in Elements with 
50 S A 'S 54 

S. L. Ruby and G. K. Shenoy"" 

The inability of nuclear experimenters to determine 

6(r ) / ( r ) , the fractional change in the mean-square radius during 

a transition from an excited state to the ground s ta te , has left this 

an adjustable parameter to be determined from chemical evidence. 
119 

For several elements (e. g. , Sn), however, the chemists also have 

disagreed as to how to proceed. Until now, determinations via the 

Solid State Science Division. 
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isomer shift have been confined to separate studies of individual NGR 

nuclei; but during the past year we have used Hart ree-Fock atomic 

calculations to calibrate the chemical parameters in a systematic 

intercomparison of the members of the sequence Sn, Sb, Te, I, and 

Xe (Z = 50, 51 , 52, 53, 54, respectively). 

A major result is that the well-understood situation in 

iodine reinforces the most popular interpretation for tin; and this in 

turn establishes the otherwise weakly based interpretations in Sb, Te, 

and Xe. The result is a technique for using NGR results to determine 

the chemical state in any solid environment. In addition, we obtain 
2 

fairly accurate values of the nuclear parameter 6(r > for these five 

elements. 

83 
(ii) Magnetic Moment of the F i r s t Excited State in Kr by the 

Mossbauer Effect 

L, E, Campbell, G, J. Perlow, and M. A. Grace 

The magnetic moment of the 9. 3-keV first excited state 

in ^ \ r has been measured by use of the Mbssbauer effect. Source 

and absorber were solid krypton at 4, 2°K with the absorber in a 

longitudinal magnetic field of 77,8 kOe from a superconducting solenoid. 

The ratio R of the g factor of the l^ excited state to that of the | 

ground state is found to be +1.249 ± 0.002, from which ^(1+) = -0.939 

± 0. 002 nm without diamagnetic correction. If the ground state could 

be considered a pure configuration of three g^^^ neutron holes coupling 

to J = I and the excited state a recoupling within the same configuration, 

then R = 1. Fur thermore the Ml transit ion matrix element would 

vanish. The transit ion is indeed retarded. It appears from the work 

of Noya, Ar ima, and Horie that a modest admixture into each state of 

the configuration obtained by promoting one g^^^ "^"*'^°'^ *° ^7 /Z "^'^ '̂̂  

the main account for both the observed transition rate and the excess 

in R. A publication is in p ress . 

*Nuclear Physics Laboratory, Oxford, England. 
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(iii) U r a n i u m ^ 

S. L. Ruby, G. M. K a l v i u s , ' ' B. D. Dun lap , G. K. Shenoy , 
D. Cohen,+ M. B. B r o d s k y , * and D. J. L a m * 

During the pas t y e a r , the n u c l e a r g a m m a r e s o n a n c e 

(NGR) technique has been extended to m a k e it a p p l i c a b l e to t h e e v e n - A 
2 4 2 ^ 240 

i so topes of U. In t he se e x p e r i m e n t s , the s o u r c e s P u , P u , a n a 
2^8 238 236,^ , 234 

Pu have been u s e d with the a b s o r b e r s U, U, ana u , 

r e s p e c t i v e l y . Since it is m u c h e a s i e r to p r e p a r e a b s o r b e r s f r o m 

na tu r a l u r a n i u m (mainly U) than f rom e n r i c h e d s a m p l e s of t h e o t h e r 
• 1, 238 

i s o t o p e s , m o s t of the e x p e r i m e n t s have been p e r f o r m e d wi th U, 
242 

desp i te the low counting r a t e s a s s o c i a t e d with the Pu s o u r c e . 

The o ther i so topes a r e used when s p e c i a l a c c u r a c y i s n e e d e d . 

Owing to the s h o r t l i f e t i m e s , t h i s i s p o o r - r e s o l u t i o n 

NGR s p e c t r o s c o p y and consequen t ly we can m e a s u r e only r e l a t i v e l y 

l a r g e hyperf ine f ie lds . H o w e v e r , both m a g n e t i c and q u a d r u p o l e i n t e r ­

ac t ions l a r g e enough to be r e a d i l y m e a s u r e d have b e e n found in t he 

f i r s t e x p e r i m e n t s . F o r e x a m p l e , the f i r s t m e a s u r e m e n t of t he m a g ­

net ic field at the u r a n i u m nuc leus in UO h a s g iven 2700 k O e . L igh t 

has been shed on s e v e r a l t r a d i t i o n a l u r a n i u m p u z z l e s ; for e x a m p l e , 

we do not see magne t i c behav io r be low the t r a n s i t i o n in a - u r a n i u m at 

43°K. 

Within the next y e a r or s o , we expec t to ex tend t h e s e 

s tudies to include a wide v a r i e t y of s o l i d - s t a t e p r o b l e m s invo lv ing 

u r a n i u m . 

r s 243^ (iv) Am 

S. L. Ruby, G. M. K a l v i u s , ' B. D. Dunlap,"" G. K. S h e n o y , " 
and M. B. Brodsky* 

The NGR t echn ique h a s b e e n ex t ended to t he e l e m e n t 

a m e r i c i u m , and the t e chn i ca l p r o b l e m s a s s o c i a t e d wi th a h igh ly 

Solid State Science Div is ion . 

C h e m i s t r y Divis ion. 

Meta l lurgy Divis ion. 
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radioactive absorber have been solved. The experiments turn out to 

be technically feasible; the only remaining problem is to find a source 

that gives a sharper line at liquid helium temperatures than does the 

present i rradiated PuO^-

The prel iminary measurements indicate a large change in 

nuclear radius during the transition; and this in turn implies an unusual­

ly high sensitivity to the chemical environment. The NGR technique will 

be useful in solving many problems regarding americium, especially 

with reference to magnetism. 

;nt and Electronic Configurations 

(i) Ions in Ice 

S. L. Ruby and I. Pelah 

Starting from NGR measurements on tin atoms in frozen 

aqueous solutions, we have gone on to electrical conductivity, NMR, 

300 400 

TIME (min) 

Fi^ 50 Record of thermal analysis and Mossbauer effect 
^ o n e simultaneously. This graph proves that the appear­
ance and disappearance of the Mossbauer effect upon 
heating and cooling represent the melting and crys ta l ­
lization of eutectic pockets in frozen acid solutions. 

' 'solid State Science Division. 
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and differential thermal analysis techniques. By using all these in 

combination, we have solved the problem of the anomalous d isappear­

ance (Fig. 50) of the MSssbauer resonance in ice and have achieved a 

clear picture of the rather complicated sequence of eutectic formation, 

supercooling, glass transit ions, and meltings involved in those exper i -

ments. 

In addition to the satisfaction of clearing up a puzzle, 

this work has led to the discovery of two new ways of studying eutectic 

formation and freezing, namely NGR and conductivity. Fur ther work 

on this in collaboration with physical chemists will be most productive. 

(ii) Iodine in Starch 

S. L. Ruby 

The use of NGR techniques for iodine in organic com­

pounds is barely beginning; this \vork is the first attack on a some"what 

biological problem. During the last decade, the long-known iodine-

starch complex has been attributed to long chains of iodine atoms inside 

tubes formed by the amylose constituent of the starch. (The glucose 

-20 -10 0 10 20 

VELOCITY (mm/sec) 
30 40 

Fig. 51, The Moss­
bauer spectrum of 
' ^ '' I in amylose. It 
is typical of the 
rather complicated 
spectra obtained in 
such s tarch-l ike 
mater ia ls as 
amylose, cyclo-
dextrin, and 
benzamid. The 
solid line demon­
stra tes that calcu­
lations do not 
always exactly fit 
the data. 

file:///vork
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units combine to form a rather linear u-helix whose interior is adequate 

for the iodine a toms. ) Several authors have considered the result to 

be a "linear me ta l , " with all the iodines playing an equivalent role. 

Other authors , using x- ray techniques, have suggested 

that the I " ion plays a central role and that the chain may be made up 

of such links. Pre l iminary measurements , not yet fully analyzed with 

the computer (Fig. 51), indicate the meri t of this suggestion. 

The measurements a re technically not very difficult, 

and the interpretation of iodine NGR results is well understood. The 

only b a r r i e r to exploitation of this technique is our lack of knowledge 

of suitable chemical and biological problems. During the next few 

years we expect the study of biological compounds such as thyroxin 

to become important. 

(iii) Studies of Cesium-Graphite Compounds 

G. J. Perlow, G. L. Montet,"' and L. E. Campbell 

In the continuing Mbssbauer experiments on the cesium-

graphite compound CsCg, the absorbers are made from pyrolytic 

graphite with the c axis of the absorber oripnted at a variety of angles 

with respect to the gamma-ray direction. These experiments are 

designed to measure the very large anisotropy of the recoilless fraction 

in this compound. These spectra also exhibit the only clear case of 

quadrupole splitting m a cesium compound. A publication is being 

prepared. 

*Solid State Science Division. 

191 , 193 1 
(iv) Mbssbauer Studies with Ir and ii^ 

G. J. Perlow, D. N. Olson, and W. Henning 

The isotopes of iridium with mass numbers 191 and 

193 have very similar nuclear proper t ies , exhibiting rotational spectra 

IG J Perlow, W. Henning, D. Olson, and G. L. Goodman, Phys. 

Rev. Let ters 23 ,̂ 680 (1969). 
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SOURCE: O S " ' 

ABSORBER: IrFj 
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Fig. 52. Velocity spectrum of 
I rF , below and above the t r an ­
sition temperature . (The com­
pound I rFj is an ant i fer ro-
magnet with a magnetic t r an ­
sition at about 8°K. ) 
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characteristic of deformed nuclei. One level in each of these isotopes 

is most suitable for Mossbauer studies, namely the 83-keV level in 
191 193 

Ir and the 73-keV level m Ir . A velocity spectrum of the latter 

is shown in Fig. 52. Magnetic and chemical investigations a re under 

way. 

(v) Mossbauer Investigation of the Unequilibrated Ordinary 
Chondrites 

E. L. Sprenkel-Segel 

The recoilless resonant interaction of 14.4-keV gamma 

rays in Fe was used for the investigation of iron minerals in the 

ordinary chondrites. The absorption spectra are composites of the 

2-line patterns of olivine (ME-.Fe) SiO and pyroxene (Mg,Fe)SiO 

and the 6-line patterns of troili te (FeS) and kamacite (nickel-iron alloy 
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with body-centered cubic s t ructure) . All the spectra of the ordinary 

chondrites investigated were s imilar in general appearance. For the 

equilibrated bronzite chondrites the mean ratio of olivine to pyroxene 

iron was 1.6; for the equilibrated hypersthene chondrites the values 

clustered about 2 .2 . The spectra of the unequilibrated ordinary chon­

drites give the appearance of having a very large ratio of olivine to 

pyroxene iron. In certain meteor i t es , however, some of the pyroxene 

iron resides in a nonequivalent lattice site such that the corresponding 

absorption is in the same region of the spectrum as the absorption by 

" p e in olivine. When a correct ion for this effect is taken into account, 

the olivine/pyroxene iron ratios a re found to be more similar to the 

ratios for the equilibrated ordinary chondrites (except for Tieschitz, 

unless it is reclassified as an unequilibrated hypersthene chondrite). 

Some of the meteori tes studied have undergone various 

degrees of t e r r e s t r i a l weathering. The absorption patterns of oxidation 

products were investigated by studying the completely oxidized Wolf 

Creek meteor i te . The patterns observed correspond to maghemite, 

a-FeOOH, p-FeOOH, and y-FeOOH (in order of decreasing intensity). 

Published electron-microprobe studies indicate that 

the most unequilibrated chondrites of the bVonzite, hypersthene, and 

amphoterite groups have s imilar compositions for the olivine and the 

pyroxene as well as similar relative proportions of the two minera ls . 

On the other hand, the olivine and pyroxene of the equilibrated hyper­

sthene and amphoterite groups have higher iron contents. If it is 

correct to assume that the equilibrated groups result from thermal 

metamorphosis of their unequilibrated counterparts , then the source 

of the iron introduced during equilibration must be identified. A search 

for such sources of iron was made in the MBssbauer absorption spectra 

of the unequilibrated ordinary chondrites. The unequilibrated meteor ­

ites investigated were: Tieschitz, Bremervorde, Clovis No. 1, 

Hallingeberg, Barra t ta , Chainpur; the equilibrated meteor i tes Bruder-

heim and Soko Banja were included for comparison. The Mossbauer 
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absorption spectra of the unequilibrated chondrites show that the FeO 

contents reported in the chemical analyses occur almost entirely in 

the form of ferrous minerals with absorption patterns corresponding 

to olivine and pyroxene. Dodd, Van Schmus, and Koffman suggested 

magnetite as the source of iron to be introduced into the olivine and 

pyroxene during equilibration. The Mossbauer spectra , however, show 

virtually no magnetite and the required amounts of iron are not present . 

Large amounts of FeO reported in the chemical analyses a re not 

accounted for in the olivine-pyroxene systems described by the 

electron-microprobe work on the most unequilibrated ordinary chon­

dri tes. The Mossbauer spectra require that this FeO be present as 

high-iron olivine and/or pyroxene (presumably in a microcrys ta l l ine 

phase) or another ferrous mineral whose absorption pattern overlaps 

the olivine-pyroxene absorption. 

(vi) Mossbauer Spectra Near Second-Order Phase Transit ions 

Richard S. Preston 

The Mossbauer spectrum of iron metal near the magnetic 

Curie temperature has been studied further. The Mossbauer fraction 

varies smoothly, showing that there is no sudden change in the lattice 

vibrations; but the centroid of the spectrum shifts abruptly. Thus, 

since there is no change in the lattice vibrations to account for this 

shift, it must be attributed to a change in the i somer shift produced 

by a slight modification of the electronic wave functions in the metal . 

A certain spikiness of the density-of-states curve for s-like electrons 

is usually ignored in band-structure theory but could have accounted 

for this shift if the shift had occurred in the ferromagnetic region 

where the spikes ought to move about as the spontaneous magnetization 

changes with temperature. However, the observed anomaly occurs 

just above the critical temperature T where the average magnetization 

IS zero. I. Goroff (MET) and F . Mueller (SSS) a re attempting some 
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r e f ined b a n d - s t r u c t u r e c a l c u l a t i o n s to s e e if they can accoun t for t he 

shift . A v a l u a b l e kind of i n f o r m a t i o n t h a t could c o m e out of t h e i r fit 

to the e x p e r i m e n t a l da ta would be the t e m p e r a t u r e dependence of the 

c o r r e l a t i o n s of the a t o m i c s p i n s . The l a r g e and r a p i d changes in t h e s e 

c o r r e l a t i o n s a r e t y p i c a l of t he c r i t i c a l b e h a v i o r of s y s t e m s u n d e r g o i n g 

s e c o n d - o r d e r p h a s e t r a n s i t i o n s . 

In o the r s e c o n d - o r d e r p h a s e t r a n s i t i o n s , t h e r e m a y 

wel l be sudden c h a n g e s in the M o s s b a u e r f r a c t i o n and quad rupo le sp l i t t ing 

a s we l l a s in the i s o m e r shift b e c a u s e t he o r d e r i n g of a t o m s - n o t ju s t 

t h e i r s p i n s - i s invo lved . Add i t iona l m e a s u r e m e n t s of t h i s s o r t wil l 

be c a r r i e d out in the fu ture in an effort to gain m o r e ins igh t into the 

c r i t i c a l p h e n o m e n a a s s o c i a t e d wi th s e c o n d - o r d e r phase t r a n s i t i o n s . 

