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FOREWORD 

T h i s  i s  the  seventh  P h y s i c s  Divis ion progress  report made on a n  annual  
b a s i s .  A s  in  previous years ,  t h e  report conta ins  the  a b s t r a c t s  for papers  which 
have  been published or which have  been prepared for publication. In s u c h  cases, 
reprints  or preprints of t h e  a r t ic les  wil l  b e  avai lable .  Preliminary r e s u l t s  of 
work in  progress  a r e  reported, a s  previously,  in  more detai l .  S ince  th i s  work is 

of a preliminary nature, t h e  authors  should  b e  contacted with regard t o  t h e  in- 
c lus ion  of any of t h e s e  resu l t s  i n  other publ icat ions.  

l (  Indexing words” or “key words” for experimental papers  on nuclear  s t ruc-  
ture have  been suppl ied by the  authors. T h e s e  appear  i n  boxes j u s t  under the 
abs t rac t  or the  authors’ names. Comments on the usefu lness  of t h e s e  terms to 
researchers  and to those  who collect d a t a  wil l  b e  welcome. 





TABLE OF CONTENTS A 

NEUTRON D I F F R A C T I O N  INVESTIGATION O F  CHROMIUM WlTH SMALL  ADDITIONS OF 

MANGANESE AND VANADIUM 

Y. Namaguchi, E. 0. Wollan, and  W. C ,  Koehler .................................................................. 

Abstxact of paper  to be publ i shed  in  the Physical R e v i e w  

MAGNETlC  STRUCTURE OF RARE-EAR J H - C O B A L T ( R C o 2 )  I N T E R M E T A L L I C  COMPOUNDS 

R. ill. Moon, W. C. Koehler, and J. J. Far re l l  ................................................................................ 

Abstract  of paper submit ted to  the  Joiirnal of Applied I'hhysics,.. 

T H E  MAGNETIC PROPERTIES O F  RARE-EARTH METALS AND ALLOYS 

W. C. Koehler ............................................................................................................................................................ 

Abst rac t  of paper  to b e  publ i shed  in  the Jor.irria1 of Appl i sd  Phys ics .  

MAGNETIC STRUCTURE v s  E L E C T R O N  NUMBER FOR SOME RARE-EARTH INTERMEGA L L l C  

COMPOUNDS 

J. W. Cable ,  W. C.  Koehler, arid H. R. Chi ld  ......................................................................................................... 

Abstract  of paper  submit ted to  the  Journal of Applied Phys ics .  

T H E  MAGNETIC PROPERTIES O F  HEAVY RARE EARTHS D I L U T E D  BY YTTRIUM AND L U T E T I U M  

€1. R. Child. W. C. Koehler, E. 0. Wollan, and  J. W. Cable ............................................................................... 

Abst rac t  of paper submit ted to  the  Physical Review.  

ALIGNMENT O F  RARE-EARTH MOMENTS IN D I L U T E  Pd-Fe  A L L O Y S  

J. W e  Cable ,  E. 0. Wollan, W. C. Koehler, and €3. R. Child ...................................................................................... 

Abst rac t  of publ i shed  paper: J ,  Phys.  U z e i x i .  Solids 25, 1453  (1064). 

DISTRIBUTION O F  MAGNETlC  MOMENTS IN Pd-3d AND Ni-3d A L L O Y S  

J. W. Cable ,  E. 0. Wollan, and  W. C. Koeh1t.r ..................................................................................................... 

Abst rac t  o f  paper  subiiiittkd to the Physical  R e v i c ? ~ ~ .  

AN T I  F E  R ROMA GNE TlSM 0 F PRASE OD YMlUM 

J. \V. Cable ,  R. M. Moon, W. C. Koehler, and E. 0. Wollan ................................................................................... 

Abst rac t  of publ ished le t ter :  Phys.  Rev. L e t t e r s  12, 55.3 (1964). 

E F F E C T I V E  MAGNETIC F I E L D  AND ISOMER SHIFT FOR Au-NI' A L L O Y S  AS A FUNCTION O F  

COMPOS/ TION 

L. I). Roberts ,  F. E. Obenshain,  J. 0. Thornson, W. K. Robinson,  and  W. B. Newbolt ................................. 

T h e  hyperf ine s t ruc ture  (hfs) coupl ing  and  isotiier sh i f t  for Au disso lved  in N i  h a s  been  inves t iga ted  a s  a func- 

t ion of composition. Within experimental  error, the  h f s  coupl ing  is found to  he proportional t o  the  al loy magnet ic  

momerit, a n d  the isomer sh i f t  is found to be  propart ional  to t h e  atomic fraction of Au. 

CORRELA J / O N  O F  T H E  MOSSBAUER /SOMER SHIFT AND T H E  RESIDUAL E L E C T R I C A L  

RESISTIVITY FOR 197Au  A L L O Y S  

L. D. Roberts ,  R. L. Becker ,  F. E. Oberishditi, and  J. 0. ' rhomson 

Abst rac t  of publi3hed paper .  Phyo. Rev. 137, A89S 119G5). 

6 

V 



G i 

H Y P E R F l a t E  STRUCTURE O F  THE 14,d-kev GAMMA RAY OF 57Fe I N  H Y Q H A T E B  F E Q R I C  

AMlal0NIU.M S U L F A T E  AS A FUNCTION O F  THE MAGNETIZATION OF THE S A L T  

F. 0 .  Obenshain,  L. I). Roberts ,  C. F. Colelndn, I), W. Fores te r ,  and J. 0. Thomson 7 

Abstract  of a p a p r  submit ted to Phr\icnZ Rebierr L e f t e r s .  

MCj'SSRAUER MEASUREMENTS OF T H E  5 7 F e  H Y P E R F I N E  STRUCTURE COUPLING I N  FeRh 

A L L O Y S  NEAR 50 at .  % RHODlUM 

D. W. Fores te r ,  F. E. Obenshain l  W. H. Wegener, L. D. Roberts ,  and J ,  0. Thomson 

Abstract  of paper sdbmit ted to t h e  Y h v i i c a l  Zievierr. 

7 

' E X  P L OS1 ON'* 0 F M i9 L '1.1 CHAR G E D  M 0 L r5 C UL A R IONS: C H EM I C A L CO NSE (3 1)  EN CES 0 F INN E R 
S H E L L  VACANCIES IN ATOMS 

T. A. Car l son  and R. M. White ... .. .. ... . . .  . . .  . . . . ... . . . .  . . . . . . .  . . .. . . ..... . . . . . ... . ... . . . .  . . . ... . .. . ........ 8 

Abstract  of paper  to be  publ ished in the Proceedings  of the Syniposium on Chernicaf E f f e c t s  A s s o c i a t e d  with 

N u c l e a r K e a c t i o n s  a n d  Radioac t ive  Trar;afuiniation, Vienna, Aus t r ia ,  December 7-11, 1964. 

E L E C T R O N  SHAKE-OFF RESULTING FROM k S H E L L  IONIZATION IN NEON MEASURED A S  A 

FUNCTION OF PHOTOELECTRON VEROCI TY 

r. A. Car l son  and M. 0. Krause  

Abs t rac t  of paper to be submit ted to  the Phi\icdl X e L i e u .  

M U L T l P L E  IONIZATION IN ArOhlS  AND ITS RELATIONSHIP WITH E L E C T R O N  CORRELATION 

T. A. Car l son  and !VI. 0. Krause  

9 

9 

Measurements have  been made of the relat ive abundance of ions resu l t ing  from photo-ionization in the  outer  

s h e l l s  of W e ,  Ne, and Ar and from the 12-.MM Auger process  in Ar. It h a s  been sugges ted  that  mi ls t  of the e x c e s s  

ionizat ion observed  is re la ted  to t h e  phenomenon of e lec t ron  correlat ion.  

E X P E R l M E N  T A L  E V / D E N C E  FOR D O U B L E  E L E C T R O N  EMISSION I N  AN AUGEK PHOCESS 

T. A. Car l son  and M. 0. Krause  

Abs t rac t  of paper submit ted to P I ~ y \ i i d l  Revier i  L e t t e r \ .  

A TOhilC READJUSTMENT TO VACANCIES IN T H E  K AND L SHELLS O F  ARGON 

T. A. Car l son  and M. 0. Krause 

Abstract  of paper to be publ ished in  the  Phv\ical Review.  

1 3  

13 

DETERMINATION OF T H E  L ENERGY L E V E L S  I N  K R Y P T O N  BY T H E  PHOTOELECTRON METHOD 

M. 0. Krause 13 

Abstract  of paper  to be submit ted to  the P h y s i c a l  Hevicic. 

I N F R A R E D  S P E C T R A L  STUDY O F  SECOND-ORDER TRANSITIONS IN C F 4  

R. G. Steinhardt, H. W. Vorgan, and P. A. S taa ts  14 

T h e  infrared spec t ra  of liquid and so l id  C F ,  have  been  observed,  and  discont inuous c h a n g e s  in band width and 

in tens i ty  have been found a t  t h e  f i rs t -  and second-order t rans i t ion  temperatures .  The  combinat ion band (V2 + 2 ~ ' ~ )  

shows virtually no discont inui ty  a t  t h e s e  points ,  and the  ca lcu la t ions  a re  being made on  the C F ,  molecular  la t t ice  

in  a n  attempt to explain th i s  behavior. 

I N F R A R E D  ABSORPTION SPECTRA OF LIQUID ROROM T R l F L U Q R l D E  

K. G. Steinhardt, M. W. Jordan, and  G. E. S. F c t s c h  

Abstract  of paper submit ted to the  Journal of Chemical  Physzcs.  

15 



LOW-TEMPERATURE L lQUfD I N F R A R E D  ABSORPTION C E L L  

11. W. Morgan, P. A. S t a a t s ,  and R, C,. Steinhardt  ...................................................................................................... 15 

Silver  chlor ide or 

c e s i u m  broniirle windows are  employed with a s p e c i a l  f lange  t o  maintain pressure  while  the  temperature  changes .  

Spectra  have  been  recorded from a number of low-temperature l iquids .  

A low-ternperature l iquid infrared c e l l  h a s  been  cons t ruc ted  for u s e  i n  t h e  range 300-77'K. 

S l M P L l f  !ED CONSTRUCTION O F  A HELIUM-NEON V IS IBLE LASER 

I<. L. Vander Sluis ,  G. K. Werner, P. M. Griffin, H. W. Morgan, 0. €3. Rudolph, and  P. A. S t a a t s  .......................... 

Absth-act of paper  a c c e p t e d  by the  Americati Jocirnat of Physics fur publ icat ion in March 19h5, 

E F F E C T  O F  PLASMA P O T E N T I A L  ON MINIMUM-B S T A B I L I T Y  
T, K, Fowler  ...................................................................................................................................................................... 

Abst rac t  of paper  submit ted to the Physics  of Fluids.  

BOUNDS ON PLASMA F L U C T U A T I O N S  AND ANOMALOUS DIFFUSION 

T. K. Fowler  ............................................................................................................................................................ 

Abst rac t  of paper  submit ted t o  the  P h y s i c s  of FluiJs.  

AMBlPOLAR SCATTERING LOSSES FROM MAGNETIC MIRRORS 

T. K., Fowler  and M. Rankin  ................................................................................... 

Abst rac t  of publ ished paper: J .  Nuct .  Energy: PL. C 6 .  513 (1964). 

lMAGE FORMA T l O N  IN A HIGH-RESOLUTION E L E C T R O N  MICROSCOPE 

T. A. Welton .......................................................................................................................................................... 