(vii) C o m p u t e r S imu la t i on of a S e c o n d - O r d e r P h a s e T r a n s i t i o n 

R i c h a r d S. P r e s t o n 

The c r i t i c a l p h e n o m e n a a s s o c i a t e d wi th s e c o n d - o r d e r 

p h a s e t r a n s i t i o n s a r e diff icult to dea l with e i t he r e x p e r i m e n t a l l y or 

t h e o r e t i c a l l y b e c a u s e they r e q u i r e m e a s u r e m e n t or ca l cu l a t i on of t he 

de ta i l ed s h a p e s of v a r i o u s t h e r m o d y n a m i c functions as c lo se a s p o s s i ­

ble to t he c r i t i c a l po in t , wh ich i s the point at which m a n y of t h e s e 

funct ions exhibi t inf ini te s i n g u l a r i t i e s . Some e legant m a t h e m a t i c a l 

p r o c e d u r e s have b e e n u s e d to find exac t so lu t ions for one s p e c i a l 

m o d e l , the inf in i te t w o - d i m e n s i o n a l I s ing l a t t i c e . But t h e s e b a r e 

r e s u l t s do not h e l p one to f o r m any m e n t a l i m a g e of what i s happening 

on the m i c r o s c o p i c l eve l to p r o d u c e t h e s e s i n g u l a r i t i e s , a l though it i s 

c l e a r tha t t h e s e a r e c o o p e r a t i v e effects and tha t l i t t l e change o c c u r s in 

t he b e h a v i o r of s i n g l e a t o m s . T h e r e have been s o m e i n t e r e s t i n g c o m ­

p u t e r s t u d i e s of f ini te I s ing and H e i s e n b e r g l a t t i c e s but t h e y , t o o , have 

not p r o v i d e d any ins igh t in to the m i c r o s c o p i c b e h a v i o r n e a r the c r i t i c a l 

t e m p e r a t u r e . 
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F ig . 53. Pho tograph of the s c r e e n of the c a t h o d e - r a y t ube 
dur ing a run of the s imu la t i on p r o g r a m . The g r i d a t t h e 
upper r ight r e p r e s e n t s a t w o - d i m e n s i o n a l l a t t i c e . E a c h 
dot r e p r e s e n t s a spin which i s e i t he r up (if c i r c l e d ) o r 
down (if not c i r c l e d ) . The plots of E and M vs t i m e show 
how the ene rgy and m a g n e t i z a t i o n of the l a t t i c e h a v e 
va r i ed dur ing the t ime that kT has b e e n se t at i t s c u r r e n t 
va lue . The plots of E , M , and C show the l o n g - t i m e 
a v e r a g e s of l a t t i ce e n e r g y , m a g n e t i z a t i o n , and spec i f i c 
heat for p rev ious se t t ings of k T . 

In o r d e r that the t i m e deve lopmen t of a (hypothe t ica l ) 

la t t ice of sp ins m a y be o b s e r v e d d i r e c t l y , a new c o m p u t e r p r o g r a m 

has been developed for s imula t ing a f ini te t w o - d i m e n s i o n a l I s ing l a t t i c e 

which is in contact with an infini te hea t r e s e r v o i r at a we l l def ined 

t e m p e r a t u r e . It is pos s ib l e to v a r y t h i s t e m p e r a t u r e , and in add i t ion 

to s imulate the appl ica t ion of an e x t e r n a l m a g n e t i c f ield w h o s e s t r e n g t h 

may a l so be va r i ed . The m o s t s igni f icant i m p r o v e m e n t o v e r p r e v i o u s 

computer s imula t ions of an Is ing l a t t i c e i s the expl ic i t c a l c u l a t i o n of 

the t ime in t e rva l between s u c c e s s i v e sp in conf igu ra t ions of the l a t t i c e . 
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All of the interesting thermodynamic and statistical mechanical quantities 

may be calculated from the time averages over many configurations 

at part icular settings of tempera ture and external field. Because it 

is possible to display the instantaneous configuration of the spins on an 

on-line cathode-ray tube (Fig. 53), one can also watch the microscopic 

time development of the system. The inclusion of a realist ic time 

scale in the cinematographic display gives the viewer a more meaningful 

insight into the time development than would a simple, regularly spaced 

succession of images of different configurations. The computed results 

for the thermodynamic functions have been found to be consistent with 

the exact r e su l t s , except that there a re no real infinite singularities 

because the simulated system is not infinite. In view of this success , 

the program will be modified to simulate a three-dimensional lattice 

for which no exact mathematical results exist. 

c. TheMossbauer^^EHect^^ 

A. J. F . Boyle and G. J. Perlow 

(i) Miniaturized System for Very Small Samples 

In a typical Mbssbauer experiment, both the source and 

the absorber of the gamma radiation have had areas of a few square 

cent imeters , and the absorbers have either been of stable isotopes or 

long-lived ones (commonly a million years or longer). The problem 

in using radioactive absorbers is to have a sufficient number of the 

atoms without the radioactivity becoming so intense that it obscures 

the transi t ion of interest . The details of the solution (if there is one) 

depend on the propert ies of the nucleus m question, such as the attainable 

activity per unit area in source and absorber and the amount of atomic 

absorption by the isotope of interest and by any other mater ia l mixed 

with it. The limit to the total activity typically res t r i c t s the area of 

both source and absorber to a few square mil l imeters or l e s s . The 
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r e s u l t i n g sca l ing down of the convent ional M b s s b a u e r a p p a r a t u s n e c e s s i ­

t a t e s careful a l ignment of s o u r c e and a b s o r b e r , and the a m p l i t u d e of 

the r e l a t i ve mot ion be tween t h e m m u s t be kept s m a l l so tha t the s o u r c e 

can be p laced c lose to the a b s o r b e r . A m i n i a t u r i z e d s y s t e m tha t 

sa t i s f i es t he se r e q u i r e m e n t s has been deve loped . 

133 
(ii) M o s s b a u e r Effect in B a ( 7 . 2 y r ) ' 

The use of the s m a l l - a r e a t echn ique for s t u d i e s of 

s h o r t - l i v e d r ad io i so topes was d e m o n s t r a t e d in an e x p e r i m e n t wi th 

7 . 2 - y e a r ' Ba as the abso rb ing nuc leus and the 3 7 - h o u r i s o m e r of 

th is nucleus as the s o u r c e . To p roduce suff ic ient ly a c t i v e s o u r c e 
133 

m a t e r i a l , it was n e c e s s a r y to b o m b a r d Cs wi th d e u t e r o n s so t h a t 
133 

the 37-hour i s o m e r of Ba f o r m e d in the n u c l e a r r e a c t i o n could be 

ex t r ac t ed as a pure i so tope . Even though the A r g o n n e c y c l o t r o n is 

idea l for th is p u r p o s e , only a few m i l l i c u r i e s can be p r o d u c e d in a 

r ea sonab l e t i m e ; and consequen t ly the a b s o r b e r a r e a was l i m i t e d to a 

few s q u a r e m i l l i m e t e r s . In an 
133 

e x p e r i m e n t with ~ 2 [j.g of B a , 

a u s a b l e ve loc i ty s p e c t r u m 

(F ig . 54) could be ob ta ined a t 

l iquid h e l i u m t e m p e r a t u r e (4 K) 

in one ha l f - l i f e (37 h o u r s ) of the 

s o u r c e . When the e x p e r i m e n t 

was p e r f o r m e d in a s t r o n g m a g ­

ne t ic f ie ld , the m a g n e t i c m o m e n t s 
133 

of the Ba n u c l e u s both in i t s 

g round s t a t e and in i t s 12. 3 -keV 

exc i t ed s t a t e cou ld be m e a s u r e d . 

In add i t i on , a l l t he u s u a l c h e m i c a l 
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Fig, 54. Veloci ty s p e c t r u m 
obtained in one s o u r c e ha l f - l i fe 
at l iquid-hel ium t e m p e r a t u r e 
with the oxide s o u r c e and a b ­
s o r b e r . 

' A . J. F . Boyle and G. J. P e r l o w , P h y s . Rev . 180, 625 (1969). 
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and solid-state propert ies usually associated with the MSssbauer 

effect can now be studied with barium (the only alkaline earth in which 

the Mossbauer effect has been observed). 

(iii) Extension to Other Short-Lived Radioisotopes 

The success of the Ba experiment leads to the rea l ­

istic expectation that MSssbauer absorption may be detectable in some 

30 radionuclides with half-lives less than a thousand years . The 

smal l -area technique, using as it does only a few micrograms of 

absorber mate r ia l , also opens the way to numerous applications in 

which only very small amounts of mater ia l are available. In addition 

to the nuclear , chemical, and solid-state problems such as those 

suggested above, it may find application with monocrystalline and 

biological specimens. 

fiv) The MSssbauer Effect in an Absorber Produced by Neutron 
Capture 

A. J. Boyle, L. M. Bollinger, G. J. Perlow, R. K. Smither, 
and G. E. Thomas 

The success of the small-sample technique [Sec. IV. lc(i)] 

for the study of radioactive absorbers suggested that even the very 

short-lived nuclides produced by neutron capture could be used as 

absorbers in Mbssbauer experiments if the source were strong enough. 

For many mater ia ls a source of the required strength may be obtained 

by neutron capture m a sample m the interior of a reactor . However, 

the radiation from such an intense source could not be used in a con­

ventional counting experiment, because the detector would be paralyzed 

by the intense flux of unwanted radiation from both the source and the 

absorber. We have overcome this problem by using a crystal-diffraction 

technique to separate out the y rays associated with the transit ion of 

in teres t . Figure 55 is a schematic diagram of the experimental 

ar rangement . 
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DIFFRACTION 
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Fig . 55. Schemat ic d rawing of the a p p a r a t u s u s e d to m e a s u r e t he 
M o s s b a u e r effect in ' " S m . T h e r m a l n e u t r o n s f rom the r e a c t o r 
co re a r e cap tured in the l i q u i d - n i t r o g e n - c o o l e d ' 5 ^ Sm s a m p l e on 
the r i gh t , which is located in the c e n t e r of a tube p a s s i n g t h r o u g h 
the high-flux reg ion of the Argonne r e s e a r c h r e a c t o r . The r e s u l t a n t 
Y beam is coUimated as it l eaves the r e a c t o r , p a s s e s t h r o u g h the 
cooled r ad ioac t ive ' 5 3 Sm a b s o r b e r and fu r the r co l l ima t i ng s l i t s , 
and then impinges on the dif f ract ion c r y s t a l which s e p a r a t e s t he 
35. 84-keV g a m m a ray f rom the r e s t of the (n, y) s p e c t r u m . The 
in tens i ty of the diffracted 35. 84-keV y r a y is then m e a s u r e d a s a 
function of the veloci ty of the cooled r a d i o a c t i v e ' ^ ' Sm a b s o r b e r to 
obtain the veloci ty s p e c t r u m of M o s s b a u e r a b s o r p t i o n . 

The 35. 8-keV s t a t e in 
153 

Sm was s tud ied a s a t e s t of 

the sugges ted use of neu t ron c a p t u r e to f o r m both the s o u r c e and 
2 152 

a b s o r b e r . The s o u r c e was 140 m g / c m of Sm O m o u n t e d in t he 

cen te r of a tube that p a s s e s n e a r the c o r e of the r e a c t o r C P - 5 . The 
17 15'^ 7 

a b s o r b e r , 4 X 1 0 a toms of 47 -h Sm p e r c m , was f o r m e d by 
,, . 1 5 2 , 2 

i r r ad i a t i ng Sm^O^ (140 m g / c m ) to s a t u r a t i o n . Th i s h ighly a c t i v e 

a b s o r b e r , a t tached to the v i b r a t o r , was ou t s ide of t he r e a c t o r in the 

d i rec t beam from the s o u r c e . Both the s o u r c e and the a b s o r b e r w e r e 
cooled to liquid n i t rogen t e m p e r a t u r e . 

With a Cu c r y s t a l to s e l e c t the 35 . 8-keV g a m m a r a y , 

the background in the counting channe l inc luded a 17% c o n t r i b u t i o n 

from the source and 38% f rom the f r e sh a b s o r b e r . The count ing r a t e 

was 170 sec , The ve loc i ty s p e c t r u m a c c u m u l a t e d in 50 h showed a 

smal l (0.4%) M b s s b a u e r effect with a l ine width of 10 m m / s e c . 
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Although only marginally successful because of the 

scarcity of absorber nuclei and other unfavorable c i rcumstances , 

the experiment showed that the attempted measurement and others 

of the same kind are entirely feasible. With some effort the technique 

could be improved enough to produce data of good quality, 

2, ATOMIC-BEAM RESEARCH 

a. Hyperfine Structure of Stable Isotopes 

W. J. Childs and L. S. Goodman 

Our program of measuring hyperfine structure (hfs) 

in the nuclear ground state of stable isotopes is continuing. Emphasis 

is placed on making measurements in a number of different metastable 

atomic s ta tes , since it is well known that conclusions drawn from a 

measurement in a single state can be grossly in e r ro r if the composi­

tion of the state is not accurately known. Detailed comparison of the 

hfs of many levels with the theory should lead not only to a better 

understanding of the atomic s t ructure , but also to a more reliable 

value for the electric-quadrupole moment o'f the nucleus of the atom. 

Studies of this type were made on about a dozen meta ­

stable atomic levels of the 5d6s ' and 5d'6s electron configurations in 

^ ^ \ a . Because of poor intensity, however, completion of the work 

has had to be postponed pending development of an exciter for the beam 

atoms. At the present stage of the interpretation, no single set of 

atomic parameters can be found to fit all the quadrupole hfs constants 

to better than about 20%. It is hoped that further theoretical work 

will lead to a substantial refinement in our knowledge of these pa ra ­

m e t e r s . The resul ts already obtained i l lustrate well the dangers of 

evaluating a quadrupole moment from the hfs of a single^at^omic state. 

Similar studies a re being carr ied out on Tb, the 

only neutral atom with Z < 97 for which the ground electron configuration 

169 
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is not yet known. Levels of both 4f''6s^ and 4f^5d6s a re populated 

thermally in the atomic beam, and hfs constants have been determined 

for three levels of the former and for fourteen of the la t ter . ' Although 

the work is not yet complete, it appears to be even more difficult to 

obtain a good fit to the measured electric-quadrupole hfs constants B 
, 139 than in the case of La. 

In addition to the hyperfine-interaction constants A 

and B, high-precision values of the electron g factor g can be obtained 

for all atomic states populated in the beam. Such a study was made 

in Ce, and good values of g were obtained for 33 levels. Since 

the value of g for a state depends strongly on its composition, such 

studies are of great use in understanding the atomic s t ruc ture . 

It is felt that continuation of the present program should 

lead to substantially more accurate values for nuclear ground-state 

quadrupole moments and also to a far more detailed understanding 

of the structure of medium and heavy atoms. 

' W. J. Childs and L. S. Goodman, J. Opt. Soc. Am. 59_, 875 (1969). 

b. Investigations of Radioactive Isotopes 

J. A. Dalman, H. Diamond,''" L. S. Goodman, and H. E. Stanton 

243 
Several runs with 5-h Pu were ca r r ied out. This 

work will be resumed when CP-5 becomes available again. Plans 

have been made to measure g values for one or two states in Fm 

in the near future. 

Further work in 1969 is planned with francium isotopes , 
• ,, 223 141 143 

especially F r , and with Ce and Ce. The work with the Ce 

isotopes is of interest both for studies of the nuclear moments and 

for the determination of the electronic angular momentum of a par t icular 
atomic state. 

Chemistry Division. 
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The value of the electronic angular momentum J for the 

first excited state (228 c m " S of Ce I is in doubt. The indication from 

optical spectroscopy is J = 2, while that from atomic-beam investiga­

tions is J = 4. We are hopeful that further atomic-beam experiments 

with the odd-A isotopes of cer ium may resolve this long-standing 

discrepancy. 

A small mass - spec t romete r detector is being constructed 

for installation on the present machine. This will allow one to monitor 

the stable atoms in the beam and will also allow us to study long-lived 

radioactive species. 

Several modifications during the past year have improved 

the operation and utility of the machine. These include an improved 

system for loading radioactive samples into the machine, improved 

rf s t ructures for inducing t ransi t ions , an improved power regulator 

for heating our ovens, and a modification of the vacuum system. 

3. RADIO-FREQUENCY PLASMAS 

The central purpose of this -research is to advance the 
understanding of the basic propert ies and mechanisms of low-pressure 
plasmas produced by rf fields, with special emphasis on aspects 
relevant to controlled thermonuclear research . The two lines of 
experimental and theoretical investigation being pursued are studies of 
plasmas produced (a) in the approximately uniform rf electric field 
between paral lel-plate electrodes and (b) in the nonuniform standing-
wave electromagnetic fields in resonant cavities. 

A. J. Hatch 

The main goal of this work is to elucidate the basic 

mechanisms involved m resonant plasma phenomena (e. g. , rf plasmoids) 

that occur at p res su res in the vicinity of and below the collision-

frequency transit ion (~10"^ Torr ) . The present approach is to cor re la te 

171 
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measurements of impedance Z^ with a one-dimensional slab-model 

theory. Earl ier measurements of Z at 15 MHz by use of a quasi-

substitution method revealed highly nonlinear effects that require 

more detailed study under a wide range of circuit tuning conditions. 

A pair of papers describing this earl ier work is in preparat ion. More 

recently a four-probe method (the long-wavelength equivalent of a 

slotted line) has been used to measure Z at 45 MHz, and a machine 
P 

computation program has been written to reduce the rather large 

e r rors inherent in the use of the conventional graphical (Smith chart) 

method of data reduction. Extensive measurements using this more 

sophisticated method through a wide range of p ressure and rf power 

are planned. 

b. Plasmas in Nonuniform Cavity Fields 

A. J. Hatch, S. L. Halverson, and J. L. Shohet 

The main goal of this ^vork is to investigate the basic 

phenomena and mechanisms of plasmas produced in the standing-wave 

fields of resonant cavities at UHF frequencies (600 —1000 MHz) and 

at pressures well below the collision-frequency transi t ion (~0. 5 Tor r ) . 

Special emphasis is placed on the plasma confinement capabilities 

resulting from time-average drift forces in quadrupole modes. 

Experimental work during the past year has been con­

cerned mainly with the plasma-loading charac ter is t ics of a cylindrical 

cavity at intermediate pressures (~0. 02 Torr ) . A highly significant 

result of this work is the demonstration of a frequency-shifting method 

of exciting a plasma in a resonant cavity. This new method has given 

plasma densities ~7 times those obtainable by exciting the cavity at its 

empty frequency. To obtain such an increase at fixed excitation f r e ­

quency would require an increase in input power by a factor of 

Electronics Division. 



IV. 3b 
173 

Fig. 56. Results of conventional method 
of increasing plasma density by 
increasing input rf power Pj to a 
resonant cavity at a fixed excitation 
frequency. The plasma density (pro­
portional to Afj.) increases approxi­
mately as P j ' /^ whereas the power 
loss P , in the impedance-matching 
network increases approximately as 
PT' I^ . The maximum plasma den­
sity here (at Pi = 36 W) is 
n = 0. 52 X 10'' c m - ' . •|0 15 20 30 4 0 50 

NET INPUT POWER P , W 

^1^ = 50. This result is explained on the basis that the presence of the 

plasma causes the cavity to become detuned and this in turn causes a 

substantial loss of power to the impedance-matching network. Therefore, 

when the plasma-loaded cavity is excited at its empty frequency both 

the detuning and the matching network losses increase as input power 

is increased, with the result that a decreasing fraction of the input 

power is available to the plasma, as shown in Fig. 56. However, when 

the excitation frequency is increased ("frequency chasing") both the 

detuning (with respect to the excitation frequency) and the matching-

network losses decrease , thereby making av increasing fraction of the 

input power available to the plasma, as shown in Fig. 57. A paper 

describing this work has been published. ' 

Theoretical work during the past year has been concerned 

mainly with a computation of the frequencies of the first ten fundamental 

modes of a cylindrical cavity as a function of the nonumform radial 

density of a central axial column of plasma. The radial density d is ­

tribution used was obtained from an Abel inversion of the lateral lumin­

osity profile of a plasma column excited by the TM^^^ mode. This 

work represents a substantial refinement of the simpler conventional 

problem in which a small plasma rod of umform density is assumed; 

' S . L. Halverson and A. J. Hatch, Appl. Phys. Letters H , 79(1969). 
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F i g . 57. R e s u l t s of new m e t h o d of 
i n c r e a s i n g p l a s m a d e n s i t y by 
shift ing e x c i t a t i o n f r e q u e n c y 
while m a i n t a i n i n g input power P j 
cons tan t at 36 W ( c o r r e s p o n d i n g 
to m a x i m u m in F i g . 56) . The 
p l a s m a dens i t y ( p r o p o r t i o n a l t o 
Af]-) i n c r e a s e s a p p r o x i m a t e l y 
l i n e a r l y with the shift Af^ in 
exc i t a t ion f r e q u e n c y , w h e r e a s 
the power l o s s P-^ ' ^ the m a t c h ­
ing ne twork d e c r e a s e s a t a 
r a t e tha t i s a l s o a p p r o x i m a t e l y 
p r o p o r t i o n a l to Af̂ .̂ T h e 
m a x i m u m p l a s m a d e n s i t y h e r e 
is n =; 3. 4 X 10' c m " ' , o r ~ 6 | 
t i m e s tha t in F i g . 56 a t the 
s a m e input p o w e r . 

and it is e spec ia l ly useful as a d iagnos t i c a id for the p r e s e n t e x p e r i ­

menta l s tud ie s . A paper d e s c r i b i n g th i s work is in p r e p a r a t i o n . 

4. MASS-SPECTROMETRIC AND R E L A T E D INVESTIGATIONS 

Two b road a r e a s of i nves t i ga t ion can be d i s t i n g u i s h e d 
h e r e : (1) the i n t e r a c t i o n of r a d i a t i o n with g a s e o u s or v ap o r s p e c i e s 
and (2) the i n t e r a c t i o n of p a r t i c l e b e a m s ( cha rged and n e u t r a l ) with 
so l ids . In the f o r m e r type of s tudy , e l e c t r o n and ( m o r e r e c e n t l y ) 
photon impac t has been u s e d to s tudy the t h r e s h o l d s for i o n i z a t i o n and 
d i s soc ia t ive ion iza t ion , the phenomenon of a u t o i o n i z a t i o n , and the 
r a t e s of chemica l r e a c t i o n s in which the r e a c t a n t s c a n b e f o r m e d in 
wel l -def ined energy s t a t e s . F r o m t h e s e e x p e r i m e n t s , r a t h e r p r e c i s e 
values of ionizat ion p o t e n t i a l s , b o n d - d i s s o c i a t i o n e n e r g i e s , and e l e c t r o n 
affinities have been obtained. R e c e n t l y , t h e s e s t u d i e s have b e e n e x ­
tended to examine the k ine t ic e n e r g i e s of e l e c t r o n s e j ec t ed in the p h o t o ­
ionizat ion p r o c e s s . 

Two i n s t r u m e n t s a r e in u s e in m o l e c u l a r and ion ic 
sput ter ing e x p e r i m e n t s and s i m i l a r i n v e s t i g a t i o n s involv ing s u r f a c e 
p r o p e r t i e s and r e a c t i o n s . A p o r t a b l e m a s s s p e c t r o m e t e r i s u s e d a t 
var ious a c c e l e r a t o r s in s tud i e s of the phenomena involved in ion b o m ­
bardment of po lyc rys t a l l i ne and m o n o c r y s t a l l i n e foils and t h i c k t a r g e t s . 
The effect of channel ing on the c h a r g e d i s t r i b u t i o n s of b e a m s p e n e t r a t i n g 
monocrys ta l l ine foils has engaged p a r t i c u l a r a t t en t i o n r e c e n t l y . 
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a ^ P h o t o e l e c t r o n ^ S p e c t r o ^ c o p ^ ^ 

J. Berkowitz and W. A. Chupka 

A vacuum ultraviolet monochromator has been combined 

with a retarding-field electron-energy analyzer to study the distribution 

of photoelectrons from autoionizing states of hydrogen and nitrogen. 

In most cases involving hydrogen, the photoelectrons produced are 

monoenergetic and correspond to autoionizing transitions in which 

Av is a minimum, i . e . , the ejected electrons have the minimum kinetic 

energy. There is one possible exception to this generalization. 

Different mechanisms appear to be operative in the 

nitrogen autoionizations. In general , several bundles of electrons, 

corresponding to the formation of several ionic s ta tes , are observed. 

Whereas vibrational relaxation of the core appears to explain the 

results with hydrogen, an alternative mechanism involving configuration 

interaction has been examined in an attempt to rationalize the nitrogen 

resul ts . This proposed mechanism implies that relative transition 

probabilities in the autoionization process are dominated by Franck-

Condon factors connecting the quasi-discrete state and the ionic state. 

The ratio of Franck-Condon factors is very sensitive to the choice 

of internuclear distance for the quasi-discrete state. In many cases , 

it is possible to find a plausible internuclear distance for which the 

ratio of Franck-Condon factors agrees with experiment. If the Franck-

Condon factors are indeed the major determinant of relative transition 

probabil i t ies, photoelectron spectroscopy offers a method for determining 

the internuclear distances of the quasi-discrete s tates . One autoionizing 

transit ion in nitrogen, as yet unassigned, does not seem to fit this 

mechanism. 

Plans a re under way to improve and extend the above 

measurement s , with the aid of a more intense photon source. Included 

in these plans a re experiments to measure the angular distribution of 

photoelectrons from various s tates . 
I J , Berkowitz and W. A. Chupka, J. Chem. Phys. 51 , 2341 (1969). 
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b. Photoionizationjv^lass^pe^ti^^sc^ 

J. Berkowitz and W. A. Chupka 

A careful examination of the photoionization of HCN 

has revealed two processes , HCN + hv - H + CN and HCN + hv - H 

+ CN + e, not previously reported by other workers . The difference in 

threshold values for the two processes leads directly to the electron 

affinity 3. 82 ± 0. 02 eV for CN. The threshold for the second process 

leads to AH ° (CN) = 105. 5 ± 2 kcal /mole, but AH °̂ (HCN) remains 
• 'o 

a major source of uncertainty. The best value for the ionization poten­
tial of CN, as obtained from this work, is 14. 03 ± 0. 02 eV. 

The photoionization efficiency of CH,CO (ketene) has 

been examined, partly to obtain an independent measurement of the 

heat of formation of the radical CH from the reaction CH GO + hv 

-• CH + CO + e. The threshold for this process has tentatively been 

determined to be 13. 75 ± 0. 02 eV. This implies AH ° (CH ) = 87 —90. 5 

kcal/mole, the accuracy being limited by uncertainty in AH " (CH CO). 

The ionization potential of CH CO has been determined to be 9. 61 ± 0, 01 

eV. 

' J . Berkowitz and W. A. Chupka, J. Chem. Phys. 5£, 1497 (1969). 

c. Photoionization of High-Temperature Vapors ' 

J. Berkowitz and W. A. Chupka 

From the thresholds for photodissociative ionization of 

cesium halide molecules, the dissociation energies of these diatomic 

molecules have been obtained. The values obtained are D(,(CsCl) 

= 105.6 ± 1 . 6 kcal/mole, DJCsBr ) = 96. 2 ± 1 kcal /mole , and D„(GsI) 

= 82. 3 + 1 kcal/mole. For D̂ , (CsF) the interpretat ion is in doubt. 

The dissociation energies of the molecular ions CsBr'*' and Gsl"*" have 

' J . Berkowitz and W. A. Chupka, J. Chem. Phys. 50, 3503 (1969); 
5£, 4245 (1969). — 
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also been measured , as have the heats of formation of Cs^F , Cs^Cl , 

and Cs Br . 
Several autoionization peaks have been observed in the 

ionization efficiency curves of the cesium halides, somewhat displaced 

in energy from their positions in atomic cesium. In part icular , the 

(5p)^ 6s -* (5p)^ (6s)^ t ransi t ion, which occurs at 12. 306 eV in atomic 

cesium, is shifted to 12, 1, 12,4, 12,5, and 12,6 eV for CsF , CsCl, 

CsBr, and Csl , respectively. These "chemical shifts" are in accord 

with the "modified free ion" model which has been used to explain 

chemical shifts in the binding energies of inner electrons. 

Since autoionization in metal atoms is quite common, 

one may anticipate the occurrence of chemical shifts in the autoionization 

of metal compounds. Further work is planned along these lines, and 

also to directly measure the chemical shift in the inner-electron binding 

energy by photoelectron spectroscopy. 

The ionization potentials of Se^ and Te^, as obtained 

from their photoionization thresholds, a re 8. 88 ± 0. 03 and 8. 29 ± 0. 03 

eV, respectively. The threshold for formation of s"̂  from S^ leads 

to Do°(S ) = 101.0 ± 0 . 2 kca l /mole , in general agreement with other 

techniques. The corresponding process from Te^ yields D^^Te^) 

= 62. 3 ± 0. 2 kca l /mole , distinctly favoring one of two proposed thermo-

chemical values. The experimental result for Se^, D / = 7 8 . 6 - 8 3 . 2 

kcal /mole , has considerable uncertainty but tends to favor the highest 

of three spectroscopic possibil i t ies. Evidence was also found for a 

splitting of 0. 35 ± 0. 04 eV between the 0^+ ground state of Te^ and the 

1 state, 
g 

d. Cha i je -Transfe i^^and^C^^ 

J. Berkowitz and W. A. Chupka 

Rare gas atoms produced in known highly excited e lec­

tronic states by photon absorption were found to t ransfer an electron 
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to the SF^ m o l e c u l e to fo rm an ion p a i r . The c r o s s s e c t i o n for t h i s 

p r o c e s s has been s tudied a s a function of the s t a t e of e x c i t a t i o n of t he 

r a r e gas a t o m . R a r e gas a t o m s in R y d b e r g s t a t e s ly ing j u s t be low the 

ion iza t ion l imi t have been found to be ion ized by c o l l i s i o n wi th n o r m a l 

a t o m s , the c r o s s sec t ion r i s i n g v e r y r ap id ly a s the e x c i t a t i o n e n e r g y 

a p p r o a c h e s the ion iza t ion l imi t . This p h e n o m e n o n , d e t e c t e d for s o m e 

m o l e c u l e s a l s o , i s a p p a r e n t l y quite g e n e r a l and i n d i c a t e s the c o m p l e x i t y 

of ion iza t ion s tudies c a r r i e d out at a l l but the lowes t p r e s s u r e s . It 

i s a l so of c o n s i d e r a b l e i m p o r t a n c e to such phenomena a s i o n i z a t i o n in 

shock t u b e s . 