16 

17 

1 7  

18 

19 

A deta i led  numerical  s tudy  of the  image plane in tens i ty  d is t r ibu t ion  i n  a n  e lec t ron  microscope h a s  b e e n  per- 

formed for var ious configurat ions of a toms i n  the objec t  plane,  for a var ie ty  of beam energ ies ,  for different  defocus  

d i s t a n r e s ,  and for primary a n d  secondary  spher ica l  aberrat ion.  An apparent ly  f e a s i b l e  high-resolut ion instrument  

w i l l  re l iably image medium and heavy atoms. 

R E L A T I V I S T I C  QUANTUM MECHANICS WITH A F U N D A M E N T A L  L E N G T H  
T. A. Welton ................................................................................................................................................................ 22 

A formalism h a s  b e e n  cons t ruc ted  fo r  the sys temat ic  introduct ion of a fundamental  length into r e l a t i v i s t i c  quan- 

turn mechanics  by u s e  of noncommuting coordinate  operators .  

HARTREE-FOCK C A L C U L A T I O N S  O F  F I N I T E  N U C L E I  

K. T, R. D a v i e s  and M. Baranger  .............................................................................................................................. 22 

It is s u g g e s t e d  

t h a t  t h i s  potent ia l  may be  used  a s  an  E'effective interact  ionDP i n  nuc lear  Hartree-Fnck ca lcu la t ions .  A new method 

for  ca1c:ulating osc i l la tor  bracke ts  h a s  been  developed and  s h o u l d  be  very usefu l  i n  computat ions which involve only 

re la t ive  s, p, a n d  d waves .  

A different way of s e t t i n g  u p  parameters  for  Green's veloci ty-dependent  potent ia l  i s  d i s c u s s e d .  

C A L C U L A T I O N  O F  T H E  PROPERTIES O F  T H E  GROUND S T A T E  O F  '60 I N  T H E  BRUECKNER 

A P PROX fM A TI ON 
R. 1,. Reeker and  A.  D. MacKellar ................................................................................................................................... 24 

A react ion-matr ix  ca lcu la t ion  for c losed-she l l  n u c l e i  is descr ibed .  T h e  Rethe-Goldstone equat ion  is so lved  

The  tensor  force is t rea ted  accura te ly  by so lv ing  direct ly  for nuc lear  pa i r s  in i t ia l ly  in  harmonic osc i l la tor  s t a t e s .  

coupled  equat ions.  Some r e s u l t s  a r e  presented  for "o. 



. . .  
V l l l  

A COMPUTER PROGRAM FOR LARGE-SHELL-MODEL C A L C U L A T l O N S  

E. C. Halber t ,  J. R. hlcGrory, S. S. M. Wong, and J. B. French  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 5  

An IBM 7090 program h a s  been  wri t ten to carry out large-shell-model ca lcu la t ions .  

DISTORTED-WAVE CALCULATIONS AND SPECTROSCOPIC FACTORS 

G. R. Satchler  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 6  

Abstract  of invi ted paper  presented a t  Symposium on Nuclear  Spectroscopy with Direct  Reac t ions ,  Chicago ,  

March 9-11, 1964,. Proceedings  of conference publ ished in  Nuclear  Spec t roscopy u.irh Direc t  Reac t ions .  ZZ. Pro- 

ceedings.  ANL-6878, p. 23. 

“FFINI TE-RANGE” E F F E C T S  IN T H E  DISTORTED-WA VE TNEORY OF STRIPPING REACTIONS 

R. M. Drisko and G. R. Sa tch ler  ................................................................................................... 

Abst rac t  of publ ished paper: Phys.  L e t t e r s  9, 342 (1964). 

OPTICAL-MODEL ANALYSIS OF “QUASI-ELASTIC” (p,n) REACTIONS 

G. H. Satchler ,  R. M. Drisko, and  R. H. B a s s e l  ................................... 

Abst rac t  of publ ished paper: Phys.  Rev.  135, €3637 (1961). 

26 

26 

T H E  S H E L L  MOQEL AND I N E L A S T I C  SCATTERING BY N U C L E l  

R. H. B a s s e l ,  R. M. Drisko, R. M. Hayhron, M. B. Johnson,  L,. U’. Owen, and G. H. Satchler .  . . . . . . . . . . . . . . . . . . . . .  27 

Ine las t ic  sca t te r ing  from n u c l e i  is be ing  s t u d i e d  us ing  an ef fec t ive  two-body interact ion and  shel l -model  wave 

funct ions.  

FORM FACTORS FOR N U C L E A R  STRIPPING REACTIONS 

W. T. Pinks ton  and  G. R. Satchler  ............................................................ 

Abst rac t  of paper  to he submit ted for publ icat ion i n  Nuclear  Physics. 

S L A T E R  INTEGRALS AND FORM FACTORS FOR l N E L A S T l C  SCATTERING USING REALIST IC  

S INGLE-PARTICLE WAVE FUNCTIONS: T H E  CODE ATHENA 

M. R. Johnson and L. W. Owen 

Abst rac t  of ORNL-TM-964. 

PRIOR-FORM DWRA STRIPPING PROGRAM 

F. P. Gibson 

27 

2 8  

28  

A computer program is being wri t ten which c a l c u l a t e s  the  d-p str ipping different ia l  c r o s s  sec t ion ,  u s i n g  the 

prior form of the  dis tor ted-wave Born approximation matrix e lement .  

R A D I A L  INTEGRALS USING REALIST IC  S INGLE-PARTICLE WAVE FUNCTIONS AND T H E  CODE 

0 V E R L  AP 

L. W. Owen. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 9  

Abs t rac t  of ORNL-TM-958. 

ANALYSIS O F  T H E  SCATTERING OF 28-Mev A L P H A  P A R T I C L E S  

G. R.  Satchler  

Abs t rac t  of paper  submit ted to  Nuclear  Phyirrcb. 

29 



i x  

T H E  REACTIONS 48Ti(n,d)475c, '60(n,d) 75N,  "8(n,d) 'Be, AND 6Li (n ,d)SHe AT 74.4 Mev 

V. Valkovic, G. P a i c ,  I, S laus ,  P. Tomas, M. Cerineo, arid G. K. Satchler  ................................................................ 

Abstract  of paper  to b e  submit ted to the  Phyxsical  Rev iew,  

NUCLEAR REACTIONS. 
6 48Ti(r~,d) ,  160(r*,d) ,  ''B(r?,d), Li(n,d), E -- 14.4 Mev; measured c?(Ede@. 47Sc, ' 

'Be, 5He deduced leve ls ,  71, I ,  spec t roscopic  factors .  

E X C I J A T l O N  OF LOW-LYING L E V E L S  I N  40Ca B Y  fp,p') SCATTERING AT E =: 55 MeV 
P 

K. Yagi, €1. Ejir i ,  M. Furukawa, Y. Ishizaki ,  bl. Roike, K. Matsuda, Y. Nakajiina, I. Nonaka. Y. Saji, 

E. Tanaka ,  and G. R. Satchler  .................................................................................................................................... 

Abstract  df published paper: Phy,.;. Lf:tter:s 10, 186 (1464). 
NUCLEAR REACTIONS. 40Ca(p,p'), E = 55 Mev; measured D(E *,8). 4nCa  deduced levels, J, 71, O(h). 

PROTON E X C I T A  JlON OF V f B R A T I O N A L  STATES OF 1 2 6 T e  

G. C. Pramila ,  R. Middleton, T. Tamura,  and  G, R, Satchler  .................................................................................. 

Abst rac t  of publ ished paper: Nucf. Phys.  61. 448 (1965). 
NUCLEAR REACTIONS. lZGTe(p,pP) ,  E = 12 Mev; measured a(Ep.,6'). l Z 6 T e  deduced leve ls ,  J ,  71, B(&. 

ELASTIC SCATTERING OF DEUTERONS BY 4 0 ~ a  

R. H. B a s s e l ,  R. M. Drisko, and  G. R. Sa tch ler  ............................................................................................................ 

Abst rac t  of publ ished paper: 

NUCLEAR REACTIONS. 

Phys.  Rev.  136, B960 (1964). 

40Ca(d,d) ,  E -= 7, 8, 9, 10, 11, 12 MeV; measured CJ(0). 

4oCa(d,p)47Ca, A T E S T  OF T H E  V A L I D l T Y  OF T H E  DISTORTED-WAVE BORN APPROXIMATION 

L. L. L e e ,  Jr., J. P, Schi l fer ,  B. Zeidman,  G.  K. Satchler ,  R. M. Drisko,  and R. I€.  B a s s e l  ............................. 

Abstract  of publ ished paper: Phys.  Rev.  136, BO71 (1964). 

29 

N, 
5 

30 

30 

31 

31 

NUCLEAR REACTIONS. 40Ca(d,p). E = 7, 8,  9, 10, 11, 12 Mev; measured U ( E  ,d). "Ca dcdnced l e v e l s ,  I, 

71, spec t roscopic  factors .  

L E V E L S  IN 43Ca AND 46Ca STUDlED B Y  T H E  43C~(d,d' ) ,  46Co(d,d') ,  AND 46Ca(p,p') REACTIONS 

T. A. Belote, J. H. Rjerregaard,  Ole Hansen,  and G. R. Sa tch ler  ............................................................................... 32 

Abst rac t  d f  paper submit ted t o  the Physical Review. 

NUCLEAR REACTIONS. 43Ca(d,d'), E = 8.522 Mev; 46Ca(d,d'), E 7 10 Mev; 46Ca(p,p'), E = 7 Mev; measured 

tT(E ' , d ) .  43Ca,  deduced  leve ls ,  7T, 1. 
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J. H. Bjerregaard, 11. R, Blieden,  0. Wansen, G. Sidenius ,  and G. R. Satchler  ....................................................... 32  

Abst rac t  of publ ished paper: 

NUCLEAR REACTIONS. 

Phycj. Rev.  136, B1348 (1964). 

43Ca(d,r), E := 8.5 blev; measured T ( E t p o ) ,  42Ca deduced leve ls ,  1, 7TD spec t roscopic  
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E L A S T I C  SCATTERING OF 3He AND T H E  (3He,d)  REACTION 

R. 11. Bassel, G. R. Satchler ,  and  R. kL Drisko ............................................................................................................. 33 

Abst rac t  of paper p re sen ted  a t  the  Internat ional  Conference or1 Nuclear  P h y s i c s ,  P a r i s ,  July 2-8, 1964. Pro-  

ceed ings  of t h e  conference mill be publ ished i n  P roceed ings  of the IntertiationaZ Conference of~ Nuclear  P h y s i c s .  

SHELL-MODEL S E L E C T I O N  RULES AND E X C I T A T I O N  OF 4 ' S T A T E S  I N  T H E  Ti(u,cr') REACTION 

G. R. Satchler ,  J. L. Yntema, and H. W. Rroek .............................................................................................................. 33 

Abst rac t  of publ ished paper: 

NUCLEAR REACTIONS. 

Phys.  Let te rs  12, 55 (1964). 

46v4x*5nTi(fX,0,')9 E = 43 M e V ,  measured CJ(8). 46*48050Ti deduced leve ls ,  J, 7T. 
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Abst rac t  of paper  submit ted to Nuclear  P h y s i c s .  
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O P T I C A L - M O D E L  ANALYSIS O F  782-Mev PROTON SCATTERING 
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Abst rac t  of publ ished paper: P h y s .  L e t t e r s  1 1 ,  313 (1961). 
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ANALYSES OF T H E  SCATTERING OF N U C L E A R  P A R T I C L E S  BY C O L L E C T I V E  N U C L E I  IN TERMS OF 
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Abst rac t  of paper  submit ted to t h e  P h y s i c a l  Review.  