Negat ive ions such as I and F have b e e n p r e p a r e d in 

except ional ly c lean fashion and with v e r y low k ine t i c e n e r g i e s by photon 

abso rp t i on p r o c e s s e s . Endoe rg i c c h a r g e - t r a n s f e r p r o c e s s e s such a s 

I + I — I + 1 and F + F -• F + F have been s tud ied a s a funct ion 

of kinet ic ene rgy . P r e l i m i n a r y m e a s u r e m e n t s of the e n e r g y t h r e s h o l d s 

give r e a s o n a b l e va lues for the e l e c t r o n aff ini t ies of F and I The 

method is capable of c o n s i d e r a b l e i m p r o v e m e n t and p r o m i s e s to b e c o m e 

a fa i r ly gene ra l technique for the d e t e r m i n a t i o n of e l e c t r o n a f f in i t i e s 

of s table m o l e c u l e s . 

e. Reac t ions of Ions in P r e p a r e d S ta tes 

W. A. Chupka and J. Be rkowi t z 

F a i r l y p u r e p r e p a r a t i o n s of H ions in v i b r a t i o n a l 

s t a tes f rom v = 0 to v = 5 w e r e m a d e by pho to ion iza t ion and the c r o s s 

sect ions for t he i r r e a c t i o n s with h e l i u m to f o r m HeH + H and 

H + H + He w e r e m e a s u r e d as a funct ion of both v i b r a t i o n a l and k i n e t i c 

energy independent ly . The r e a c t i o n f o r m i n g HeH""" i s e n d o e r g i c by 

very nea r ly t h r e e v ib ra t i ona l quanta of U^^ ( ~ 0 . 7 eV). Al l v i b r a t i o n a l 

s t a tes w e r e found to r e a c t at k ine t ic e n e r g i e s above the t h e r m o c h e m i c a l 

th resho ld but with c r o s s s e c t i o n s which i n c r e a s e v e r y r a p i d l y wi th 

vibra t ional ene rgy . The data p rov ide the f i r s t d i r e c t and c o n c l u s i v e 
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proof that vibrational energy is very much more effective than kinetic 

energy in causing chemical reaction. The reactions of the HD ion 

with helium and hydrogen show strong isotopic effects which help 

elucidate the reaction mechanism. The simplicity of this reaction 

makes it amenable to theoretical calculations which are being carried 

out by workers elsewhere for comparison with these resul ts . The 

photoionization technique makes feasible the detailed study of reactions 

of ions in prepared electronic, vibrational, and even rotational s ta tes , 

particularly as more intense sources of photons, such as synchrotron 

radiation, become available. 

f. Experiments Utilizing Synchrotron Radiation 

J. Berkowitz and W. A. Chupka 

Experiments designed to exploit the unique character 

of the synchrotron radiation at the MURA electron storage ring have 

been under preparation throughout the past year and are about to begin. 

The synchrotron radiation is a smooth continuum, which is most desirable 

when one is looking for s tructural features in absorption or photoioniza­

tion spectroscopy. It fills in a gap between the helium continuum and 

hydrogen many-line laboratory light sources , and extends well below 

the short-wavelength helium limit (ca. 600 A). In addition the radiation 

is highly polarized. 

The storage ring, designed to have a circulating electron 

current of 1 A, is presently operating routinely at 2. 5 - 5 mA. (The 

operators of this device plan to gradually increase the current to design 

specifications. ) Prel iminary measurements indicate that at its present 

level, it provides a light intensity equal to, or slightly higher than the 

conventional light sources . With this intensity, it already becomes 

attractive for certain measurements , such as the angular distribution 

of photoelectrons as a function of wavelength. The polarized character 

of the radiation can be exploited in such measurements . Of part icular 

179 
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i n t e r e s t i s the pho toe l ec t ron a n g u l a r d i s t r i b u t i o n f r o m h e l i u m , wh ich 

cannot r ead i ly be i nves t i ga t ed with the a v a i l a b l e l ight s o u r c e s . 

As the i n t ens i ty of r a d i a t i o n i s i n c r e a s e d , m a n y o t h e r 

e x p e r i m e n t s wil l become a t t r a c t i v e , inc luding the a n g u l a r d i s t r i b u t i o n 

of e l e c t r o n s p roduced by au to ioniz ing t r a n s i t i o n s , t he r e a c t i o n of ions 

in s e l ec t ed s t a t e s ( e l e c t r o n i c , v i b r a t i o n a l , and ro t a t i ona l ) wi th o t h e r 

g a s e s , the angu la r d i s t r i bu t i on r e s u l t i n g f rom the i n t e r a c t i o n of ion ic 

and m o l e c u l a r b e a m s ( e l a s t i c , i n e l a s t i c , and r e a c t i v e s c a t t e r i n g ) , 

the photoionizat ion and a b s o r p t i o n of U^, HD, and D^ at h i g h e r r e s o l u ­

t ion than h e r e t o f o r e a t t a ined , and the pho to ion iza t ion and p h o t o e l e c t r o n 

energy ana lys i s of h i g h - t e m p e r a t u r e v a p o r s (for which the i n t e n s i t i e s 

a r e weak) . 

The e x p e r i m e n t a l s y s t e m being p r e p a r e d for t h e s e 

e x p e r i m e n t s c o n s i s t s of a h i g h - r e s o l u t i o n v a c u u m - u l t r a - v i o l e t m o n o ­

c h r o m a t o r , a s c a t t e r i n g c h a m b e r , and an e l e c t r o n - e n e r g y a n a l y z e r . 

g. Kinetic Ene rgy Di s t r ibu t ions of F r a g m e n t a t i o n P r o d u c t s 

H. E. Stanton 

The inves t iga t ion of the r e l e a s e of k ine t ic e n e r g y in 

the f r agmen ta t ions of m o l e c u l e s of v a r y i n g c o m p l e x i t y h a s b e e n c a r r i e d 

fo rward dur ing the pas t y e a r , but wi th r e d u c e d effor t . The e m p h a s i s 

has been on the i m p r o v e m e n t of the effect ive e n e r g y r e s o l u t i o n of t h e 

m a s s s p e c t r o m e t e r . Some changes in i n s t r u m e n t a t i o n which p r o m i s e 

to make for g r e a t e r a c c u r a c y in e x p e r i m e n t a l m e a s u r e m e n t s h a v e 

been ins t i tu t ed , and q u a s i - t h e o r e t i c a l d e v e l o p m e n t s in t he i n t e r p r e t a t i o n 

of expe r imen ta l f indings wil l m a k e the d e t e r m i n a t i o n of the k ine t i c 

energy d i s t r ibu t ions much m o r e p r e c i s e and m e a n i n g f u l . T h e s e i m ­

proved r e s u l t s m a y be expec ted to find a p p l i c a t i o n in u n d e r s t a n d i n g 

f ragmenta t ion p r o c e s s e s in m o l e c u l e s u n d e r e l e c t r o n i m p a c t a s w e l l 

as the d i s t r ibu t ion of the i n t e r n a l e n e r g y in t h e s e m o l e c u l e s . 
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h. Atomic-ImpactPhenom^na^^onJ^etaJ^^Si^^ 

M. Kaminsky 

Studies of atomic impact phenomena on surfaces with 

the pulsed molecular-beam mass spectrometer (MA-25) were given 

low priori ty during the last year; the existing manpower was entirely 

occupied with the extensive experimental program described in Sec. 

IV. 41. Should more personnel become available, it is intended to 

start with three important experiments on mean residence times and 

negative-ion formation. 

ith the Penetration of i. Atomic and Solid-State Effects A_s_s_o_c_iat̂ ê d̂  
Energetic Ions Through Solids 

When energetic charged particles penetrate through a 
monocrystalline solid, their t rajectories can under certain conditions 
be influenced by the regular arrangement of the lattice atoms. In 
par t icular , they may be guided through the spaces between low-index 
lattice planes (planar channeling) or along the open channels m the 
low-index directions (axial channeling). In such cases , the impact 
parameters of successive collisions can become correlated (channeled) 
and their distribution is not random as in the case of motion through 
amorphous solids. 

The group of experiments reported below is concerned 
with the processes that take place when energetic ions (p, d, ' H e , a) 
from the 2-MeV Van de Graaff penetrate thin metal foils (e. g . , Cu, 
Ni, Ag, andAu). Both monocrystalline and polycrystalline foils were 
us d; t some cases they were magnetized. The energies of the incident 
ions were varied over the range from approxiniately 0. 15 t ° 2. 00 MeV. 
The incident beam was highly collimated (angular spread < 0 . 01 ) 
and its direction deviated less than 0. 1° from one of the low-index 
directions of the monocrystal (e. g. , the [ l ° ° l / - 7 ' ^ ° ' ^ \ ^ ' j " . ; ; ^ \ ^ ^ ^ , 3 
perpendicular (within 0. 1°) to the surface of the polycrystalline ta rge ts . 
The energy spectrum of the beam emerging from a monocrystalline 
foil consisted of two well-separated peaks, the mean energy E of the 
lower one corresponding to the normal energy l o s s observed with 
poTycrystalline targets I h i l e the mean energy E , of the high-energy 
peak reflects the reduced loss rate for channeled ions. 
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(i) Effect of Channeling on the Charge-Changing Collisions 

M. Kaminsky 

This program, which was started in 1968, deals with 

urements of the equilibrium charge distribution of energetic ions 

penetrating through polycrystalline or monocrystalline metal foils. 

In the past, most studies of charge-changing collisions were conducted 

in gaseous targets and in a few polycrystalline solid ta rge ts . For light 

ions (Z « 2) penetrating through metal monocrystal foils, information 

was completely lacking. Such studies in monocrystalline foils p romise , 

however, to yield information on the way in which the electron density 

distribution in the lattice and especially along certain lattice channels 

affects the process of electron capture and electron loss by the penetra t ­

ing ions. The development of an adequate energy-loss theory for 

energetic ions would be greatly aided by such information. 

Channeling Effect on the Electron Stripping Reaction 

He -* He + e (M. Kaminsky). In these experiments Cu(lOO) foils 

and polycrystalline Cu foils were bombarded by He ions. The 

emerging ions with mean energies E character is t ic of the low^-energy 

peak and E characterist ic of the high-energy peak were analyzed 

according to their charges. The ratio R(emergent beam) = He / He 

was measured for both E and E , over a ranee of p r imary He n ch o r- 7 

energies. For the low-energy peak, the R values normalized to equal 

emergent energy were close to those for polycrystalline Cu foils; for 

the high-energy peak the R values were only ^ i of the value for 

the low-energy peak as shown in Fig. 58. These resul ts agree quali­

tatively with our observations reported in 1968 for He"*" ions penetrating 

through Au(lOO) foils. The result implies a lower stripping probability 

for ions traversing and escaping from regions of lower electron density, 

as for instance in the center of lattice channels. 

It is planned to continue this program to study such 

important parameters as the lattice channel spacing (corresponding 

to different crystallographic axes), the angle of incidence of the p r imary 
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Fig. 58. The ratio 
R = 5He++/'He+, 
both measured in 
the emergent beam 
as a function of the 
mean energy of the 
emerging ions. The 
curves a re for 
3 pie"*" ions incident 
normal to the sur ­
face of a Cu(lOO) 
foil and of a poly­
crystalline Cu foil. 

POLYCRYSTALLINE COPPER FOILx 
MONOCRYSTALLINE COPPER FOIL 

, NORMAL PEAK 
.. CHANNELED PEAK 

0 2 0.4 0.6 O.B 
MEAN ENERGY OF EMERGING IONS, E „ . keV 

ion with respect to the channel axis , the Z dependence of the target 

mater ia l , and the effect of target temperature (partial channel closing 

by phonon vibrations), and surface-layer impurities (discussed further 

in the last paragraph of this subsection). 

For these measurements a high-resolution mass spec­

trometer (MA-28) was used in conjunction with the 2-MeV Van de Graaff 

and its associated beam-handling equipment. It is intended to modify 

the present target chamber to facilitate the insertion of ta rge ts , 

collimator sys tems, and solid-state detectors. 

Channeling Effect on the Electron Capture Reactions 

n+ . . -, DO and H^ + e -> HO (M. Kaminsky). In these experiments 

the distribution of charge states of hydrogen or deuterium particles 

emerging from monocrystalline or polycrystalline Ni foils of various 

thicknesses were measured under ultrahigh-vacuum conditions for ions 

emerging with energies in the range 0. 1 0 - 1 . 20 MeV. Over four t imes 

the area actually struck by the beam, each foil thickness varied ^ 3 % . 

The particle emerging from a Ni(llO) foil (H , H° , D , and D° , and a 

negligible concentration of H ' and D ' in the energy region studied) 

were electrostatically analyzed according to their charge state, and the 
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.^"NORMAL" PEAK 

-"CHANNELED" PEAK 

POLYCRYSTALLINE 
Ni FOIL 
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Fig . 59. The r a t io 
R = D" / ( D ° + D+), both m e a s ­
u red in the e m e r g e n t b e a m , a s 
a function of the m e a n ene rgy of 
the e m e r g i n g i o n s . The c u r v e s 
a r e for D+ ions incident n o r m a l 
to the sur face of a Ni(l lO) foil 
and of a po lyc rys t a l l i ne Ni foil . 

r a t i o R ( e m e r g e n t b e a m ) 

= H" / (H" + H"^) or D" / ( D ° + D"^) 

was d e t e r m i n e d . F o r e x a m p l e , 

for d e u t e r o n s p e n e t r a t i n g t h r o u g h 

p o l y c r y s t a l l i n e Ni f o i l s , R v a r i e d 
-1 -3 

f rom 4. 80 X 10 to 4 . 6 X 10 

as the a v e r a g e e n e r g y of t h e 

e m e r g e n t b e a m i n c r e a s e d f r o m 

150 to 900 keV. F o r t h e l ow-

e n e r g y peak in t he e n e r g y s p e c t r u m 

f rom the m o n o c r y s t a l l i n e fo i l , 

the R va l u e s n o r m a l i z e d to equa l 

e m e r g e n t e n e r g y w e r e c l o s e to 

t hose for p o l y c r y s t a l l i n e fo i l s ; 

for the h i g h - e n e r g y p e a k , which 

is due to c h a n n e l e d i o n s , R was 

s ign i f ican t ly l o w e r , a s shown in 

F i g . 59. This i m p l i e s a lower 

e l e c t r o n c a p t u r e p r o b a b i l i t y for 
ions t r a v e r s i n g and escap ing f rom r eg ions of l o w e r e l e c t r o n d e n s i t y 

(e. g. , the c e n t e r s of l a t t i ce c h a n n e l s ) . 