A D I A B A T I C  AND N O N A D i A B A T l C  C O U P L E D - C H A N N E L  C A L C U L A T I O N S  OF T H E  SCATTERfNG OF 
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T a r o  Tamura . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35 

Abstract  of publ ished paper: Phys.  Let te rs  12, 121 (1964). 

E X C l T A T l O N  OF T H E  UNNATIJRAL-PARITY 3' S T A T E  IN 2 4 M ~  JN T H E  I N E L A S T I C  SCATTERING 

O F  A L P H A  P A R T I C L E S  

Taro  Tamura 35  

Abstract  of paper  submit ted to Nuclear  P h l s i c s .  

POSSIBLE ADMIXTURE OF ONE-PHONON 2+-STA T E  A M P L I T U D E  TO T H E  SECOND E X C I T E D  

S T A T E  O F  6 4 Z n  

Taro Tamura ..... 

Scat ter ing of 17.5-Mev protons by 6 4 Z n  was  ana lyzed  in  terms of the  coupled-channel  ca lcu la t ion .  
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I N E L A S T I C  SCATTERING OF PROTONS BY '14Cd AND POSSIBLE QUADRUPOLE-OCTUPOLE 

TWO-PHONON STATES 

hl. Sakai  and T. Tar,iura 37 

Abs t rac t  of publ ished paper: 

NUCLEAR REACTIONS. * 14Cd(prp'), enr iched target ,  E - 12.16 Me>; ,,leasured U(o) ,  p' spectrum. ' I 4Cd  

P h y s .  L e t t e r s  10, 323 (1964). 

deduced  l e l e l s ,  J. 7r. 

C O U P L E D - C H A N N E L  ANALYSIS O F  T H E  SCATTERING OF PROTONS BY 165H0 AND 156Gd 

r a r o  Tamura 

Abs t rac t  of publ ished paper: Phys.  L e t t e r s  9 ,  331 (1964), 

38 

T O T A L  NEUTRON C R O S S  SECTIONS A T  7.44 ev 

L. A. Raybiirn and E. 0. Wollan 3 8  

Abstract  of paper  to be  publ ished i n  Nuclear  Phv5ics .  
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L E V E L  SPACINGS AND S-WAVE N E U T R O N  STRENGTH FUNCTIONS OF T H E  ISOTOPES OF H A F N l U M  

T. Fuketa  and J. A. I I a r v e y .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  38 

Neutron t ransmiss ion  measurements  from 0.2 to  ""240 rlv have  h e e n  made WI enriched s a m p l e s  of the  s i x  iso- 

topes of hafnium. About  one huiiilred r e s o n a n c e s  were ana lyzed  to obtain the average  leve l  spacing a n d  x-wave 

streiigtii funct ion for e a c h  i so tope .  

174Hf ,  176Hf8 ' 771-If, 17'IHf, 179Hf0  180Hf; measured TnT. Deduced re:jonance param- 

eters, Eo,  rz,o I-;,; l e v e l  d e n s i t i e s  arid 1 'E/D for i sd topes .  Enr iched  targets .  

NUCLEAR REACTIONS. - 

HIGH-RESOLUTION MEASUREMENTS OF T H E R M A L  N E U T R O N  C A P T U R E  GAMMA R A Y S  
G. G, Slaughtcr  and J, A. Harvey ......................................................................................................................... 44 

A lit.hium=drifted germanium c r y s t a l  w a s  u s e d  t o  make high-resolut ion measurements  of the gamma rays  fol lowing 

thermal  neutron capture  in s a m p l e s  of Hi, Nb, Y, arid enr iched  s a m p l e s  o f  2 3 5 U  arid the  Sn i so topes .  Gainrna-+ty 

e n e r g i e s  (measured to -!-IO kev)  arid re la t ive  in tens i t ies  a r e  cor re la ted  with leve l  energ ies  and s p i n s  measured  hy 

t h e  (d ,p)  react ion.  

NIJCLEAR REACTIONS. Bi(ri,y), thermal; 2"8U(n,y), thermal; Nb(n,y), thermal; 179118@120S n(n,y), thermal; 

'''Bi, 2391J, 34Nb, 1189119*121Sn, '"Y deduced l e v e l s ,  J, 71. 2 3 8 X J ,  
lZY IY .  

Y(n,y) ,  thermal; measured 

1 1 7 ~ 1 1 8 , 1 2 0 ~ n  enriiheci target .  

C A P T U R E  CROSS-SECTION MEASUREMENTS ON l B 2 W ,  l e 3 W ,  "%4, A N D  l e 6 W  A T  THE K P I  b.ll\lAC 

R. C. Block, J ,  E. R n s s e l l ,  arid R.  W., I-lockcnbury. .............................................................................................. 53 

Capture  <;ross-section measuremeii ts  werP made ugun s;implrs of  1 s 2 W ,  IR3WI ''''W, and 1361'J with [be 1.25-m- 

In the  ei i f rgy region 

116 iesonances wi:re Qbserved i n  

function of energy f:om ""35 ev  t o  

diam l iquid-scint i l la tor  de tec tor  a i  the Rensselaer P o l y l w h t i i c  Ins t i tu tess  tiiicar acce!crator ,  

up to 4000 ev, 66 resonances  were delectt?d j.n 1 8 2 W ,  1 7  in  1 8 4 W ,  arid 4.5 in  " 
'"W u p  t o  3000 cv. T h e  data h a v e  b e e n  reduced to  icaUt11r.e c r o s s  s e c t i o n s  a s  

10 kev. 

NUCLEAR REACTTONS. 

l e v e l  spac ings .  Enriched ta rge ts .  

1*2W, 1A3V4,  '"W, 1 4 E W ( n , y ) .  Measured  ~7 (E,)  f r o m  -35 ev to 10 kc.v, acerage 
"Y 

GAMMA-RAY S P E C T R A  FROM NEUTRONS C A P T U R E D  IN 56Fe AT THE 1148-ev RESONANCE 

K. C.  Block ................................................................................................................................................. 61 

T h e  la rge  NaI c r y s t a l  a t  the OKNL fast chopper w a s  nsed to  iiieasure the gamma-ray cpectriim f r o m  neutrons 

captured  in the 1148-ev resonance i n  .'"e, Five distinct garno18 rays  werr: obners?:d a t  cn2rgii.s of  7-64. 7.48 t 
0.08, 6-36  t 0.04, 4.0 r!  0.1. and 4.4 t 0,1 Mev with re la i ive  strengths o f  approximatclp 10, 2, 4, I, arid 1 respec- 

t ively.  Comparat ivr  measurements  were car r ied  out  frjr rhertiral neu t ron  capture  in iron* and i t  w a s  o t s e r ~ t ? d  thar 

the inizr is i ty  of photons per  capture  was  the same i n  resonance  and thermal  capthirr Cur ihc 7.64-Mcv pmrc la  ray,  

Deduced par t ia l  radiat ion widths  
Y e  5" NUCLEAR REACTIONS, 5 6 F e ( ~ i , y )  a1 1148-ev resonance ;  measured E 

and J of resonance. Nat-mraI target .  

STUDY OF T H E  EVEN-EVEN COMPOUND NUCLEd A T  THE FIR.5T s-WAVE STRERJGTW FUNCTION R E S O N A N C E  

W ,  hL G o d .  Danie l  P a y a ,  a n d  Rolf Wagner.. ...................................................................................................... 59 

,. I h e  even-odd target. nuc le i  i n  the  region o f  the  f i rs t  s-wave r e s o m n c e  have  hwr i  s tud ied  f o r  m a n i f  

tlic 28-neutron shell  c losure .  

i i js t r ihuted below G O  liev. 

R e s u l t s  indicalt: the s t renpth f n n c  t ions  prc>djcted by opt ica l  niodel, hilt non-unifdrmly 

ii, 

EnC 

c -  
Cu, 65Cu,  mzasurcd 0- ( E ) ,  1:' --> bO k e % ,  ""Ca, 4 8 ' "  

7' 
NUCLEAR REACTIONS. 4 3 ~ a ,  47~ri, 'lgFri, j 3 ~ r ,  j71;e, '' 

"'rip j4Cr, "Fe, 64Cu, 6 b C ~ ,  deduced  levels, l', level dens i ty ,  r e s o n a n c e s ,  res imance  parameters ,  !"/Tj. 

richeii targets;, 
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J. R. Bird, J. A. Biggerstaff ,  J. H. Gibbons,  and W. M. Good .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  76 

Abstract  of paper submitted for publication in the  P h y s i c a l  Review. 

NUCLEAR REACTIOES. " F ( p , y ) ,  measured G(E,E ) E = 8 0  kev. < * O F ,  deduced re la t ive  in t ens i t i e s ,  ),-reduced y '  
widths.  Natural  target.  
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Below about T h e  neutron r e sonance  s t ruc ture  of the erren i so topes  of zirconium h a s  been s tudied up t o  60  kev. 

From 20 kev t o  6 0  kev. the s t rength  is (2.5 * 0.6) X 

NUCLEAR REACTIONS. "Zr, "Zr, 94Zr,  96Zr,  measured 0 ( E ) ,  E 5 60 kev, 

2 0  kev, the  av-rage s t rength  is (1.2 k 0,s) x 

l eve ls ,  l eve l  dens i ty ,  r e sonances ,  i c sonance  parameters 1 ' :ID. Enriched ta rge ts .  

' l Z r ,  93Zr ,  "Zr, "Zr, deduced r 

NEUTRON C A P T U R E  D A T A  AT S r E L L A R  TEMPERATURES 

R. L. Macklin and J. H. Gibbons 

Abstract  of published paper: Rev .  Mod. PhyG. 37, 166 (1965). 

RESONANCF NEUTRON C A P  J U R E  AND TRANSMlSSlQN IN SULFUR,  IRON,  AND L E A D  

K. L. Macklin, P. J. Pasnra,  and  J. H. Gibbons 

81 

82  

Abstract  of published paper: 

NUCLEAR REAClYONS. 

P h v s .  Xev. 136, I3695 (1964). 

I'argets 3 2 S ,  56Fe, 206*7s8Pb ,  (n,)  and total), F: - 10-80 kev. Measured 2 
nT' ' nA' 

, J ,  T, l eve l  dens i t i e s  (for 1 - 0, 1 separa te ly) ,  e f fec t ive  nuclear  Deduced resonances,  r e sonance  parameters,  1 ', 
radii .  Enriched and na tura l  t a rge ts .  

T H E  INTFERAC JlON OF 350-kev P O L A R i Z E D  NEUTRONS WITH O R l E N T E D  165H0 N U C L E I  

R. Wagner, P. D, Miller, T. .Tamura, and  H. Marshak . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  82  

Abstract  of paper to be  submit ted to the Phj.sira2 Review.  A preliminary account  h a s  been published: Phys .  

Le t t c r s  10, 216 (1964). 

NUCLEAR REACTIONS. '65Ho(n), E = 350 kzv: measured CT (0, ri polarization).  

METHOD F O R  OBTAlNlNG BURSTS O F  POLARIZED NEUTRONS OF ENERGY 10-?00 k e v  

J. W .  T. Dabbs and J A. Ilarveq 8 3  

Polar izat ion b y  the  u s e  of the right-left asymmetry in  sca t t e r ing  from He, together with moderation b y  graphite,  

appears  to  be possible  a t  t he  proposed l inac.  

D I F F E R E N T I A L  SCATTERING Of N E U T R O N S  FROM l60 
C. H. Johnson and J. L. F o n l e r  8 5  

A phase-shift  a n a l y s i s  of differential  s ca t t e r ing  of neutrons f r o m  l 6O a t  a number of energies  between 2 and 4 

Mev gives  the following resonant  parameters for r e sonances  i n  "0:  (3.40, 3/', 0.5) (3.75, 3$'--, 0.2) (3.77? $-*0.1) 

(3.82, "/,, 0.05), where the resonant  energy in Mev is followed by the  J-value, parity, and reduced widths  in uni t s  of 

I7O, deduced i c sonance  parameters,  

3-h2 / 2 m a 2 .  

NUCLEAR REACTIONS. 60(n,r2), En = 2.25-4.00 Mev; measured ~(0). 
phase  sh i f t s .  

RESONANCE PARAMETERS FOR NEUTRON SCA J T E R I N G  FROM 208Pb 

J .L .Fov ; l e r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 9  

Reduccd widths Resu l t s  a re  presented of a partial-i\rave phase-shif t  a n a l y s i s  of neutron sca t t e r ing  from *08Pb. 

of r e sonances  are d i scussed  i n  t e r m s  of intermediate s t a t e s .  

KUCLEAK REACTIONS. *08Pb(n ) ,  enriched target,  E n  ~ 0.7-1.9 >lev; measured i '(E,o). 2 0 9 P b ,  deduced 

r e sonance  parameters,  phase  sh i f t s .  
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E X C l T A T l O N  OF C O L L E C T I V E  STATES B Y  T H E  INELASTIC S C A P T E R l N G  OF 74-Mev NEUTRONS 

P. H. Stelson,  R. L,. Robinson,  €I. J. Kim, J- Rapaport, and G. K. Satchler ...................................................... ' 1 3  

Abs!ract of paper  submit ted for publ icat ion in Nuclear  Phys ic s .  

NUCLEAR REACTIONS. (n,n), (n,n'); Ui, Pb, Sb, Sn, Cd,  Zn ,  Ni, C r ,  S, P, Si, Al ,  Mg; E -: 14 M e v ,  abso lu te  

m), p2, p,. 

ELASTIC SCATTERlNG OF 17- TO 27-Mev  NEUTRONS FROM 72C 
M. V,  Harlow, Jr., R. L. Robinson,  and H. 13. Kinsey ................................................................................................. 9.3 

Abstract  of paper  submit ted for publ icat ion in  N71C11e91. Phyaics. 

NUCLEAR REACTIONS. '*C(n,n), EIl  := 17-.21 M e v ;  measured c,TT(E)* L?(E+o). 13C, deduced  leve l .  

T O T A L  NEUTRON CROSS SECTfONS OF HYDROGEN AND CARBON IN  THE 20-30 Mev REGION 

M. 1,. West 11, C .  M. Jones ,  and €1. B. Willard ............................................................................................................. 94 

The to ta l  c r o s s  s e c t i o n s  of 'E1 arid I 2 C  for neutrons have  becn measured frnrn 19.,58 to 30.46 Mev. 

NUCLEAR REACTIONS. '€I(n,n), '2C(rz,n), polyethylene 2nd graphi te  Sample%, E 2 19.58-30.46 Mev, meas-  

ured (J-(E)~ 

A STUDY OF F L U C T U A T l N G  LOW-ENERGY (p,n) REACTION CROSS SECTION 

11. J. Kiln ........................................................................................................................................................ 95 

Abstract  of publ ished paper: Phyi;. Letters 14, 51 (1956) 

NUCLEAR REACTIONS. 53CIf[J,n)53Mll, 2.3 < E < 3.1 M e V ,  measured fT(E ), 

CROSS SECTIONS FOR (p,n) REACTlONS IN  F l V E  ISOTOPES O F  TIN 
R, L. Kernel l  a n d  C. 1% Johnsori ............................................................................................................................ 95 

G r o s s  s e c t i o n s  for ( p p n )  reac t ions  h a v e  been  measured from 2.5 t o  5.5 ivlev for fPJe i s o t o p e s  of tin. At 5 Mev,  

A value of Q =  -3465 1-17 kev w a s  deter-  

' ' 7S ti(p.n), ' lg~n(p,n)e  120~n(p , i i ) ,  l2%n(p#n), 12"~n(p,n) ,  E = 2.5-5.5 ~ e v ;  measured 

the  cross s e c t i o n s  ranye  f r o m  16.2 mb for ll'Sn to  21.5 i r i b  for '"Sn. 

mined for t h e  reac t ion  ' "Sn(p,nj' 2 0 ~ b .  

NUCLEAK KEAC:'PIC)NS. 

U ( E ) ,  Q. Enriched targets .  

ISOBARIC ANALOG STATES IN  90Zr, "6Sb, "*Sb, ' 2 0 S b  

C. H. Johnson and R. L. Kernel l  .............................................................................................................................. 97 

The main purpose of t h i s  work w a s  to measure with good reso lu t ion  the  (pin) c r o s s  s e c t i o n s  near  i sobar ic  

ana log  r e s o n a n c e s  for  ta rge ts  of 69Y, '"Sn, '17Sn, and  119Sn. T h e  energ ies  for the  w e l l  known 2- and 3 -  re5o- 

nanccs  i n  89Y(p ,n)  a r e  found to be 4804 6 kev  and  5007 t 6 kev, and the  to ta l  wid ths  1' for both are about  25  kes. 

R e s o n a n c e s  a r e  observed a t  4330 f 15 kev for ' l sSn(ppn)s  4491 It 6 k e v  for ' " S n ( p , n ) ,  and 46/12 ? - G  kev for 

T h e  pos i t ions  of t h e s e  r e s o n a n c e s  ind ica te  tha t  they a r e  0' analog:; t o  the ground s t a t e s  of even  r i n  I 1  9 

isotopes. .  T h e  na tura l  widths ,  T', for t h e  two heavier  targcti; a r e  e a c h  3 0  kev, arid the width for t h e  115St~ ta rge t  is 

about  3 0  kev. In addi t ion,  a threshold w a s  found a t  4751 d: 7 kev for "Y(p9ri) which corresponds to  a leve l  at  

1084 t 8 kev i n  "Zr. T h e  f a c t  t h a t  this threshold is observed i n d i c a t e s  that  i- is the cor rec t  one of the  two pos- 

s i b l e  ass ignments ,  " - or "/2. 
19Sn(p,n), E .= 3 ,6  to  5.1 M e V ;  measured U(E)> Q. 

'OZr, '"Sb, "'Sb, '20Sbs deduced  l e v e l s ,  J, r. 

Sn(p9n). 

5 
NUCLEAR REACTIONS. sgy(p,rl), 115~n(p ,n)s  117S11(p127), 

Enriched ta rge ts .  

ELASTIC AND INELASTIC SCATTERING OF 12- AND 13-Mev PROTONS FROM l o 6 P d  AND '08Pci 

R. L. Robinson,  J. L. C. Ford, J rm9 P. 14. Stelson, and G. R. Sa tch ler  ............................................................. 101 

T h e  different ia l  c r o s s  s e c t i o n s  for e l a s t i c  sca t te r ing  and i n e l a s t i c  sca t te r ing  of 12- and  13-Mev protons to the  

Comparisons ere made with 

NUCLEAR REACTIONS, 1"6"108Pd(p,p'), enr iched targets ,  E = 12, 1 3  Mev; measured U(8).  1oG*108 Pd. 

quadrupole, two phonoii, and  oclupole  s t a l e s  of '''Pd and ''''Pd have been measured. 

the  predict ions of t h e  dis tor ted-wave theory for direct  nuc icar  interact ions.  

deduced leve ls ,  fi2. fi,. 
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H e  
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Cd(a,o.>), enr iched ta rge ts ,  E = 0 Py)> 1 10,112,114,l 1 6  NUCI,EAR REACTIONS. ' O a l  '3' 4 * 1  k d ( l  '0 ,  
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0 Yo 
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reported. 
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NEUTRON DIFFRACTION INVESTIGATION OF CHROMIUM WITH SMALL ADDITIONS OF 
MANGANESE AND VANADIUM' 

Y. Hamaguchi * E. 0. Wollan W. C. Koehler 

T h e  magnetic propert ies  of chromium a l loys  with 
small amounts of manganese (0.576, 0.74%, 2.1%) 
and vanadium (l .O%,  1.975) have  been  invest igated 
by neutron diffraction, and t h e s e  resu l t s  and o thers  
involving higher manganese concentrat ions are 
compared with theoret ical  ca lcu la t ions  by Tachiki  
and Nagamiya. T h e  addition of vanadium (1.076) 
tends f i r s t  t o  destroy the  long-range modulation 

'Abstract  of paper to  be publ ished in  t h r  Physical 

'Guest s c i e n t i s t  from Japan  Atomic E n e r g y  Resea rch  

R e  vi e w. 

Ins t i tu te .  

of t h e  moment configuration and then rapidly to 
el iminate  t h e  magnetic moment of t h e  system. 
T h e  addition of manganese progressively modifies 
the  temperature-dependent propert ies  of t h e  modu- 
la ted  moment s t ructure  of pure chromium and the 
temperature of t h e  spin f l ip  transition. Over a 
small  composition range both t h e  s imple anti- 
ferromagnetic and the  modulated moment s t ruc tures  
appear  t o  b e  s tab le .  Above 2.1% manganese,  
only t h e  s imple  antiferromagnetic s t ructure  is 
observed.  T h e  changes  i n  t h e  magnetic propert ies  
of t h e  a l loys  have  a qua l i ta t ive  relation to  the 
theoret ical  calculat ions.  

MAGNETIC STRUCTURE OF RARE-EARTH-COBALT (RCO,) INTERMETALLIC COMPOUNDS' 

R. M. Moon W. C. Koehler J. J .  Farrel12 

Saturation magnetization and neutron diffraction 
measurements  have  been performed on cubic  L a v e s  
p h a s e  compounds, RCo,, i n  which R is Nd, Tb, 
Ho, and Er. Neutron powder pa t te rns  obtained a t  
room temperature and a t  15°K allowed t h e  deter-  
mination of the  magnet ic  s t ructures .  T h e  low- 
temperature pat terns  a r e  of t h e  ferromagnetic or 
ferrimagnetic type, with large magnetic i n t e n s i t i e s  
superimposed on t h e  nuclear  peaks.  For t h e  com- 
pounds of T b ,  Ho, and Er, t h e  rare-earth atoms 
show nearly the  ful l  moment expected for t h e  f ree  
t r iposi t ive ion, and the  cobal t  moment is about  

'Abstract  of paper submitted to  the  Journal  of Applred 

2Universi ty  af Pi t tsburgh,  Pi t tsburgh,  Pa .  

P h y s l c b .  

1 Bohr magneton. T h e  rare-earth moments are 
coupled paral le l  to  e a c h  other, but ant iparal le l  
to a l l  the cobal t  moments. F o r  NdCo,, t h e  ob- 
se rved  Nd moment of 2.6 t 0.2 Bohr magnetons is 
smaller  than t h e  free-ion va lue  of 3.27 Bohr mag- 
netons,  and i t  is coupled paral le l  to t h e  cobal t  

moment of 0.8 * 0.2 Bohr magneton. In  t h e  Nd 
ion, t h e  s p i n  is opposi te  t o  t h e  moment (J = L - S), 
while  for  t h e  heavier  ta re  ear ths  the s p i n  is par- 
a l le l  to the  total moment ( J  = L t s). Thus,  i n  
a l l  cases there  is ant iparal le l  coupling between 
t h e  s p i n s  of t h e  rare-earth and  cobal t  atoms. T h e  
v a l u e s  for the total moment per  molecule  b a s e d  
on t h e  neutron diffraction resu l t s  a r e  in  s a t i s -  
factory agreement with the  magnetiz- '3 t '  ion meas- 
urement s. 