This p r o g r a m wil l be cont inued . The p r o j e c t e d s t u d i e s 

include m e a s u r e m e n t s of the f o r m a t i o n of nega t i ve ions ( i m p o r t a n t 

for opera t ion of the t andem Van de Graaff ) , the d e p e n d e n c e of the R 

values on the c r y s t a l l o g r a p h i c o r i e n t a t i o n of t he m o n o c r y s t a l l i n e foil 

(e. g, , on v a r i a t i o n of the angle of i nc idence and on the e x p o s u r e of 

different axial channels by us ing foils whose s u r f a c e s a r e p a r a l l e l 

to different c r y s t a l p l a n e s ) , on the t a r g e t m a t e r i a l , on i m p u r i t y l a y e r s 

(e lec t ron donor m a t e r i a l s ) depos i t ed on m o n o c r y s t a l l i n e f o i l s , and on 

the type of incident ion. 
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Planned improvements of the apparatus include con­

struction of a better electrostat ic analyzer (with well-regulated power 

supplies) and modification of the vacuum system to facilitate opening 

and closing the system. 

Effect of Impurity Layers Deposited on Metal Mono-

crystalline Foils on the Charge Distribution of the Emergent Beam 

(M. Kaminsky and K. -O. Groeneveld). New studies of the charge 

distribution of energetic part icles emerging from metal foils onto which 

impurity layers have been deposited under controlled conditions (known 

thickness and composition, e. g. , KCl on Ni, Li on Ni) have been 

initiated. These measurements a re designed to resolve an existing 

controversy over the question whether or not impurity layers on target 

foils can influence the "equilibrium" charge states of the emerging 

part ic les . If such an influence can indeed be demonstrated, the next 

step will be to investigate combinations of electron-donor layers and 

monocrystalline metal foils in the hope of finding some for which the 

fraction of negative ions emerging from the "sandwich" will be high 

enough in a certain convenient energy region to make them useful as 

"electron-adder foils" for a tandem Van de Graaff. An evaporator 

system (including an electron gun and devic'es to monitor the deposition 

rate and the thickness of these thin films) will be needed to prepare 

such sandwich foils. 

^_^^^^^^^^^^^^^^^^^^nerg^^^ Penetrating Through Metal 

Monocrystals 

M. Kaminsky 

The effort to determine how channeling influences the 

energy loss of energetic ions penetrating through metal monocrystalline 

foils of various orientations was continued during the past year . The 

energy loss of protons and deuterons penetrating through both magnetized 

and unmagnetized Ni(llO) foils and through polycrystalline Ni foils 

was measured for pr imary-ion energies from 0 . 5 - 2 . 0 MeV for various 
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DEUTERONS THROUGH Ni 
BEAM PARALLEL WITHIN O l ' TO 
[ n o ] DIRECTION OF Ni MONOCRYSTAL 

POLYCRYSTALLINE Ni 

•»!» 

NORMAL LOSS 
Ni f l lO] 

r Ni [l lO] 

PRIMARY DEUTERON ENERGY, E(MeV) 

ang l e s of i n c i d e n c e u n d e r 

u l t r a h i g h - v a c u u m c o n d i t i o n s . 

F i g u r e 60 i l l u s t r a t e s such r e s u l t s 

for D ions inc iden t n o r m a l to 

the s u r f a c e of a Ni ( l lO) foil and 

of a p o l y c r y s t a l l i n e Ni foi l . 

F u r t h e r m o r e , t he e n e r g y l o s s 

. 3 + . , , 

of He ions p e n e t r a t i n g t h r o u g h 

m o n o c r y s t a l l i n e and p o l y c r y s t a l l i n e 

Cu and Au foils w a s d e t e r m i n e d 

over the s a m e p r i m a r y - i o n 

e n e r g y r a n g e . 

P r e l i m i n a r y 

r e s u l t s for the e n e r g y l o s s of 

d e u t e r o n s going t h r o u g h m a g -

F ig . 60. Values of the m e a n 
stopping po^ver for D ions i n c i ­
dent n o r m a l to the su r face of a 
Ni(l lO) foil and of a p o l y c r y s t a l - ne t i zed Ni ( l lO) foi ls ( d i r e c t i o n 
line Ni foil at incident d e u t e r o n 

„ t I A >» Tr of m a g n e t i z a t i o n p e r p e n d i c u l a r 
ene rg i e s E up to 1.0 MeV. t- i-

to the d i r e c t i o n of the channe l 

followed by the ion) r e v e a l that the a v e r a g e s topping power is ~ 7 —10% 

higher than for the unmagne t i zed Ni( l lO) foil . F u t u r e e x p e r i m e n t s a r e 

planned to d e t e r m i n e (a) the d e g r e e to which the o b s e r v e d " d e c h a n n e l i n g " 

effect ( i nc rea sed stopping power) can be r e l a t e d to the m a g n e t i c def lec t ion 

of the ions within the m a g n e t i z e d so l id and to m a g n e t o s t r i c t i v e effects 
2 

and (b) the a n g u l a r - e n e r g y d i s t r i b u t i o n d N / d 9 d E of p a r t i c l e s 
out 

emerg ing at angle d with ene rgy E a f te r t r a v e r s i n g m e t a l m o n o -
out " 

c r y s t a l s of different s t r u c t u r e s (hep, b c c , fee) and o r i e n t a t i o n s . Such 

data will not only provide b e t t e r i n s i g h t s in to the p h e n o m e n a connec ted 

with the slowing down of c h a r g e d p a r t i c l e s in m a t t e r , but wi l l a l s o p r o ­

vide valuable in fo rmat ion for the p r o d u c t i o n of su i t ab l e e l e c t r o n - a d d e r 

or e l e c t r o n - s t r i p p i n g foils (for t a n d e m Van de Graaff ope ra t i on ) with 

great ly i n c r e a s e d in tens i ty p e r unit so l id ang le ( e m i t t a n c e ) . 
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(iii) S tud ies of the P o l a r i z a t i o n of D e u t e r o n s E m e r g i n g f rom 
M a g n e t i z e d M o n o c r y s t a l l i n e M e t a l F o i l s ; Deve lopmen t of 
a New Type of P o l a r i z e d Ion S o u r c e 

M. K a m i n s k y 

A new p r o g r a m h a s b e e n i n i t i a t e d to d e t e r m i n e if e n e r g e t i c 

d e u t e r o n s can be p o l a r i z e d by p a s s a g e t h r o u g h a m o n o c r y s t a l l i n e Ni 

foil tha t i s m a g n e t i z e d to s a t u r a t i o n . 

In t h e s e e x p e r i m e n t s , a h ighly c o l l i m a t e d D ion b e a m 

(angu la r s p r e a d < 0 . 01°) s t r i k e s a m a g n e t i z e d Ni( l lO) foil p a r a l l e l 

to the [ 1 1 0 ] d i r e c t i o n wi th in 0. 1° . The inc ident ion e n e r g y i s chosen 

such tha t the m e a n e n e r g y of the e m e r g i n g d e u t e r i u m p a r t i c l e s (D , D" ) 

i s in the r a n g e 1 1 0 - 1 3 0 keV. The r e a s o n s for t h i s cho ice a r e twofold: 

(a) In t h i s e n e r g y r a n g e a r a t h e r l a r g e f r ac t i on ( a p p r o x i m a t e l y 50%) 

of the p e n e t r a t i n g d e u t e r o n s wi l l p ick up p o l a r i z e d e l e c t r o n s , (b) The 

t e n s o r p o l a r i z a t i o n P33 of t he p o l a r i z e d d e u t e r i u m a t o m s D" can be 

r e a d i l y m e a s u r e d by u s e of the T(d ,n)He++ r e a c t i o n , which has a l a r g e 

c r o s s s e c t i o n ove r a r a t h e r b r o a d e n e r g y r e g i o n (width - 140 keV) 

and a m a x i m u m va lue a t about 107 keV (5 b a r n s for an u n p o l a r i z e d 

b e a m ) . 
The d e u t e r o n s that have p icked up a p o l a r i z e d e l e c t r o n 

and e m e r g e f r o m the foil as d e u t e r i u m a t o m s DO a r e then sent t h r o u g h 

a r e g i o n of w e a k m a g n e t i c field ( - 1 0 g a u s s ) . The t r a n s i t t i m e in th i s 

r e g i o n i s ~ 5 X l O ' ^ s e c , which is enough l a r g e r than the L a r m o r 

• HrY P̂ t o n e r m i t n u c l e a r p o l a r i z a t i o n by hype r f ine i n t e r a c t i o n , p r e c e s s i o n t i m e to pe rnn i . "^^ r 
T,+ • =,-P ripflected e l e c t r o s t a t i c a l l y so tha t only the 

The e m e r g e n t D ions a r e d e l l e c t e a e ic 

p o l a r i z e d d e u t e r i u m a t o m s s t r i k e a t h i ck T i - T target^. A c c o r d i n g to 

t he t h e o r y , the c r o s s s e c t i o n for the r e a c t i o n T ( d , n ) He is expec t ed 

to be p r o p o r t i o n a l to 1 - i P 3 3 (3 cos 0 - 1), w h e r e B i s the c e n t e r -

o f - m a s s ang le of e m i s s i o n of the a lpha p a r t i c l e r e l a t i v e to the p o l a r i z a ­

t ion a x i s of the d e u t e r i u m a t o m s . In our e x p e r i m e n t s (F ig . 61) , t h r e e 

s u r f a c e - b a r r i e r s o l i d - s t a t e d e t e c t o r s have been p laced at 9 = 7 

( d e t e c t o r 1) and 6 = 90° ( d e t e c t o r s 2 and 3). Then the r a t i o n ^ / n ^ 
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C 3 -
DETECTOR 3 

. WEAK B FIELD, 

I 

T-T( TARGET 

Fig. 61. Schematic 
diagram of the 
experimental 
arrangement to 
measure the polar i ­
zation of channeled 
deuterium par t ic les . 

E DEFLECTING FIELD 

of the counting rates of two detectors (detectors 1 and 2 or detectors 1 

and 3) is determined for the polarized beam and normalized to the same 

ratio for the unpolarized beam. Measurements of this kind are in 

progress. 

If this process indeed produces a useful degree of polar i ­

zation, the next step will be to convert the polarized neutral deuterium 

atoms into negative ions by passing the polarized D° beam through a 

thin nonmagnetized monocrystalline foil. No depolarization is expected 

if the transit time between the second foil and the Ti-T target is kept 

small (<10^° sec). 

The process promises to be very efficient, since a 

large fraction of the primary D beam can be converted into polarized 

atoms, and our monocrystalline foils (without cooling) have withstood 
2 

current densities of 10 |iA/cm . Fur thermore , the utilization of the 

axial channeling effect (beam alignment with respect to, say, the [ 100] 

axis) results not only in a strong reduction in beam depolarization 

(since large-angle scattering inside the foil is greatly reduced) but 

also in greatly improved values for the intensity per unit solid angle. 

Therefore it appears that this may form the basis of a very simple, 

practical, and inexpensive source of polarized ions for the tandem 

Van de Graaff, 

Most of the electronic equipment now in use has been 

borrowed on a short- term basis . If the new process proves feasible. 
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it would be an attractive approach to the development of a source of 

negative polarized ions at the tandem Van de Graaff. (A U. S. patent 

has been applied for.) 

(iv) Preparat ion of Thin Monocrystalline Metal Foils 

M. Kaminsky, K.-O. Groeneveld, and G. Goodwin 

In order to provide the monocrystalline target foils 

needed for the measurements listed above, we have engaged in an 

extensive development program. 

Thin wafers ( i X i X 0. 001 in. ) were cut from mono-

crystalline blocks of Ni, Cu, and W by eloxing (done in Metallurgy) 

and were further thinned by repeated electropolishing and etching. 

Many of the well known etching solutions could not be used to thin our 

monocrystalline wafers because of preferential etching along certain 

crystallographic planes, leading often to pinholes. Therefore the 

polishing and etching solutions were modified for some of the materials 

and thinning procedures were established in order to obtain thin 

homogeneous foils with the desired high degree of monocrystallinity. 

We were able to obtain foils with usable areas of approximately 10 

mm^ and a thickness of approximately 0. 00 008 in. 

Since thinner foils could not readily be obtained by this 

method, we started a new program of growing thin monocrystalline 

Au and Cu films epitaxially. 

In conjunction with our ultrahigh-vacuum bell j a r , we 

tested 180° and 270° electron beam guns, film-thickness moni tors , 

deposit ion-rate m e t e r s , and residual-gas analyzers loaned by various 

manufacturers and assessed their applicability to our special r equ i re ­

ments . The 270° electron beam gun seems to come closest to our 

specifications. Using heated monocrystalline NaCl subs t ra tes , we 

deposited approximately 5000-A-thick Cu films with a fair degree of 

monocrystallinity (mosaic spread of approximately 0.5°). 

* J 

Deceased. 
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We intend to proceed with our r e sea rch on the epitaxial 

growth of monocrystalline films and with production of "sandwich foils" 

(in which impurity layers of, say, donor mater ia ls a re deposited on 

thin metal foils to form an electron adder). 

(v) Relocation of Equipment Used in Conjunction with the 2-MeV 
Van de Graaff 

G. Goodwin, ' R. Amrein, and M. Kaminsky 

The 2-MeV Van de Graaff used in the above experiments 

on energetic particles penetrating metals was shut down on 15 June 1968 

and was moved from the basement to the first floor, where a new vault 

was built and the existing control room was remodeled. At the same 

t ime, our target chambers, high-resolution mass - spec t rome te r system, 

electronic control units, and other equipinent used with this acce lera tor 

were disassembled, parts were modified, and all •were moved to the 

new location. The reassembly, which began on 15 September included 

several major improvements, (a) A new goniometer arrangement for 

more precise target movements was built and assembled. In contrast 

to the old system, the majority of the parts of the new goniometer a re 

outside the vacuum system, thereby improving the ultimate vacuum 

of the system and (by greatly reducing backlash, for example) permitting 

easy adjustments of the goniometer, (b) The beam collimator system 

was greatly improved by extending the beam drift region by approximately 

10 ft (total distance from analyzing magnet to target is now 45 ft) and 

by adding additional aper tures . The accurate alignment of the aper tures 

was facilitated by the aid of a laser beam, (c) The beam-line vacuum 

system was greatly improved. (In the beam line, the residual gas 

pressure is ~ 2 X 10" Torr; in the target chamber, l _ 2 X 1 0 ' ^ T o 

can be reached without baking. ) (d) The alignment of the high-resoluti 

spectrometer was improved. After some major work in aligning th 

r r 

on 

e 

Deceased. 
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system, the performance of the new apparatus significantly exceeded 

that of the old system; e. g. , we now obtain almost 100% transmission 
o 

through our spectrometer and the beam spread is less than 0. 01 . 

After rewiring all units and testing the connections between vault and 

control room, the complete new machine was put into operation by 

15 October 1968. 

j Operationof^th^_^£^M£VJ/^^ 

Jack R. Wallace 

The 2-MeV Van de Graaff accelerator has operated 

1273 hours from 1 April 1968 to 14 March 1969. It is operated 40 h 

per week. 