1 
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PERTIES QF RARE-EARTH METALS AND ALLOYS’ 

W .  C. Koehler 

A review of neutron diffraction s t u d i e s  of t h e  
magnetic properties of rare-earth metals  and a l loys  
is presented.  For  e a c h  of the  pure meta ls  Tb, Dy, 
110, Er, and T m  there  i s  observed a transition at 
3 temperature TA, to an osci l la tory antiferromag- 
ne t ic  configuration (hel ical  or l inear  osc i l la tor  
type). At lower temperatures, further t ransi t ions 
to  ferromagnetic, ferromagnetic sp i ra l ,  or an t iphase  
domain-type configurations are observed. For Gd, 
only the  ferromagnetic configuration is found. T h e  
magnetic moments in the ordered configurations 
a t  low temperatures  approach the  va lues  expected 
from the corresponding f ree  t r iposi t ive ions.  In  
t h e  first half of t h e  s e r i e s ,  only Nd h a s  b e e n  
s tudied by single-crystal methods, but Ce, P r ,  

’Abstract  of paper to  be  piublished in the Journal of 
Applied Phys i c s .  

and Eu have  now been invest igated with polycrys- 
ta l l ine samples .  The  d a t a  for C e  are complicated 
b y  the  ex is tence  of severa l  allotropic forms, b u t  
a complex antiferrilmagnetic s t ructure  appears  to 
b e  a s s o c i a t e d  with the  hexagonal  form a t  low 
temperatures .  For  Nd and Pr ,  osci l la tory anti- 

ferromagnetic configurations a re  observed a t  very 
low temperatures in which, as  in  Ce,  t h e  moments 
have magnitudes considerably smaller  than the 
free-ion values .  T h i s  resul t  s u g g e s t s  a strong 
inf luence  due t o  t h e  c rys ta l l ine  field. A hel ica l  
spin s t ructure  i n  b c c  Eu h a s  been reported in 
which t h e  moment of Eu  i s  somewhat smaller  than 
that of EuZt. A number of a l loy sys tems,  R-Y, 
R-R’, and R-La, where K and R’ a r e  among t h e  
group Tb-Tin, have  been invest igated,  and resu l t s  
are d i s c u s s e d .  ’These resu l t s  and those  for t h e  
pure metals  are d i s c u s s e d  relat ive to  the theory 
of t h e  magnetism of the  rare-earth metals .  

MAGNETIC STRUCTURE vs ELECTRON NUMBER FOR SOME RARE-EARTH 
INTERMETALLIC COMPOUNDS’ 

J. W. Cable  W. C. Koehler H. R. Child 

Neutron diffraction measurements were made on 
a s e r i e s  of rare-earth compounds in  t h e  Tb(Pd,Ag) 
and Tb(Ag,In) sys tems.  Most of t h e s e  compounds 
exhibit t h e  CsCl type of c rys ta l  s t ructure  and,  
for  these ,  magnetic s t ructure  determinat ions were 
made i n  order to re la te  t h e  type  of magnetic s t ruc-  

‘Abstract  of paper  submitted to the Journal of Applied 
Physics .  

ture to t h e  nuinber of va lence  electrons.  Two 
t y p e s  of antiferromagnetic s t ruc tures  were ob- 
served: the  (v.0) type cons is t ing  of a n  antipar- 
a l le l  array of ferromagnetic (110) p l a n e s  of mo- 
ments, and the ( O O r )  type with ferromagnetic 
(001) p lanes  of moments a l ternat ing in  direction. 
On t h e  b a s i s  of 0, 1, 3, and 3 valence  e lec t rons  
for Pd ,  Ag, In, and l h  respect ively,  the  (nd) 
st ructure  i s  found i n  t h e  region of 3.5 to 4 valence 
e lec t rons  per unit ce l l  and the (OOn) st ructure  i n  
t h e  region of 5 va lence  e lec t rons  per uni t  cel l .  



MAGNETIC PROPERTIES OF HEAVY RARE EARTHS DILUTED BY YTTRIUM AND LUTETIUM’ 

11. R. Child W. C. Koehler E. 0. Wollan J. W. Cable  

A neutron diffraction s tudy of the  heavy rare 
ear ths  Tb, Dy, Ho, Er, and Tm diluted with yttrium 
and of Tb with lutetium i s  reported. T h e  modulated 
antiferromagnetic s t ruc tures  of the rare-earth meta ls  
a re  found to  e x i s t  in  the  al loys,  but  t h e  ferrornag- 
ne t ic  p h a s e s  of Tb  and Dy a r e  destroyed with 
small  admixtures of Y. The  NCel temperatures 
of t h e  a l loys  and t h e  pure meta ls  are  found to b e  
a universal  function of t h e  average  of the squarc  

‘Abstract  of paper submit ted to  the Phybrcal  Revicw. 

of the  sp in  projection on J ,  given for t h e s e  heavy 
rare-earth a l loys  by 6- c(& - l)’.lJ(J + l), where c 
is the atomic concentrat ion of rare  ear th .  T h e  
value of t h e  interlayer angle  w a t  T N ,  which is 
related to  t h e  wavelength of  the  modulation of 
t h e  magnetic structure, is a l s o  found to b e  a 
universal  function of 4 ,  and the  temperature varia- 
tion of CD d e c r e a s e s  with decreasing 6 so t h a t  CL 

approaches a t emperature-independent va lue  of 
about  50” per  layer  for smal l  e, regardless  of t h e  
magnetic ion in the alloy. 

ALIGNMENT OF RARE-EARTH MOMENTS iw DILUTE P ~ - F ~  ALLOYS~ 

J .  W. Cable  E. 0. Wollan W. C. Koehler 13. R. Child 

Magnetization measurements  were made on t h e  

ternary al loy system Pdo.9,Fe,n, ,R.E.  0.01’  for 
which R.E. = La, Ce,  Pr,  Nd, Gd, Tb,  Dy, Ho, 
Er, ‘Tm, and Yb, in  order to  determine t h e  relat ive 
alignment of t h e  rare-earth moments i n  t h e  ferro- 
magnetic Pd-Fe  matrix. T h o s e  rare ear ths  t o  the  
lef t  of Gd were aligned paral le l  and t h o s e  t o  t h e  
right of Gd ant iparal le l  t o  t h e  Pd and Fc moments. 

‘Abstract of published paper: J. Phys.  Chem. Sol ids  
25, 1453 (1964). 

T h i s  i s  cons is ten t  with a n  antifcrromagnetic inter- 
act ion between the rare-earth sp in  and t h e  d band 
of t h e  host matiix, s i n c e ,  for the former, J L - S 
and,  for the  la t ter ,  J - L t S. Neutron magnetic- 
disorder scat ter ing measurements were a l s o  made 
on t h e  Dy alloy, and t h e s e  showed only par t ia l  
alignmeni of the avai lable  Dy moments. This  
s u g g e s t s  tha t  the interact ion between the  rare  
ear ths  and t h e  P d - F e  matrix depends  on t h e  loca l  
eriviionnicnt of the  rare-earth atoms. 

QlSTRBBUTlON OF MAGNETlC MOMENTS &N Pd-3d AND 

J. W. Cable  E. e). ~ 7 ~ ~ 1 1 ~ ~  W. e. Koehler 

Neutron scat ter ing and magnetization measure- (ordered and disordeted), PdFe, P d o  . y  3Feo .o 7 ,  and 
ments were made on a s e r i e s  of face-centered P d o . 9 , F e , ~ , , , .  Magnetic moments of about  3.0, 
cubic  Pd-3cl and Ni-3d a l loys  t o  determine the  1.8, and 0.6 Bohr magnet.ons per atom were found 
distribution of magnetic moments i n  t h e s e  ferro- for Fe, Co, and N i  respect ively,  and t h e s e  were 
magnet ic  binary al loys.  T h e  spec i f ic  a l loys  e s s e n t i a l l y  independent of concentration. ‘The 
s tudied were: average  P d  moment var ies  with concentrat ion and 

approaches a maximum of about 0.4 Bohr magneton 
per atom i n  the concentrated alloys. 

Ni,,Co, NiCo, Pd3Co,  PdCo,  Pd,F’e 

‘Abstract  of paper submit ted to  the P h y s i c a l  Review. 
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ANTI F ERROMAGN E T ~ S M  OF PRASEODYMIUM 

J .  W. Cable  K. M. Moon W. C. Koehler E. 0. Wollan 

In contrast  with previous ana lyses  of magnetic praseodymium, th i s  neutron diffiaction study 
suscept ibi l i ty  and spec i f ic  h e a t  data  which sug-  showed the development of long-range antiferro- 
ges ted  the absence  of magnetic order in metal l ic  magnetic order below 2S3K for th i s  material. It 

i s  tentatively suggested tha t  t h i s  magnetic order 
Phvs. Rev .  L e t f e r s  12, is of the neodymium type. ‘Abstract  of published letter:  

553 (1964). 

EFFECTIVE MAGNETIC FIELD AND ISOMER SHIFT FOR Au-Ni ALLOYS 
AS A FUNCTION OF COMPOSITION 

L. D. Roberts F. E. Obenshain J .  0. Thomson’ 
W. K. Robinson’ 

In ear l ier  work4p5 we reported on the Mossbauer 
hyperfine s t ructure  (hfs) spec t ra  for 97?\u in  
Au-Ni solid-solution al loys.  We are  now reporting 
further measurements a t  much higher resolution 
for t h e  Ni-rich al loys and for pure Au metal. All 
measurements were made at  4.2‘K, using a I g 7 P t  
source  which decays  through the 77.3-kev s t a t e  
of Ig7Au.  

T h e  six-line hfs  spec t ra  for a l loys  of 1, 3, 7, 10, 
and 20 a t .  % ,411 in Ni a l l  c o n s i s t  of two unresolved 
t r iplets ,  each triplet barely resolved from the  
other. T h e  center  of gravity of the spectrum i s  
displaced by the  isomer shif t  V I .  ‘These d a t a  
have been  fitted with theoretical absorpt ion 
curves ,  taking absorber th ickness  into account  
and using the following Hamil tonians for t h e  ground 
and exci ted s t a t e s :  

‘Consultant,  University of T e n n e s s e e ,  Knoxville.  

2Resea rch  pa r tk ipan t  f r o m  St. Lawrence University,  

3Research participant from Washington and Lee Uni- 

412. D. Roberts  and J. 0. Thomson, P h y s .  Rev. 129, 

5L. D. Roberts  e t  al . ,  to be  puhl ished in  thc  Phys ica l  

Canton,  N.Y. 

v e r s i t y ,  Lexington, Va. 

661 (1963). 

Re vi e w. 