The accelerator was dismantled, moved from the base­

ment to the first floor, and reassembled to make way for the Dynamitron. 

It is now located where the former 4-MeV Van de Graaff was located. 

This required an interruption of only two months in the experimental 

program of this installation. 

The shielding, interconnecting control wiring, experi­

mental wiring, and component alignment were greatly improved at 

its new location. New vacuum pumps have also been installed. Greatly 

improved operations have resulted from these changes. 
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V. PUBLICATIONS FROIVl 1 APRIL 1968 THROUGH 31 MARCH 1969 

The p a p e r s l i s t e d h e r e a r e t h o s e whose pub l ica t ion was 
noted by the r e p o r t i n g uni t of t he L a b o r a t o r y in the 1-year pe r iod s t a t e d 
above The d a t e s on t he j o u r n a l s t h e r e f o r e often p r e c e d e th i s p e r i o d , 
and s o m e da ted wi th in the p e r i o d wi l l be l i s t ed subseq u en t l y . The l i s t 
of " p a p e r s and b o o k s , " which a l s o inc ludes l e t t e r s and n o t e s , is c l a s s i f i ed 
by t o p i c ; the a r r a n g e m e n t i s a p p r o x i m a t e l y tha t fol lowed in the T a b l e of 
Con ten t s of t h i s Annual R e v i e w . The " r e p o r t s at m e e t i n g s " inc lude 
a b s t r a c t s , s u m m a r i e s , and full t e x t s in v o l u m e s of p r o c e e d i n g s ; they 
a r e l i s t e d c h r o n o l o g i c a l l y . 

A. PUBLISHED PAPERS AND BOOKS 

1. MEASUREMENT OF A AND B COEFFICIENTS IN THE DECAY 
OF POLARIZED NEUTRONS 

C J C h r i s t e n s e n , V. E . K r o h n , and G. R. Rmgo 
P h y s . L e t t e r s 28B^(6), 411-412 (6 J a n u a r y 1969) 

2 STUDY OF THE N b ' ' (n^gg, y)Nb9 " REACTION 
W V P r e s t w i c h , R. E . Co tg , and Hla Shwe 

P h y s . Rev . 1 7 4 , 1421-1426 (^0 October 1968) 

3. N U C L E A R S P E C T R O S C O P Y WITH AVERAGE S P E C T R A FROM 

N E U T R O N RESONANCE C A P T U R E 

" " • X l " - : . " L S ; e r ; L " "3-237 (22 July 1968) 

4 . NKU^TRONR^ESONANCE^^OFT^^^^^ ^ ^ O m d l e r ( C h e m i s t r y ) , 

and Hla^Shwe ^^^^ ^ ^ , 4 2 1 . 1 4 2 3 (20 D e c e m b e r 1968) 

5 p - W A V E RESONANCES OF U^ ' ' 
L M. Bo l l i nge r and G. E. T h o m a s 

P h y s . Rev . rn, 1293-1297 (20 July 1968) 

6 L E V E L S T R U C T U R E OF LOW-LYING E X C I T E D STATES OF Sc^^ 

" • " • X ^ . \ e v . 168, 1317-1330 (20 Apr i l 1968) 
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7. LOW-LYING EXCITED STATES OF ' ^ C u AND ^ * Cu P O P U L A T E D 
IN T H E R M A L - N E U T R O N C A P T U R E REACTIONS 

E. B. S h e r a " and H. H. Bolot in 
P h y s . Rev . 169, 940-950 (20 May 1968) 

8. AN OPTICAL MODEL FOR THE SCATTERING OF NUCLEONS 
FROM ^He AT ENERGIES BELOW 20 MeV 

G. R. Satchler, ' '" L. W. Owen,'*' A. J . E lwyn , G. L. M o r g a n , * 
and R. L. W a l t e r s * 

Nucl . P h y s . A 1 1 2 ( l ) , 1-31 (1968) 

9. RELATION BETWEEN FINE AND INTERMEDIATE STRUCTURE 
IN THE SCATTERING OF NEUTRONS BY Fe 

J . E. Monahan and A. J . Elwyn 
P h y s . Rev . L e t t e r s 2£, 1119-1122 (13 May 1968) 

10. POSSIBLE DOORWAY-STATE STRUCTURE IN T H E S C A T T E R I N G 
OF NEUTRONS BY F e 

A. J. Elwyn and J . E . Monahan 
Nucl . P h y s . A 1 2 3 ( l ) , 33-53 (1968) 

11. SMALL-ANGLE SCATTERING OF NEUTRONS BY HEAVY N U C L E I 
F . T. Kuchn i r , A. J . E lwyn, J . E. M o n a h a n , A. L a n g s d o r f , 
J r . , and F . P . Moor ing 

P h y s . Rev . 176, 1405-1415 (20 D e c e m b e r 1968) 

12. L I F E T I M E S OF THE FIRST FOUR E X C I T E D STATES IN Si^ 9 
S. I. Bake r and R. E . Segel 

P h y s . Rev . 170, 1046-1050 (20 June 1968) 

13. SEVERELY INHIBITED E2 TRANSITION IN ^i Sc 
R. C. B e a r s e , D. H. Youngblood, and R. E . Segel 

Nucl . P h y s . A U l , 678-680 (1968) 

14. COMPTON S P E C T R O M E T E R S 
T. H. B r a i d 

Chap . V in Sc in t i l l a t ion S p e c t r o s c o p y of G a m m a R a d i a t i o n , 
edi ted by S. M. Shafroth (Gordon and B r e a c h Sc ience 
P u b l i s h e r s , London , 1967), Vol . 1, pp . 163-182 

Los A lamos Scientif ic L a b o r a t o r y , Los A l a m o s , New M e x i c o . 

Oak Ridge Nat ional L a b o r a t o r y , Oak R i d g e , T e n n e s s e e . 

Duke U n i v e r s i t y , D u r h a m , N o r t h C a r o l i n a . 
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15. T H E 2 ' N a ( p , y ) ^ ' ' M g REACTION AND THE GIANT D I P O L E RESON­

ANCE IN ^ ' 'Mg 
R C B e a r s e , L. M e y e r - S c h u t z m e i s t e r , and R. E . Segel 

Nuc l . P h y s . A116(3) , 6 8 2 - 6 9 4 ( 1 9 6 8 ) 

16 GAMMA DECAY O F T = | S T A T E S IN Al^ = AND P ^ ' 
G. C. M o r r i s o n , D. H. Youngblood, R. C. B e a r s e , and R. E. 

Segel 
P h y s . R e v . l ^ , 1366-1374 (20 Oc tober 1968) 

17 STUDY OF THE Ca^ ^ ( H e ' , p)Sc5 o REACTION 

H. O h n u m a , J . R. E r s k i n e , J . A. No len , J r . , J . P . Schif fer , 

and P . G. R o o s * 
P h y s . R e v . VJJ_, 1695-1698 (20 J a n u a r y 1969) 

18. E r r a t u m : STUDY OF T H E (d, p) REACTIONS ON Zn^^ ' ^ ' ' ^ » '^o 
[ P h y s . R e v . ibA_, 1374-1385 (20 D e c e m b e r 1967)] 

D. von E h r e n s t e i n and J . P . Schiffer 
P h y s . Rev . 17£ , 1174 (20 June 1968) 

19 THE N E U T R O N RADIUS OF 2° = P b 
J A N o l e n , J r . , J . P . Schi f fe r , and N. W i l l i a m s 

P h y s . L e t t e r s 2 7 ^ ( 1 ) , 1-2 (27 May 1968) 

20. E F F E C T S SEEN IN THE PASSAGE OF POSITIVELY CHARGED 

IONS THROUGH SINGLE CRYSTALS 
R E . Hol land and D. S. G e m m e l l 

P h y s . Rev . 1 ? ! , 344-357 (10 S e p t e m b e r 1968) 

2 1 . STUDY O F THE Na^ M H e ' , d)Mg^^ REACTION 
R. C. B e a r s e and J . L. Yn tema 

P h y s . R e v . 175_, 1442-1446 (20 N o v e m b e r 1968) 

22 (d He3 ) REACTION ON THE CHLORINE ISOTOPES AT 23 . 35 MeV 
' N . G . P u t t a s w a m y and J . L . Yn tema 

P h y s . R e v . VTl, 1624-1628 (20 J a n u a r y 1969) 

2 3 . E X P E R I M E N T A L STUDY OF THE (d ,He3) REACTION ON E V E N - A 

I S O T O P E S O F Mo 
H. Ohnuma and J. L. Yn tema 

P h y s . R e v . il±, 1416-1421 (20 D e c e m b e r 1968) 
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24. MUONIC X RAYS FROM S E P A R A T E D I S O T O P E S O F E U R O P I U M 
R. A. C a r r i g a n , J r . , * P . D. G u p t a , * R. B. S u t t o n , * M. N. 
S u z u k i , * A. C. T h o m p s o n , * R. E . C o t e , W. V. P r e s t w i c h , 
A. K. G a i g a l a s , * and S. Raboy* 

P h y s . Rev . L e t t e r s 2£, 874-876 (15 A p r i l 1968) 
E r r a t u m : P h y s . Rev . L e t t e r s 2£, 1134 (13 May 1968) 

25 . OBSERVATION OF A GAMMA TRANSITION INDUCED IN A T A R G E T 
NUCLEUS BY STOPPING PIONS 

R. A. C a r r i g a n , J r . , * P . D. G u p t a , * R. B . S u t t o n , * M. N. 
S u z u k i , * A. C. T h o m p s o n , * R. E . C o t e , W. V. P r e s t w i c h , 
A. K. Gaigalas , ' ' ' and S. Raboyt 

P h y s . Rev . 169, 963-965 (20 May 1968) 

26. THE MUONIC X RAYS OF ' O ' A g AND ""SAg 
R. A. C a r r i g a n , J r . , * P . D. G u p t a , * R. B. S u t t o n , * M. N. 
S u z u k i , * A. C. T h o m p s o n , * R. E . C o t e , W. V. P r e s t w i c h , 
A. K. G a i g a l a s , + and S. Raboy+ 

P h y s . L e t t e r s 27B, 622-624 (14 O c t o b e r 1968) 

27. THE OPTICS OF DIPOLE MAGNETS 
John J . Livingood 

(Academic P r e s s , New York , 1969), 261 + xv i i p a g e s 

28. T = 0 E F F E C T I V E INTERACTION IN THE sd S H E L L 
S. Cohen, E. C. Halbert,* and S. P. Pandya 

Nucl. Phys. A114(2), 353 (1968) 

29. T = l E F F E C T I V E INTERACTION IN T H E sd S H E L L 
S. Cohen, R. D. L a w s o n , and S. P . Pandya 

Nucl . P h y s . A114(3) , 5 4 1 - 5 5 0 ( 1 9 6 8 ) 

30. E2 TRANSITIONS IN NUCLEI 
R. D. Lawson 

Nucl . P h y s . A116(2) , 363-368 (1968) 

31 . P A R T I C L E - H O L E M U L T I P L E T S IN ^ o s g i 
T. T. S. Kuo 

Nucl . P h y s . A122 , 325-342 (1968) 
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32. UNFOLDING MEASURED DISTRIBUTIONS 
J . E. Monahan 

C h a p . VIII in Sc in t i l l a t i on S p e c t r o s c o p y of G a m m a 
R a d i a t i o n , ed i ted by S. M. Shafroth (Gordon and B r e a c h 
S c i e n c e P u b l i s h e r s , London , 1967), Vol . 1, pp. 371-428 

33. GENERATION AND S T A T I S T I C A L ANALYSIS OF SYNTHETIC 

CROSS SECTIONS 
P . H o f f m a n - P i n t h e r , * P . P . Singh,"" and D. W. Lang 

Nuc l . P h y s . A127(2) , 241-269 (1969) 

34. G I A N T - D I P O L E - R E S O N A N C E ABSORPTION AND RADIATIVE 

S T R E N G T H FUNCTION OF ' ' ' ^ P t 
N. R o s e n z w e i g 

Nuc l . P h y s . A118(3) , 650-656 (1968) 

35. E F F E C T I V E - I N T E R A C T I O N FORMULATION OF BOUND AND 
CONTINUUM S H E L L - M O D E L CALCULATIONS 

K W. McVoy and W. J . R o m o 
Nuc l . P h y s . A 1 2 6 ( l ) , 161 -180 (1969) 

36. G E L L - M A N N - G O L D B E R G E R RELATION FOR REACTIONS OF 

THE F O R M (d ,pn) 
C. M. Vincent 

P h y s . Rev . 175_, 1309-1313 (20 N o v e m b e r 1968) 

37 A C C U R A T E CALCULATION OF THE REACTION MATRIX IN 
LIGHT N U C L E I AND IN NUCLEAR M A T T E R 

A. Kal l io and B . D. Day 
N u c l . P h y s . A 1 2 4 ( l ) , 177 -198 (1969) 

38. S I M P L E BRANCHING RATIOS AND SUM RULES IN P E R I P H E R A L 

REACTIONS 
H a r r y J. L ipkin 

Nuc l . P h y s . Bl{3), 321-329 (1968) 

39. R E L A T I O N B E T W E E N M E A S U R E M E N T THEORY AND SYMBOLIC 

LOGIC 

""• ""• Nuovo C i m e n t o 5 4 B , 147-148 ( U M a r c h 1968) 

40 DERIVATION O F NEWTON'S LAW OF GRAVITATION F R O M 

G E N E R A L R E L A T I V I T Y 

' " ' " " " T M a t h . Phys. 9, 983-985 (July 1968) 
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41. GRAVITY-INDUCED ELECTRIC FIELD NEAR A CONDUCTOR 
Murray Peshkin 

Ann. Phys. (N.Y.)46_, 1-11 (January 1968) 

42. MOSSBAUER MEASUREMENTS WITH K^o 
P. K. Tseng, S. L. Ruby, and D. H. Vincent* 

Phys. Rev. 172, 249-258 (10 August 1968) 

43. ISOMER SHIFT AND HYPERFINE SPLITTINGS OF THE 59. 6-keV 
MOSSBAUER RESONANCE IN ^' ^Np 

B. D. Dunlap (Solid State Science), G. M. Kalvius (Solid State 
Science), S. L. Ruby, M. B. Brodsky (Metallurgy), and 
D. Cohen (Chemistry) 

Phys. Rev. 171, 316-321 (10 July 1968) 

44. MAGNETIC-FIELD-INDUCED QUADRUPOLE SPLITTING 
R. M. Golding 

Molecular Physics 14(5), 457-464 (1968) 

45. SUPER-TRANSFERRED HYPERFINE INTERACTIONS AT DIA­
MAGNETIC IONS IN FERRIMAGNETIC INSULATORS 

S. L. Ruby, B. J. Evans, + and S. Hafnerl" 
Solid State Communications 6_, 277-280 (1968) 

46. CONCENTRATION DEPENDENCE OF TIN (IV) ISOMER SHIFTS 
IN ICE 

S. L. Ruby, P. K. Tseng, Hwa-Sheng Cheng, * and N. C. Li* 
Chem. Phys. Letters 2_(1), 39-41 (May 1968) 

47. DYNAMICS OF KRYPTON ATOMS IN CLATHRATE BY THE 
MOSSBAUER TECHNIQUE 

Y. HazonyS and S. L. Ruby 
J. Chem. Phys. 42, 1478-1481 (15 August 1968) 

48. XENON AND IODINE 
G. J. Perlow 

Chemical Applications of Mossbauer Spectroscopy, 
edited by V. I. Goldanskii and R. H. Herber (Academic 
P r e s s , New York, 1968), Chap. 7, pp. 377-426 

University of Michigan, Ann Arbor, Michigan. 