W. €3. Newholt3 

2 
‘*ground = - - 3 pH”, , 

with p 7 0.1439 nuclear  magneton a s  the  ground- 
s t a t e  magnetic moment. A typical fit for 1% Au 
i n  Ni i s  shown in F ig .  1. Here Ii’ i s  the  effect ive 
magnetic f ie ld ,  and I z  and I: are t h e  z components 
of t h e  spin of the ground and exci ted nuclear  s t a t e s  
respect ively.  We have token a value for t h e  
exc i ted-s ta te  magnetic moment p* - 0.39 nuclear 
magneton from our  previous measurements;. In 
f i t t ing the  theoretical absorption curves  to the  

da ta  (F igs .  1, 3, and 4), we have used  the natural 
l i n e  width for the 77.3-kev s t a t e  of l g 7 A u  a s  
determined from new measurements on pure Au. 
T h i s  l ine width, Fig. 2, corresponds to a lifetime 
of (1.8 i 0.1) x IO-’ sec, in agreement with our 
previous value and with electronic  measurements. 
We have  a l s o  fitted the  Au-Ni da ta  by us ing  a l ine 
width approximately 5% greater  than that  measured 
above (a t  the  upper limit of the experimental error 
of t h e  l ine  width) and obtained somewhat be t te r  
f i t s  to the data ,  but the  la t ter  curves  a re  not 
presented here. The  fact  that  the bes t  fit w a s  
obtained with s i x  l ines  of very nearly t h e  l ine 



Fig .  1 .  H y p e r f i n e  Structure of t h e  77.3-kev Sta te  o f  1 at. % ' 9 7 A u  D i s s o l v e d  in  N i ,  The s o l i d  c u r v e  g i v e s  the  

theo re t i ca l  a b s o r p t i o n  func t i on  for t he  s i x - l i n e  spec t rum.  The l i n e s  were  at  t h e  p o s i t i o n s  shown a n d  h a d  i n t e n s i t i e s  

1:2:3:3:2:1. T h e  natura l  l i n e  w i d t h  ( s e e  Fig .  2)  w a s  assumed, bu t  absorber t h i c k n e s s  was s u i t o b l y  t a k e n  i n t o  

account .  

-7.0 - 6 0  -5 0 - 4 0  -3.0 -E 0 -1.0 0 I G 2.0 3.0 4.0 
RE1 ATI'VE DOPPLE? 'Jtl OCITY OF SOIJRCE [rn-n/sec) 

Fig.  2. S i n g l e - L i n e  A b s o r p t i o n  Spectrum o f  t h e  77.3-kev Sta te  of  197Au.  The l i n e  w i d t h  a t  h a l f  h e i g h t  cor re -  

sponds t o  a l i f e t i m e  o f  (1.8 :k 0.1) x sec .  

width found for pure gold ind ica tes  that  inhomo- 
geneous broadening ef fec ts  a r e  small .  

T h e  h f s  coupling determined by  t h e  above  curve- 
f i t t ing p r o c e s s  is found t o  b e  proportional within 
t h c  experimental error of a few percent to  [I - 
(c/0.60)1, where c is t h e  atomic fraction of Au 
(Fig.  3). From t h i s  fact  and from our previous 
inagtietization measurements  on Au-Ni al loys,  
i t  is observed that ,  within our error, t h e  h f s  cou- 
pling is proportional to  t h e  average  magnet ic  
moment pe r  atom of t h e  alloy. 'rhus thc  propor- 
tionality found previously4 between t h e  h f s  cou- 
pling and the  magnetic moment of the hos t  metal  

in t h e  case of f/2" Au i n  F e ,  1% Au in Co, and 1% 
Au in N i  ex tends  to t h e  more concentratcd Au-Ni 
al loy sys tem.  T h e  hyperfine f ie ld  found for 1% Au 
in Ni ,  assuming I/* - 0.39, IS 340 + 10 ki logauss .  

T h e  observed i s o m c r  s h i f t  as  a function of c for 
t h e  Au-Ni a l loys ,  within the experimental error of 
about 0.1 m m / s e c ,  follows a s t ra ight  l ine  pass ing  
through the observed isomer shif t  for pure Au of 
-1.26 5 0.06 m m / s e c  (F igs .  2 and 4). In partic- 
ular, there  appears  to bc no f la t tening of the  
s lope  of dV,/dc below c - 0.03, where t h e  Au 
atoms a r e  becoming relat ively widely separa ted  
and where they might b e  expected t o  a c t  more 
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i ndepe nden t l  y . A1 so ,  the  experiment a1 resu l t s  
give n o  renc,on to invoke a change of s lope  near 
60% Au, wheie the  magnetic properties of t h e  
alloy change markedly. T h e s e  observat ions a r e  
i n  agreement with our ear l ier  measurements. 
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Fig.  4. l s a m m  Shift  a s  a Funct ion  of Composit ion for 

1 9 7 A u  Disso lved  i n  Ni w i t h  A u  i n  Pt  (IS t h e  G a m m a - R a y  

Source. 

CORRELATION OF THE M SSBAUER ISOMER SHIFT AND THE RESIDUAL ELECTRICAL 
RESISTIVITY FOR 9 7 A ~  ALLOYS' 

L. D. Roberts  R. I,. Becker  F. E. Obenshain J .  0. Thornson' 

T h e  Mossbauer isomer shif t ,  which i s  simply P t .  Since t h e  isomer shif t  assoc ia ted  with a n  
related t o  t h e  charge densi ty  a t  t h e  Mossbauer impurity and the  residual e lectr ical  res i s tance  
nuc leus ,  h a s  been measured for pure l g 7 1 \ u  and due to i t  are properties of a common conduction- 
for I g i A u  a s  an  impurity in  Cu, Ag, Ni, P d ,  and band wave  function, one  may expect  a correlation 

of the residual  res i s tance  with the  isomer shif t  
through a su i tab le  model. We have  thus  made 

'Abstract of publlshed paper: P h y s .  Rev.  137, A895 

'Consul tant  f rom the Universi ty  of T e n n e s s e e ,  Knox- 

res idual  res i s tance  as well a s  isomer-shift meas- 
urerrients a t  4.2"K for the above di lute  gold al loys.  
These measurements have  been correlated through 

(1965). 

vil le .  
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a theoret ical  model, using (1) t h e  residual  elec- 
t r ica l  res is t ivi ty  and the  Friedel  sum r u l e  to 
spec i fy  t h e  asymptot ic  wave function at t h e  Fermi 
level ,  and (2) a pseudopotential which will produce 
t h i s  asymptot ic  wave function and which is used  
to cont inue the s part ia l  wave inward t o  t h e  gold 
nuc leus  a t  t h e  origin. T h e  correlation of ou r  

experimental resu l t s ,  us ing  t h e  theoret ical  model, 
is good if we assume that  a gold impurity presents  
an a t t rac t ive  potent ia l  to  t h e  s part ia l  wave of 
t h e  hos t  s-band conduction electrons,  and i f  we  
a s s u m e  t h e  s-band f i l l ings to have  t h e  v a l u e s  1, 
1, 0.58, and 0.37 for  Cu, Ag, Pd,  and Pt. 

HYPERFINE STRUCTURE OF THE 14.4-kev GAMMA RAY OF ”Fe IN HYDRATED FERRIC AMMONIUM 
SULFATE AS A FUNCTION OF THE MAGNETIZATION OF THE SALT’ 

F. E. Obenshain I,. I> .  Koberts C. F. Coleman2 
D. W. F o r e s t e r 3  J. 0. Thomson4 

The  hyperfine s t ructure  (hfs) s p e c t r a  of the  
l4.4-kev gamma ray of t h e  nuc leus  5 7 F e  i n  the  
paramagnetic s a l t ,  hydrated ferric ammonium 
sulfate ,  have  been measured thiough t h e  u s e  of 

‘Abstract  of  a paper submit ted t o  Physical Review 

‘AERE, Harwell, England. 

3Universi ty  of Nebraska ,  Lincoln.  

‘TJniversity of Tennessee, Knoxville. 

L e f f e r h .  

t h e  Mossbauer effect. T h e s e  measurements  were 
performed a t  an absolu te  temperature T i n  t h e  
liquid-helium region in  zero applied magnet ic  field, 
and a l s o  in  t h e  presence  of appl ied magnet ic  f ie lds  
N large enough to produce a subs tan t ia l  polariza- 
t ion  of t h e  unpaired electron s p i n s  of t h e  Fe3+ 
ions .  T h e  behavior of t h e  Mossbauer l ine  widths  
and t h e  s h a p e s  and s p a c i n g s  of the  h f s  s p e c t r a  
observed here  differ markedly from t h e  h f s  spec t ra  
found for e i ther  magnetically d e n s e  or exceedingly 
d i lu te  magnetic materials. 

M6SSBAUER MEASUREMENTS OF THE 57Fe HYPERFlNE STRUCTURE COUPLING IN FeRh ALLOYS 
NEAR 50 at. % RHODIUM’ 

D. W. F o r e s t e r 2  F. E. Obenshain H. H. Wegener3 
L. D. Roberts  

Mijssbauer measurements  of the  hyperfine struc- 
ture  (hfs) spl i t t ing of the nucleus 57Fe in FeRh 
a l loys  have  been made for three a l loys  with com- 
posi t ions near 50, 52, and 53 at. % Rh. It w a s  

‘Abstract  of paper submit ted to the  Physical l i ev iew.  

‘University of N t b r a s k a ,  Lincoln. 

3 U n ~ v e r s i t y  of Erlarigen, Erlangen,  Germany. 

%niversi ty  of Tennessee, Knoxvll l r .  

J. 0. Thomson4 

found by magnetization measurements  t h a t  the 
50% sample is ferromagnetic above  100°K. T h e  
temperature dependence of t h e  h f s  of th i s  sample  
w a s  measured from 100 to 714°K. T h e  Curie  
temperature w a s  found t o  b e  710  I 4°K. T h e s e  
measurements  a r e  descr ibed  by a Brillouin function 
with S :-= 32 and H,fr(0) 7: 285 ki logauss  at  0°K. 
T h e  52% sample displayed a Curie temperature 
of 654 k 5°K. It w a s  antiferromagnetic below 
330°K and ferromagnetic above  t h i s  temperature. 
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T h e  hfs  w a s  measured from 4.2 to  670°K. In t h e  
ferromagnetic region a Brillouin function with 
S = 34 and /ifff(0) = 295 k i logauss  w a s  used  t o  
fit t h e  data .  T h e  experimental ly  observed hfs  
in  the  antiferromagnetic region fel l  below t h i s  
Brillouin function and could again b e  descr ibed 
by a Brillouin function with H,“;f(O) : 275 kilo- 
o e r s t e d s  and S = 3%. An effect ive N6el temperature 
T N  = 615 w a s  obtained from t h i s  fit.  As indicated 

above,  B(S = 31) gives  a good descr ipt ion of t h e  
hfs  for t h e  50% alloy. If i t  i s  assumed that  t h i s  
function may b e  used  to extrapolate  t h e  high- 
temperature ferromagnetic behavior to  0°K for t h e  
52% alloy, then i t  may b e  sugges ted  that  t h e  
in t r ins ic  effect ive field per iron atom [i.e.,  /feff(0)] 
is sl ight ly  lower in t h e  antiferromagnetic than i n  
the  ferromagnetic phase.  T h i s  52% sample  w a s  
obtained from J .  Kouvel and i s  a sample on which 
magnetization measurements have been made. 

2 

Comparison of the temperature dependence of the 
h f s  spl i t t ing and t h e s e  magnetization measurements 
w a s  made. ‘The ferromagnetic to antiferromagnetic 
t ransi t ion temperatures determined by both methods 
agree  very c lose ly .  At higher temperatures ,  near 
the  Curie  temperature where c r i t i ca l  f luctuat ions 
may b e  important, t h e  two curves  do not agree. 
T h e  hfs  spl i t t ing measurements d e c r e a s e  to zero 
more rapidly, giving a lower value for the  Curie 
temperature than that  obtained from t h e  magnetiza- 
tion measurements. 

T h e  theory of fluctuation e f fec ts  for the  Moss- 
bauer  effect  h a s  not been  worked out, and without 
th i s  theory it i s  difficult t o  determine t h e  curve 
of t h e  hfs  spl i t t ing a s  a function of temperature 
near  t h e  Curie  temperature. However, the  Curie 
temperature may b e  determined very well by  ob- 
serving t h e  complete co l lapse  of t h e  h f s  spectrum 
into a s ing le  l ine.  

“EXPLOSION” OF MULTICHARGED MOLECULAR IONS: CHEMICAL CONSEQUENCES OF 
INNER SHELL VACANCIES IN ATOMS’ 

T. A. Carlson 

Molecules containing atoms which undergo in- 
ternal conversion or  electron capture  a re  subjec t  
to extens ive  decomposition. T h i s  decomposition 
resu l t s  from t h e  large number of e lec t rons  that  
a n  atom l o s e s  as it ad jus t s  t o  a vacancy in  one 

of i t s  inner she l l s .  Electrons are pulled from the  
rest  of t h e  molecule t o  the  region of high posi t ive 
charge, and t h e  whole molecule l i teral ly  “ex- 
plodes” from Coulombic repulsion. 

In t h i s  paper a short review i s  f i rs t  made of t h e  
p a s t  work on  the  molecular consequences  t o  inner 
s h e l l  vacancies ,  with particular emphas is  on g a s e s  
examined with a charge spectrometer. ‘This pre- 
vious work, however, h a s  been  limited to  quali- 
t a t ive  observat ions.  A descr ipt ion i s  then given 
......... ................. ___ 

‘Abstract  of paper to b e  publ ished i n  the P r o c e e d i n g s  
of the Syniposium on Chemical  E f f e c t s  A s s o c i a t e d  with 
Nuclear  R e a c t i o n s  a n d  R a d i o a c  Live Trans  format ion, 
Vienna, Austria,  December 7-11, 1964. 

2Surnri~er par t ic ipant ,  Raker  U n i v e r s i t y ,  Raldwin,  Kan. 

R. M. White’ 

of a new charge spectrometer, which u t i l i zes  
x rays  to  in i t ia te  inner she l l  vacancies .  With t h i s  
spectrometer it i s  poss ib le  to  measure the  relat ive 
abundances of a l l  t h e  fragment ions  formed in t h e  
decomposition of the  parent molecule without t h e  
errors  that a rose  ear l ier  from a dependence of 
col lect ion efficiency on recoil energy. Further- 
more, it  h a s  been poss ib le  to measure the  recoil 
spectrum for each of t h e  ions.  

A s  a n  example, some recently acquired da ta  a r e  
given on t h e  decomposition of CH,I following 
vacancies  formed prirnaiily i n  t h e  L s h e l l  of iodine 
by x rays. T h e  decomposition is violent, with the  
molecule decomposing almost entirely into H’, 

, and In +. T h e  relat ive abundance of molecular 
i o n s  i s  very small. T h e  suns of t h e  carbon, io- 
dine,  and hydrogen i o n s  a re  in t h e  approximate 
ratios of 1 : 1 : 3, sugges t ing  that  the quantity of 
neutral s p e c i e s  is a l s o  small .  T h e  most abundant 
carbon ion is C2+,  which p o s s e s s e s  an  average 

~ 1 7  + 
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recoi l  energy of about  40 ev.  T h e  most abundant T h e s e  and other  da ta  on t h e  recoi l  and charge 
iodine s p e c i e s  is Is+, which cont ras t s  with a n  spec t ra  from CH,I are compared with ca lcu la t ions ,  
average  charge  of  e ight  from a n  a n a l y s i s  of Xe us ing  a model of a multiple-ion Coulomb "ex- 
i o n s  produced with x rays  of t h e  s a m e  energy. plosion." 

ELECTRON SHAKE-OFF RESULTING FROM K-SHELL IONIZATION IN NEON MEASURED AS A 
FUNCTION OF PHOTOELECTRON VELOCITY 

T. A. Carlson 

T h e  relat ive abundances  of the  differently 
charged i o n s  that resul t  from photo-ionization in  
t h e  K s h e l l  of neon were measured with a spec ia l ly  

designed m a s s  spectrometer. Results were ob- 
ta ined as  a function of t h e  x-ray energy from 17.5 
t o  0.93 kev  with t h e  a id  of charac te r i s t ic  l i n e s  
from a variety of targets .  T h e  charge  spectrum 
a t  1.5 kev is a s  follows: Ne', 8.1 1 0 . 7 ;  Ne2', 
100 S0.7;  Ne", 29.6 1 0 . 4 ;  Ne4+,  4.3 i0.2; N e 5 + ,  
0.4 t 0.1. At  higher energ ies  t h e  spectrum, with 
the  except ion of charge 1, remained essent ia l ly  
the same. At lower energies ,  however, t h e  relat ive 
abundances for ions  of charges  greater than  2 
began  t o  drop at  about 300 ev above t h e  K e d g e  

'Abstract of paper to be submitted t o  the P h y s i c a l  
Rev iew .  

M. 0. Krause  

of neon,  where the  veloci ty  of t h e  photoelectron 

i s  1.0 x l o 9  cm/sec. F r o m  th is  da ta  and from 
previous d a t a  taken with x rays j u s t  above t h e  
K edge,  t h e  extent  of e lectron shake-off a r i s ing  
from photo-ionization h a s  been  a s s e s s e d .  Spe- 
c i f ica l ly ,  i t  w a s  found t h a t  when t h e  photoelectron 
l e a v e s  the  K she l l  of neon with a veloci ty  high 
enough to g ive  validity t o  t h e  sudden approxima- 
t ion,  there  is about a n  18% probability for e lectron 
shake-off, which agrees  well with calculat ions.  
In addition, the  amount of e lectron shake-off h a s  
b e e n  experimentally obtained under condi t ions 
where t h e  sudden approximation no longer holds .  
Final ly ,  i t  h a s  been poss ib le  to s e t  upper l imits  
for t h e  probability of double  K and K L  photo- 
e lectron emission,  which cannot  a r i s e  from electron 
shake-off. They are  1 and 5% respect ively.  

MULTIPLE IONIZATION IN ATOMS AND ITS RELATIONSHIP WITH ELECTRON CORRELATION 

T. A. Carlson M. 0. Krause  

T h i s  report g i v e s  the  resu l t s  of ail invest igat ion been  found with Auger processes, namely, t h e  
K-LL t ransi t ion in  N e  (ref. 1) and t h e  L-iVM transi- 
tion i n  Ar. 

on photo-ionization in the outer s h e l l s  of He, Ne, 
and Ar. T h e s e  resu l t s  h a v e  shown that  t h e  p r o c e s s  
often o c c u r s  with the eject ion of more than one  
electron.  1,i kewise, double  e lectron emiss ion  h a s  ical Review ~ e t t r r s .  

IT. A .  Carlson and M. 0. Krause ,  submitted to Phys-  
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Earl ier  measurementsz p 3  on t h e  extent  of ioniza-  
t ion resul t ing from atomic readjustment to inner 
she l l  vacancies  showed m o r e  than had been  pre- 
d ic ted  by calculat ions,  b a s e d  on models depict ing 
photo-ionization and subsequent  Auger p r o c e s s e s  
as events  that  involve t h e  emission of only one 
electron,  In the present  s t u d i e s  t h i s  “ e x c e s s  
ionizat ion” h a s  b e e n  examined more carefully by 
avoidance of t h e  complexi t ies  of readjustment t o  
v a c a n c i e s  in t h e  inner s h e l l s .  That  i s ,  a vacancy 
produced in the  outerinost s h e l l  of t h e  rare g a s e s  
cannot g ive  rise to  subsequent  Auger p r o c e s s e s ,  
and ionizat ion may b e  attributed so le ly  t o  photo- 
electron emission.  In the  case of Auger processes ,  
we  have  avoided complexity by  producing a va- 
cancy i n  t h e  penultimate s h e l l  with x rays having 
only enough energy t o  c a u s e  photo-ionization, but 
not enough t o  g ive  r i se  t o  any additional e lectron 
exci ta t ion and/or removal, so that  “ e x c e s s  ioniza-  
t ion” m u s t  a r i s e  only from t h e  s ingle  Auger proc- 
ess allowed, 

T h e  invest igat ion of multiple ionizat ion w a s  
b a s e d  on measurements of t h e  relat ive abundances 
of t h e  differently charged i o n s  formed a s  t h e  resul t  
of x irradiation, ’The s t u d i e s  were carried out with 

*M. 0. Krause el af., Phys .  Rev. 133, A385 (1964). 

3T. A. Car lson  and M. 0. Krause,  t o  be publ ished in 
the  Physical Hevierv. 

a spec ia l ly  designed m a s s  spectrometer  a t  g a s  

pressures  low enough to preclude ion-molecule 
react ions.  T h e  equipment and experimental pro- 
cedures  h a v e  been descr ibed elsewhere.  

Reswlts 

In Table  1 are  l i s ted  the charge spec t ra  for He, 
N e ,  and Ar ions ,  f o r m d  a s  the  result of x irradia- 
tion. In e a c h  case only photo-ionization in  t h e  
outer s h e l l  i s  energet ical ly  possible .  We discover ,  
therefore, tha t  multiple e lectron eject ion i n  photo- 
ionizat ion i s  a rather common event  for t h e  outer  
s h e l l s .  I t  will b e  also noted from T a b l e  1 that  
the  extent  of multiple ionization i s  fairly cons tan t  
over  a fairly wide range of x-ray energies .  Pre- 
vious to  t h e s e  s tud ies ,  t h e  only other  experimental 
determination of double photo-ionization w a s  ob- 
ta ined  f rom absorption d a t a  of Ar i n  which electron 
eject ion f rom t h e  M she l l  accompanied K photo- 
ionization in about 1 t o  3% of the  T h i s  
value was  obtained under condi t ions where contri- 
but ions from electron shake-off were supposedly 
negligible. 

4H. W. Schnopper, Phys .  Rev.  131, 1558 (1963). 

’ C .  Bonnel le  and F. U‘uilleumier, Compt. Rend. 256, 
5106 (1963). 

T a b l e  1. Mul t ip le  Ion iza t ion  a s  the Resu l t  of Photoelectron E m i s s i o n  in the Outer Shel ls  of Rare Gases 

X rays  a r e  produced by bombarding a W t a rge t  wlth e lec t rons  of energy 

Rela t ive  Abundance 
~ ~~~~ ...... ......... .......... -~~ .~ ~ .......... 

Ne Ar 
. ....... ......... 

He Charge 

of Ion .- 
A R C D B C E F G 

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

1 100 100 100 1 0 0  100 100 100 100 1IJo 

2 4.0 f 1.4 3.8 i 0.4 3.4 i 0.4 11 f 4 13.7 kO.5 11.8 i 0.6 11 1 3  17 = 2  14 + 2  

3 2 1 2  0.8 f 0.1 0.4 * 0.1 0.9 + ,J.6 

A :  Emax 3.4 kev;  f i l ter  450 pg/cm2 of Ni. 

B: E m a x  
C :  

n: Emax = 850 ev;  f i l ter  = 450 ug/crnz of C u  t 110 :ig/cm2 of polystyrene.  

E: Emax 23t i  ev;  f i l ter  230 p g / c m 2  of polystyrrnc.. 

F :  Emax = 236 ev; f i l ter  = 65 ,ug/cm‘ of polystyrerie. 

G: E , n a x  220 ev; f i l ter  = 65 p g / c m 2  of polystyrene.  

800  ev; f i l ter  = 230 / ~ g / c m ‘  of polystyrene.  