University of Chicago, Chicago, Illinois. 

Duquesne University, Pittsburgh, Pennsylvania. 
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49 STUDIES OF XENON CHLORIDES AND OTHER XENON COM­
POUNDS BY THE MOSSBAUER EFFECT IN ' ^^ Xe 

G J. Perlow and M. R. Perlow 
J. Chem. Phys. 48_, 955-961 (1 February 1968) 

50. STUDIES WITH THE MOSSBAUER EFFECT OF THE FORMATION 
OF XENON BROMIDES IN BETA DECAY 

G J Perlow and Hiroyuki Yoshida 
J. Chem. Phys. 49_, 1474-1478 (15 August 1968) 

51 INFLUENCE OF RADIO-FREQUENCY MAGNETIC FIELDS ON 
THE MOSSBAUER EFFECT IN MAGNETIC Co^ ' SOURCES 

Gilbert J. Perlow 
Phys. Rev. 172^, 319-324 (10 August 1968) 

52. MAGNETIC BEHAVIOR OF THE Pt+Fe SYSTEM NEAR ^^^^^ 
D. P a l a i t h , * C . W. Kimball (Solid State Science), R. S. Preston, 
and J. Crangle (Metallurgy) 

Phys. Rev. 178_, 795-799 (10 February 1969) 

HYPERFINE STRUCTURE OF SEVEN LOW ATOMIC LEVELS IN 
C I - A N S THE NUCLEAR ELECTRIC-QUADRUPOLE MOMENT 

W J Childs and L. S. Goodman 
Phys. Rev. 170_, 50-63 (5 June 1968) 

54 HYPERFINE-STRUCTURE STUDIES OF Ni^ ' , AND THE NUCLEAR 
S I O U S D - S T A T E ELECTRIC QUADRUPOLE MOMENT 

W J. Childs and L. S. Goodman 
Phys. Rev. 170_, 136-140 (5 June 1968) 

55. MAGNETIC HYPERFINE INTERACTION CONSTANT A^O ELEC-
TRONIC g FACTORS FOR EIGHT ATOMIC STATES OF Rh 

y . W, Chan, W. J. Childs, and L. S. Goodman 
Phys. Rev. n ^ , 107-114 (5 September 1968) 

56 FREQUENCY-SHIFTING METHOD OF EXCITING A PLASMA 

IN A RESONANT CAVITY . A i K ^ . t T Hatch 
S L Halverson (Electronics) and Albert J Hatch 

Appl. Phys. Letters 14(2), 79-81 (15 January 1969) 

57. PLASMA HEATING AND CONFINEMENT-CONTROLLED NUCLEAR 

FUSION 

^ ' ' " ' C h a p ^ ' t 5. 3 in M i c r o w a v ^ P o w e r ^ B i H l £ £ l i ^ ^ 
AppUcations, e d l T ^ d T T g ^ T ^ ^ ^ ^ e s M X ^ a d e m i c P r e s s 
J^^^TT^Ji^^ork, 1968), pp. 347-364 

*Northern Illinois University, DeKalb, Illinois. 
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58. PHOTOIONIZATION OF HIGH-TEMPERATURE VAPORS. 
II. SULFUR MOLECULAR SPECIES 

J. Berkowitz and C. Lifshitz 
J. Chem. Phys. 48 ,̂ 4346-4350 (15 May 1968) 

59. PHOTOIONIZATION OF HIGH-TEMPERATURE VAPORS. 
IV. TIF, TlCl, AND TlBr 

J. Berkowitz and T. A. Walter 
J. Chem. Phys. 49_, 1184-1189 (1 August 1968) 

60. COMMENT ON THE COMPOSITION OF SELENIUM VAPOR 
J. Berkowitz and W. A. Chupka 

J. Chem. Phys. 48_, 5743-5744 (15 June 1968) 

61. PHOTOIONIZATION OF THE Hj MOLECULE NEAR THRESHOLD 
William A. Chupka and Joseph Berkowitz 

J. Chem. Phys. 48_, 5726-5728 (15 June 1968) 

62. PHOTOIONIZATION OF CH3 ; HEAT OF FORMATION OF CH^ 
W. A. Chupka and Chava Lifshitz 

J. Chem. Phys. 48_, 1109-1115 (1 February 1968) 

63. THE PHOTOIONIZATION OF CADMIUM AND MERCURY VAPOURS 
J. Berkowitz and C. Lifshitz 

J. Phys. B (Proc. Phys. S o c , London) i_, 438-440 
(May 1968) 

64. PHOTOIONIZATION OF HCN: THE ELECTRON AFFINITY AND 
HEAT OF FORMATION OF CN 

J. Berkowitz, W. A. Chupka, and T. A. Walter 
J. Chem. Phys. 5£, 1497-1500 (15 February 1969) 

65. MASS-SPECTROMETRIC STUDY OF THE PHOTOIONIZATION 
OF METHANE 

William A. Chupka 
J. Chem. Phys. 48_, 2337-2341 (1 March 1968) 

66. PHOTOIONIZATION OF ETHYLENE WITH MASS ANALYSIS 
W. A. Chupka, J. Berkowitz, and K. M. A. Refaey 

J. Chem. Phys. 5£, 1938-1941 (1 March 1969) 

67. PHOTOIONIZATION OF THE LOWER ALIPHATIC ALCOHOLS 
WITH MASS ANALYSIS 

Kamel M. A. Refaey and William A. Chupka 
J. Chem. Phys. 48(11), 5205-5219 (1 June 1968) 
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68. PHOTOIONIZATION STUDY OF lON-MOLECULE REACTIONS 
IN MIXTURES OF HYDROGEN AND RARE GASES 

W. A. Chupka and Morley E. Russell 
J. Chem. Phys. 49, 5426-5437 (15 December 1968) 

69 ION-MOLECULE REACTIONS OF NH,+ BY PHOTOIONIZATION 
W. A. Chupka and M. E. Russell 

J, Chem, Phys. 48_, 1527-1533 (15 February 1968) 

70. ION-MOLECULE AND CHEMI-IONIZATION REACTIONS IN H, 
BY PHOTOIONIZATION 

W. A. Chupka, M. E. Russel l , and K. Refaey 
J. Chem. Phys. 48, 1518-1527 (15 February 1968) 

71. TRANSFORMER COUPLING FOR THE CONTINUOUS CHANNEL 
ELECTRON MULTIPLIER . 

R N Lewis (Electronics), L. S. Van Loon (Electromcs), 
T. A. Mayer (Electronics), and J. Berkowitz 

Rev. Sci. Instr . 39, 1386-1387 (September 1968) 

« summer Institute in Nuclear and Part ic le Physics , McGiU University, 

7-18 August 1967 
1. NUCLEAR DEFORMATION IN THE SHELL MODEL 

° - ^ " ' N u c l e a r a n l P a r t i c l ^ P h y £ i £ l , edited by Bernard 
Margolis and C. S. Lam(W. A. Benjamin, Inc . , 
New York, 1968), pp. 199-272 
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C. PUBLISHED REPORTS AT MEETINGS 

International Symposium on Organic Scintil lators, Argonne National 
Laboratory, 20-22 June 1966 

1. NEW LIQUID SCINTILLATORS WITH FASTER RESPONSE 
AND HIGHER EFFICIENCY 

Frank J. Lynch 
Organic Scintillators, edited by Donald L. Horrocks 
(Gordon and Breach, New York, 1968), pp. 293-301 
Molecular Crystals 4, 293-301 (1968) 

Proceedings of the Conference on Slow-Neutron-Capture Gamma-Ray 
Spectroscopy Held at Argonne National Laboratory, 2-4 November 
1966, edited by F . E. Throw (Argonne National Laboratory, Argonne, 
Illinois, 1968), Report No. ANL-7282 

2. INVESTIGATION OF CONVERSION-ELECTRON SPECTRA 
FOLLOWING NEUTRON CAPTURE 

E. Bieber 
pp. 265-278 

3. STUDY OF THE F " ( n , y ) F 2 ' ' REACTION 
D. E. Blatchley and G. E. Thomas 

pp. 71-77 

4. PANEL DISCUSSION SUMMARIZING THE MEETING 
L. M. Bollinger, R. E. Chrien,* J. A. Harvey,+ 
O. W. B. Schult,* and J. Vervier § 

pp. 533-584 

5. MEASUREMENT OF RESONANCE-CAPTURE GAMMA-
RAY SPECTRA WITH A 1/E NEUTRON SPECTRUM 

L. M. Bollinger and G. E. Thomas 
pp. 523-531 

6. GAMMA-RAY SPECTRAL ANALYSIS 
H. H. Bolotin 

pp. 255-263 

Brookhaven National Laboratory, Upton, L. I . , New York. 

Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
+ 

Technical University, Munich and Brookhaven National Laboratory, 
Upton, L. I . , New York. 

§ 
C.E.N. -S. O.K. , Mol, Belgium. 
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mow-Neutron-Capture Gamma-Ray Spectroscopy (cont'd.) 

7 LOW-LYING EXCITED STATES IN Ag' <> « AND Ag' ' » 
' POPULATED BY PRIMARY THERMAL-CAPTURE GAMMA 

RAYS 
H. H. Bolotin 

pp. 62-70 

8 THERMAL-NEUTRON CAPTURE GAMMA-RAY STUDIES 
' OF THE EXCITED STATES OF ODD-A HAFNIUM ISOTOPES 

H. H. Bolotin and A. I. Namenson 
pp. 341-354 

9. SUPERCONDUCTING INTERNAL-CONVERSION-ELECTRON 
SPECTROMETER 

S. B. Burson 
pp. 279-285 

10 ELECTROMAGNETIC TRANSITIONS IN Mg^' 
R. T. Carpenter and D. E. Blatchley 

pp. 375-380 

11. USE OF A FAST CHOPPER IN RESONANCE-NEUTRON-
CAPTURE GAMMA-RAY STUDIES 

R. E. Cote 
pp. 427-439 

12. T H E P t " M n , y ) P f ' ^ REACTION AS A ONE-CHANNEL 

PROCESS ^ . ^ 
R. E. Cote and W. V. Prestwich 

pp. 501-506 

13 GAMMA-RAY SPECTRA OF C o - AND Mn^^ FOLLOWING 
RESONANCE CAPTURE IN Co=' AND Mn^' 

W. V. Prestwich and R. E. Cote 
pp. 492-500 

14 GAMMA-RAY SPECTRUM FOLLOWING THERMAL-NEUTRON 

CAPTURE IN Er '^^ ^ ^ , ' 
W. V. Prestwich and R. E. Cote 

pp. 78-83 

15. THE LEVEL SCHEME OF C d " S BASED ON (n,y) AND 
(d,p) EXPERIMENTS 

R K. Smither 
pp. 381-391 
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S l o w - N e u t r o n - C a p t u r e G a m m a - R a y S p e c t r o s c o p y ( c o n t ' d . ) 

16. THE USE OF CRYSTAL D I F F R A C T I O N WITH A Ge(Li) 
D E T E C T O R FOR HIGH-RESOLUTION GAMMA-RAY 
SPECTROSCOPY 

R. K. S m i t h e r and A. I. N a m e n s o n 
pp. 103-117 

17. INSTALLATION AND USE OF AN I N T E R N A L - T A R G E T 
FACILITY 

G. E. T h o m a s 
pp. 43-55 

18. GAMMA-RAY S P E C T R A FROM C A P T U R E OF T H E R M A L 
NEUTRONS IN Bl 0 , C ^ , AND C ^ 

G. E. T h o m a s and L. M. Bo l l i nge r 
pp. 84-88 

Confe rence on Semiconduc to r N u c l e a r - P a r t i c l e D e t e c t o r s and C i r c u i t s , 
Ga t l i nbu rg , T e n n e s s e e , 15-18 May 1967 

19. USE OF Ge(Li) D E T E C T O R S IN GAMMA-RAY S P E C ­
TROSCOPY: A P P L I C A T I O N S AND BASIC CONSIDERA­
TIONS 

H. H. Bolot in 
S e m i c o n d u c t o r N u c l e a r - P a r t i c l e D e t e c t o r s and 
C i r c u i t s ( P r o c e e d i n g s of a C o n f e r e n c e conduc t ed 
by the S u b c o m m i t t e e on I n s t r u m e n t s and 
T e c h n i q u e s , C o m m i t t e e on N u c l e a r S c i e n c e ) , 
ed i ted by W. L. B r o w n , W. A. H i g i n b o t h a m , 
G. L. M i l l e r , and R. L . C h a s e ( P r i n t i n g and 
Pub l i sh ing Office, Na t iona l A c a d e m y of S c i e n c e s , 
Wash ing ton , D. C. , 1969), P u b l i c a t i o n 1593, 
pp. 660-683 

P r o c e e d i n g s of the I n t e r n a t i o n a l C o n f e r e n c e on E l e c t r o m a g n e t i c S i ze s 
of Nuc le i , C a r l e t o n U n i v e r s i t y , O t t awa , C a n a d a , 22-24 May 1967 

20. COULOMB ENERGIES AND NEUTRON RADII 
J. A. Nolen , J r . 

pp. 244-253 
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Eighth Conference on Carbon, State University of New York at Buffalo, 
Buffalo, New York, 19-23 June 1967 

21. MOSSBAUER STUDIES OF CESIUM-GRAPHITE COMPOUNDS 
G. L. Montet (Solid State Science), G. J. Perlow, 
L. E. Campbell, G. R. Hennig (Solid State Science), 
and A. J. F . Boyle* 

Carbon 6_(2), 228 (May 1968) 

Hyperfine ^trncture and Nuclear Radiations (Proceedings of the Inter-
national Conference on Hyperfme Interactions Detected by Nuclear 
Radiation, Asi lomar, Pacific Grove, Califorma, 25-30 August 1967), 
edited by E. Matthias and D. A. Shirley (North-Holland Publishmg 
Co. , Amsterdam, 1968) 

22 MAGNETIC MOMENTS OF THE FIRST EXCITED STATE 
IN " ^ C s AND '^ ' 'Xe BY THE MOSSBAUER EFFECT 

L. E. Campbell, G. J. Perlow, and N. C. Sandstrom 
pp. 161-163 

23. ISOMER SHIFTS AND HYPERFINE SPLITTINGS OF THE 
59 6-keV RESONANCE IN ^ ' T ^ p 

B D. Dunlap (Solid State Science), G. M. Kalvius 
(Solid State Science), S. L. Ruby, M. B. Brodsky 
(Metallurgy), and D. Cohen (Chemistry) 

24 TABLE OF CHANGES IN NUCLEAR RADIUS 
P. Kienle,+ G. M. Kalvius (Solid State Science), and 

S. L. Ruby 
pp. 971-977 

1967) 

25. 
NUCLEAR Q-VALUE MEASUREMENTS ON A SERIES 

OF ACTINIDE NUCLEI • . \ T H 
J R Erskine , A. M. Friedman (Chemistry), T. H. 
Braid, and R. R. Chasman (Chemistry) 

pp. 622-638 

•^The univers i ty of wes te rn Australia, Nedlands, Western Austral ia. 

^Technische Hochschule, Munich, Germany. 
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P r o c e e d i n g s of the S y m p o s i u m on D i r e c t R e a c t i o n s wi th ^ H e , T o k y o , 
S e p t e m b e r 1967, edi ted by K. M a t s u d a and H. K a m i t s u b o (The I n s t i t u t e 
of P h y s i c a l and C h e m i c a l R e s e a r c h "RIKAGAKU KENKYUSHO" 
Y a m a t o - m a c h i , Sa i t ama Pre f . , J a p a n , F e b r u a r y 1968), I P G R 
C y c l o t r o n P r o g r e s s R e p o r t 

26. SOME COMMENTS ON He^-INDUCED REACTIONS 
J . P . Schiffer 

Supplement 1, pp. 139-145 

P r o c e e d i n g s of the I n t e r n a t i o n a l Confe rence on N u c l e a r S t r u c t u r e , 
Tokyo , 7-13 S e p t e m b e r 1967, edi ted by J . Sanada ( P h y s i c a l Soc ie ty 
of J a p a n , Suppl. J . P h y s . Soc. J a p a n , Vol . 24 , 1968) 

27. P E R T U R B A T I V E METHODS IN THE THEORY OF N U C L E A R 
L E V E L DENSITIES 

P . B . Kahn"" and N. R o s e n z w e i g 
p . 7 14 

28. EXTENSION OF M3 MATRIX E L E M E N T S 
D i e t e r Kura th 

pp. 393-396; a b s t r a c t , p . 721 

29. GIANT DIPOLE RESONANCE IN Ar^ 6 
L. M e y e r - S c h u t z m e i s t e r , D. S. G e m m e l l , R. C. B e a r s e , 
N. G. P u t t a s w a m y , and R. E. Segel 

p . 725 

30. AN A T T E M P T T O TEST THE RANDOM-MATRIX M O D E L 
J. E. Monahan and N o r b e r t R o s e n z w e i g 

p . 715 

3 1 . STUDY OF THE (d ,p) REACTION IN T H E Ip S H E L L 
G. C. M o r r i s o n , J . P . Schi f fe r , R. H. S i e m s s e n , 
and B . Z e l d m a n 

p . 688 

32. GAMMA DECAY OF THE TWO LOWEST T = ̂  S T A T E S 
INA12 5 ^ 

G. C. M o r r i s o n , D. Youngblood, R. C. B e a r s e , and 
R. E . Segel 

pp. 653-654 

State Un ive r s i t y of New Y o r k , Stony B r o o k , New York . 
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C o n f e r e n c e on N u c l e a ^ j t r u c t u r e ^ . 2 g J ^ ( c o n t ' d . ) 

33 P R E C I S E COULOMB E N E R G I E S O F ISOBARIC PAIRS 

F R O M THE ( H e ' ,p ) REACTION 

J A N o l e n , j r . , J . P- Schi f fe r , and N. W i l l i a m s 

p . 647 

34 T H E L E V E L S T R U C T U R E O F Sc" 8 , ^ , ^ 
H. O h n u m a , J . R. E r s k i n e , J . A. Nolen , J r . , J . P . 
Sch i f fe r , and N. W i l l i a m s 
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G e o r g e C. M o r r i s o n , P h . D . , U n i v e r s i t y of Glasgow, 1957 

* John P . Sch i f fe r , P h . D . , Yale U n i v e r s i t y , 1954 

V a l p h E . S e g e l , P h . D . , J o h n s Hopkins U n i v e r s i t y , 1955 

R o l f H . S i e m s s e n , P h . D . , U n i v e r s i t y of H a m b u r g , 1963 

J. L. Y n t e m a , P h . D . , F r e e U n i v e r s i t y of A m s t e r d a m , 1952 

Benjamin Z e l d m a n , P h . D . , Washington U n i v e r s i t y , 1957 

T e m p o r a r y Staff 

Donald R. A b r a h a m , M . S . , U n i v e r s i t y of Wyoming , 1963 

(On l eave f rom K a n s a s State Un ive r s i t y ) 

David L. Auton (SA, t h e s i s . U n i v e r s i t y of Chicago) 

l l R o b e r t C . B e a r s e , P h . D . , Rice U n i v e r s i t y , 1964 

J o s e p h c o m f o r t , P h . D . , Yale U n i v e r s i t y , 1968 

Douglas J . C r o z i e r (RSA, t h e s i s . U n i v e r s i t y of Chicago) 

Ra lph G. D e V o e , A. B. . H a r v a r d U n i v e r s i t y , 1967 

(On l e a v e f r o m U n i v e r s i t y of Chicago) 

H T F o r t u n e , P h ^ D ^ ^ F l o r i d ^ S t a t e U n i v e r s i t y , 1967 

—2 m ^ T ^ ^ ^ l I n c k I n s t i t u t e , H e i d e l b e r g , G e r m a n y 
* On a s s i g n m e n t at M a x - P l a n c K m 

(June 1967—Octobe r 1968). 

U n i v e r s i t y of C h i c a g o . 

S jo in t a p p o i n t m e n t with N o r t h w e s t e r n U n i v e r s i t y . 

II B e c a m e p e r m a n e n t 1 S e p t e m b e r 1968. 
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* 
G e r a l d H a r d i e , P h . D . , U n i v e r s i t y of W i s c o n s i n , 1962 

(On l eave f rom W e s t e r n Mich igan U n i v e r s i t y ) 

P a u l K i e n l e , P h . D . , T e c h n i s c h e Hochschu l e Mi inchen , 1957 
(On leave f rom T e c h n i s c h e Hochschu l e Miinchen, G e r m a n y ) 

R a m c h a n d r a G. Ku lka rn i (RSA, s u m m e r , K a n s a s Sta te U n i v e r s i t y ) 

Jannes C. Legg , P h . D . , P r i n c e t o n U n i v e r s i t y , 1962 
(On leave f rom K a n s a s Sta te U n i v e r s i t y ) 

J a m e s V. M a h e r , J r . , P h . D . , Yale U n i v e r s i t y , 1969 

R i c h a r d A. M o r r i s o n (SA, t h e s i s . U n i v e r s i t y of Chicago) 

J . A. Nolen , J r . , P h . D . , P r i n c e t o n U n i v e r s i t y , 1965 

Ha j ime Ohnuma, P h . D . , The U n i v e r s i t y of T o k y o , 1966 
(On leave f r o m The U n i v e r s i t y of Tokyo) 

N. G. P u t t a s w a m y , P h . D . , Stanford U n i v e r s i t y , 1966 

R i c h a r d Rap ids (RSA, U n i v e r s i t y of Chicago) 

A c h i m R i c h t e r , P h . D . , U n i v e r s i t y of H e i d e l b e r g , 1967 
(On l eave f rom M a x - P l a n c k Ins t i tu t e fiir K e r n p h y s i k , H e i d e l b e r g ) 

J a m e s W. Smith (AUA-ANL P r e d o c t o r a l F e l l o w , Indiana U n i v e r s i t y ) 

J o s e p h C. S to l t z fus , P h . D . , U n i v e r s i t y of Iowa, 1961 
(On l eave f r o m Beloi t Col lege) 

B r u c e A. Watson (AMU-ANL P r e d o c t o r a l F e l l o w , Indiana U n i v e r s i t y ) 

N o r m a n W i l l i a m s , P h . D . , M a n c h e s t e r U n i v e r s i t y , 1965 

DEVELOPMENT OF EQUIPMENT AND ACCELERATORS 

P e r m a n e n t Staff 

David C. H e s s , P h . D . , U n i v e r s i t y of C h i c a g o , 1949 

John J . L iv ingood , P h . D . , P r i n c e t o n U n i v e r s i t y , 1929 

D i e t e r von E h r e n s t e i n , P h . D . , U n i v e r s i t y of H e i d e l b e r g , I960 

J ack R. W a l l a c e , B . A . , Co l l ege of W o o s t e r , 1942 

No longer at A r g o n n e a s of 3 1 M a r c h 1969. 

E m e r i t u s . 
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GAMMA- AND BETA-RAY SPECTROSCOPY 

Permanent Staff 

S. B. Burson, P h . D . , University of Illinois, 1946 

G. T. Wood, P h . D . , Washington University, 1956 

Temporary Staff 

* Pieter F . Goudsmit (RSA, thes i s . University of Amsterdam, Netherlands) 

Donald A. McClure (AUA-ANL Predoctoral Fellow, University of 

Missouri at RoUa) 

ATOMIC-BEAM STUDIES 

Pe rmanent Staff 

William 
J. Childs, P h . D . , University of Michigan, 1956 

John A. Dalman 
L e o n a r d s . Goodman, Ph. D. , University of Chicago, 1952 

Henry E. Stanton, P h . D . , University of Chicago, 1944 

MOSSBAUER STUDIES 

Permanent Staff 

T, 1 Ph n University of Chicago, 1940 

Gilbert J. Perlow, P h . D . , univ 
R i c h a r d s . Pres ton, P h . D . , Yale University, 1954 
Sta£eyRuby^^:^,^_£i!ll^!Zl^ii^ '''' 

*No longer at Argonne as of 31 March 1969. 
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T e m p o r a r y Staff 

' A l a n J . F . B o y l e , P h . D . , A u s t r a l i a n Nat iona l U n i v e r s i t y , 1957 
(On l eave f rom U n i v e r s i t y of W e s t e r n A u s t r a l i a , N e d l a n d s ) 

" L . E . C a m p b e l l , P h . D . , C a r n e g i e - M e l l o n U n i v e r s i t y , 1966 

L a w r e n c e E. C o n r o y , P h . D . , C o r n e l l U n i v e r s i t y , 1955 
(On leave f rom U n i v e r s i t y of Minneso t a ) 

W a l t e r Henn ing , P h . D . , T e c h n i s c h e H o c h s c h u l e Mi inchen , 1968 
(On l eave f rom T e c h n i s c h e Hochschu l e Mi inchen , G e r m a n y ) 

" j e r r y E . Hil l (SA, s u m m e r , A & T Sta te U n i v e r s i t y , G r e e n s b o r o , 
No. Ca ro l i na ) 

' D u a n e N. Ol son , P h . D . , C o r n e l l U n i v e r s i t y , 1960 
(On l eave f rom St. Olaf C o l l e g e , Nor th f i e ld , M i n n e s o t a ) 

E s t h e r L. Sege l , P h . D . , U n i v e r s i t y of R o c h e s t e r , 1959 
(On l eave f rom I l l inois In s t i t u t e of Technology) 

John G. Stevens (SA, s u m m e r . Nor th C a r o l i n a S ta te U n i v e r s i t y , R a l e i g h ) 

T H E O R E T I C A L PHYSICS 

P e r m a n e n t Staff 

Arno ld R. B o d m e r , Ph . D. , M a n c h e s t e r U n i v e r s i t y , 1953 

F r i t z C o e s t e r , P h . D . , U n i v e r s i t y of Z u r i c h , 1944 

Stanley Cohen , P h . D . , C o r n e l l U n i v e r s i t y , 1955 

B e n j a m i n Day , Ph . D. , C o r n e l l U n i v e r s i t y , 1963 

Hans E k s t e i n , P h . D . , U n i v e r s i t y of B e r l i n , 1934 

Melv in Hack , Ph . D. , P r i n c e t o n U n i v e r s i t y , 1956 

David R. I n g l i s , P h . D . , U n i v e r s i t y of M i c h i g a n , 1931 

D i e t e r K u r a t h , P h . D . , U n i v e r s i t y of C h i c a g o , 1951 

R o b e r t D. L a w s o n , P h . D . , Stanford U n i v e r s i t y , 1953 
§ 
M a l c o l m H. M a c f a r l a n e , P h . D . , U n i v e r s i t y of R o c h e s t e r , 1959 

No longe r at A r g o n n e a s of 31 M a r c h 1969. 

Joint a p p o i n t m e n t wi th U n i v e r s i t y of I l l i n o i s , C h i c a g o C i r c l e C a m p u s . 

On a s s i g n m e n t at W e i z m a n n Ins t i t u t e of S c i e n c e , R e h o v o t h , I s r a e l 
(June 1967—Sep tember 1968) 

§ 
Jo in t appo in tmen t wi th U n i v e r s i t y of C h i c a g o . 
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ov, n St. Louis University, 1953 James E. Monahan, P h . D . , au. 
* . , ID 1,1,;,, Ph D , Cornell University, 1951 

Murray Peshkin, i^n. i--. , ^ •„ Ph n Cornell University, 1951 Norbert Rosenzweig, ir-n. u. , ^-.oiii<; 

Temporary Staff 

Richard N. Kimmel (RSA, thes i s . University of Chicago) 

*Thomas T. S. Kuo, P h . D . , University of Pittsburgh, 1964 

(On leave from Princeton University) 

Kiurk Lee Ph D. , Florida State University, 1955 
(On lea ;e f;om Marquette Umversity, Milwaukee, Wisconsin) 

* H a r r y J . Lipkin, P h . D . , Princeton University, 1950 
(On leave from Weizmann Institute of Science) 

* James J. MacKenzie, P h . D . , University of Minnesota, 1966 

Nimai C. Mukhopadhyay (RSA, thes is . University of Chicago) 

William J. Romo, Ph. D. , Umversity of Wisconsin, 1967 

*Carl Rosenkilde, P h . D . , University of Chicago, 1966 

A g a m P . Shukla, P h . D . , Princeton University, 1967 
• w t Ph n University of the Witwatersrand, 1966 

C. Martin Vincent, P h . D . , univers y 

CHEMICAL PHYSICS 

Permanent Staff 

•t, Ph D Harvard University, 1955 Joseph Berkowitz, Ph. U. , na 
^v, v= Ph D University of Chicago, 195 1 

William A. Chupka, P h . D . , un 

'^No longer at Argonne as of 31 March 1969^ ^^ ^^^^^^^ 

tAssocia te Director of ^^y^^^^^^; ^^^S-Hg.s. 1969). 
Institute of science, Rehovoth, Israel (J 
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Temporary Staff 

Morley E. Russell , P h . D . , University of Michigan, 195£ 
(On leave from Northern Illinois University) 

Reimar N. Spohr, Ph. D. , University of Uppsala, 1968 

Theodore A. Walter, P h . D . , Harvard University, 1967 

SURFACE PHYSICS 

Permanent Staff 

Manfred S. Kaminsky, P h . D . , University of Marburg, Germany, 1957 

Temporary Staff 

Karl-Ontjes E. Groeneveld, P h . D . , University of Frankfurt , 1966 
(On leave from Institut fiir Kernphysik Frankfurt , Germany) 

PLASMA PHYSICS 

Permanent Staff 

Albert J. Hatch, M . S . , University of Illinois, 1947 

No longer at Argonne as of 3 1 March 1969. 



staff 

ADMINISTRATIVE 

Permanent Staff 

*Charles Eggler, B. S. , Virginia Polytechnic Institute, 1944 

*Francis E. Throw, P h . D . , University of Michigan, 1940 

*Assistant Director of Physics Division. 
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