= 3 0 0  ev ;  f i l ter  = 65 p g / c m 2  of polystyrene.  
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Table 2. Study of Mul t ip le  lon izo t ion  Fo l lowing  

the L ,  ,, , , , -MM Auger Trans  i t  ion 

Rela t ive  Abundance a t  fZm,,(ev)a of :  
_._._ ~ ........ Ion 

400 31.5 276 265 

A r t  13.0 t 0 . 7  2 5  * 1 64 f S  73  * 5 

A r 2 +  100 100 100 100 

Ar3’ 11.8 4 0.7 11.2 11.1 10.4 + 1.4 9.5 f 1.0 

Ohlaximum energy of bremsstrahlung as  produced f i o m  

W target  and passed  through filter o f  230 ~ ~ g / c r n ~  of 

polystyrene.  

In T a b l e  2 a re  l i s t e d  r e s u l t s  on Ar i n  which 
v a c a n c i e s  were principally formed i n  t h e  L,,,,,, 
she l l ,  T h e  x-ray source  w a s  t h e  bremsstrahlung 
from a tungsten target as p a s s e d  through R 230- 
pg /cm polystyrene f i l ter .  Of par t icular  in te res t  
are t h e  resu l t s  in the  l a s t  column, for in  t h i s  run 
the maxirnum energy (Emax) poss ib le  for an x ray 
was 265 ev. Under t h i s  condition, L I l , r r I  vacan-  
cies are crea ted  by x rays  with energy insufficient 
to create further ionization. (The  L,,p,,, binding 
energ ies  a r e  244 and 246 ev ,  and t h e  minimum 
energy necessary  t o  remove a n  extra  e lectron is 
about 29 e v  higher. ‘) In such  an event  o n e  should 

expec t  to find only Ar”, s i n c e  photo-ionization 
can  remove only o n e  electron,  while  t h e  L,,D,,I-MM 
Auger p r o c e s s  (which occurs  with near ly  100% 
probability) will e jec t  a second.  Ion:; of higher  
charge a r e  ev idence  for multiple ionizat ion result- 
ing from t h e  Auger process .  Vacancies  can a l s o  
b e  produced in t h e  M she l l ,  but they give r i s e  
primarily tu Art, and t h e  small  contiibution of 
t h e  more highly charged ions  c a n  be evaluated 
from t h e  charge spec t ra  of Ar i n  Table  1. Since 
t h e  polystyrene f i l ter  strongly t ransmits  x rays 
j u s t  below t h e  carbon e d g e  (284 ev), most of t h e  
L v a c a n c i e s  formed i n  t h e  other runs given in 
T a b l e  2 occur  with x rays of energ ies  below 284 

- 
t 

6 ~ n e  ioniza t ion  potent ia l  for Ar with a 2 p  hole has 

b e e n  obtained (1) f r o m  a Hartree-Fock so lu t ion  for Art 
u7ith t h e  proper configuration (29 ev) and (2) by  inter- 

polat ing be tween the ionizat ion poten t ia l  for  K I1 and 

Ar I with the h e l p  of Slater’s rules for s c r e e n i n g  con- 

s t a n t s  (29 e ~ ) .  

e v ,  t h u s  essent ia l ly  eliminating the c h a n c e  for 
producing vacancies  i n  t h e  L ,  she l l ,  whose  binding 
energy i s  287 ev. X rays of energ ies  between 
284 and 273 e v  c a n  a l s o  g ive  r i s e  to  multiple 
photo-ionization, and t h e  differences between t h e  
d a t a  talien a t  higher Emax and t h e  resu l t s  i n  t h e  
l a s t  column a r e  due to contributions f rom double  
photo-ionization. 

Electron Shake-Off 

P a r t  of t h e  multiple ionization observed both 
in  photo-ionization and in Auger p r o c e s s e s  comes 
from electron shake-off a s  t h e  resul t  of a sudden 
change  i n  effect ive charge. T h i s  contribution 
can  b e  ca lcu la ted  b y  u s e  of t h e  sudden  approxima- 
tion from i h e  following equation: 

where Pn, i s  the  probability for a n  electrori to 
vaca te  i t s  s h e l l  as  given by t.he principal and 
angular quantum numbers, n and I, and $ii and $1 

a r e  s i n g l e  e lectron wave funct ions for the  initial 
and f inal  s t a t e s .  Solutions to t h e  wave funct ions 
were obtained from IIartree-Fock ca icu la t ions  for 
t h e  appropriate configurations. ’ Since  not a l l  
e lectrons,  upon vacat ing their  she l l ,  go into t h e  
continuum, t h e s e  ca lcu la t ions  represent  an upper 
l i m i t  to shake-off, although most v a c a n c i e s  do 
resul t  in  ionization. In the  c a s e  of helium, wave  
funct ions for all the  bound s t a t e s  of I-le +, including 
t h e  exc j ted  s t a t e s ,  ate well known; so we may 
ca lcu la te  a l l  t ransi t ions that  will not lead  to  
ionizat ion and, U ~ J O ~  subtract ing t h e s e  va lues  
from unity, obtain a more exac t  probability €or 
ionizat ion.  ’The resu l t s  of the  electron shake-off 
ca lcu la t ions  are given in column 3 of T a b l e  3. 
It can be s e e n  that, i n  every c a s e ,  electron shake-  
off i s  unable  to sccount  for t h e  bulk of the  o b  
served  “ e x c e s s  ionization.” We have  ass igned  
t h i s  role to  t h e  phenomena of electron correlat ion,  

f 

7These so lu t ions  were computed on the  160.1-A from a 
codc d e v i s e d  b y  Char lo t te  Froesr. 

‘Though t h i s  is not the c a s e  i n  Ne, i t  d o e s  seem to 
b e  t rue for the other rare p;ises lcf. A. E. S. Green. L 

Phys .  Rev. 107, 1646 (19.57); T. A. Carlson, Phys.  Rev.  
130, 2361 (1943)] .  
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T a b l e  3. Summary of Studies Showing Poss ib le  Contr ibut ions to Mul t ip le  Ionizat ion f r o m  Elect ron  Correlat ion 

~ 

Percent  of E x r e s s  Ionizat ion 

Study 
Experiment 

E le  c t r on 

Shake -Off a 

Elec t ron  

Correlat ionb 

~~ .......... __  . . . . . . . . . . - . _ _ ~ ~ _ _ _ _ _ .  

Photo-ionizat ion in  K s h e l l  of He 3.7 1.0 2.7 

Photo- ionizat ion in  L s h e l l  of Ne 12.7 4.6 8. I 

Photo- ionizat ion in M s h e l l  of Ar 13.5 3.8 9.7 

Photo- ionizat ion in K s h e l l  of Ne 

K - L L  Auger process  in  Ne 7.5 0.5 7.0 

< l C  

L-M,V? Auger process  in  Ar 9.2 0.7 8.5 

aExcept  for He t h e s e  ca lcu la ted  va lues  represent  a n  upper limit. 

bExperiment  -- e lec t ron  shake-off. T h i s  unexplained remainder is interpreted a s  a r i s ing  from the e f fec ts  of e lec-  

‘This  va lue  w a s  arr ived a t  from a n  interpretat ion of da ta  taken  with x-ray energ ies  in e x c e s s  of double K ioniza-  

tron correlat ion.  

tion. 

Electron Correlation 

A descr ipt ion of photo-ionization or an Auger 
process  usual ly  avoids the  many-body a s p e c t  of 

the  atom. To designate  the  ini t ia l  and f inal  s t a t e s  
as many-electron-wave funct ions in  t h e  form of 
antisymmetrized sums of products  of orthogonalized 
single-electron s t a t e s  means that  a perturbing 
energy in t h e  form of a one-part ic le  operator 
(photo-ionization) can e jec t  only one  electron. 
Similarly, a peiturhing energy i n  the form of a 

two-electron operator (Coulomb interact ion)  may  
involve only two electrons,  of which o n e  is in 
the continuum in t h e  case of an Auger process .  
With real  functions, we expect  departures  from 
t h e s e  rules  of t h e  magnitude determined by t h e  
electron correlation present  in the actual  s t a t e s .  

Recent  experimental resu l t s  on multiple exci-  
tation by far-ultraviolet radiation have prompted 
Fano and Cooper to  ini t ia te  theoret ical  invest i -  
gat ions into the  problem of electron correlation. 
It i s  hoped that  the  present work on multiple 
ionizat ion will help form a wider experimental b a s e  
for the many-body problem of t h e  atom. In the 
a b s e n c e  of a fully-worked-out theory with which 
to compare our resul ts ,  some general izat ions might 

___ 
’U. F a n o  and J. W. Coopcr ,  to b e  publ ished.  

be  made regarding the  ( ( e x c e s s  ionizat ion,”  which 
we h a v e  interpreted a s  be ing  related to  e lectron 
correlation (cf. column 4, Table  3) .  

1. T h e  extent  of ionization i n  t h e  outer  oc te t  
(i.e., for N e  and Ar) s e e m s  to  b e  independent 
of 2, although let i t  b e  noted that t h e  effect ive 
charge in both t h e s e  c a s e s  d o e s  not change ap- 
preciabl y. 

2. Additional e lectron eject ion i s  independent 
of t h e  nature of t h e  process  ini t ia t ing t h e  ioniza- 
tion, but  depends on t h e  particular she l l  of t h e  
particular atom in which the  primary electron i s  
reinoved. That  is, an Auger event  produces about 
the same amount of “ e x c e s s  ionizat ion” a s  d o e s  
photoelectron emission,  when one  coiiipares t h e  
same she l l  of t h e  same atom from which t h e  primary 
electron i s  emitted, although t h e  comparison i s  
complicated by the  fac t  that in  an Auger process  
a second electron drops into the inner s h e l l  va- 
cancy.  

3. Examination of the  extent  of ionizat ion in 
t h e  K s h e l l s  of He and N e  shows a d e c r e a s e  in 
I (  e x c e s s  ionizat ion” with Z.  Oversimplifying t h e  
picture, o n e  might expect  that  an increase  i n  ef- 
fec t ive  charge c a u s e s  a corresponding increase  
in t h e  central  potential, but d o e s  no t  subs tan t ia l ly  
a l ter  the  interaction between the e lec t rons  of a 
given she l l ,  thereby l e s s e n i n g  t h e  e f fec ts  of elec- 

tron correlation. 

. 
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EXPERIMENTAL EVIDENCE FOR DOUBLE ELECTRON ~ ~ ~ S ~ ~ ~ N  IN AN Ae) 

T. A. Carlson M. 0. Krause 

Measurements were made on the relat ive abun- 
d a n c e s  of neon i o n s  resulting from photo-ionization 
with x rays  o f  energ ies  j u s t  above  the K edge.  
At t h e s e  energ ies  no multiple ionization c a n  a r i s e  
directly f rom t h e  photoelectron emiss ion  but must 

I__- 

'Abstract of paper submit ted t o  P h y s i c a l  Review 
Letters . 

b e  attributed to t h e  subsequent  K-LI ,  Auger proc- 
ess .  From the relat ive ahundairce o f  N e 3 '  to 
Me' ', i t  w a s  determined that  (7.5 t 1.0):: doubie 
electron eject ion o c c u r s  i n  the K - L L  Auger p r o c e s s  
of neon. Calculat ion of contributions from dec t ron  
shake-off accounted f o r  only 0,5%, and therefore 
i t  is sugges ted  that  t h e  "excess  ionization" comes 
from t h e  phenomena of electron cortelation. 

ATOMIC READJUSTMENT TO VACANCIES I THE K AND I, SHELLS OF ARGO 

T. A. Carlson M .  0. Krause 

T h e  relat ive a b u n d m c e s  have  beken measured for 
t h e  argon ions  formed a s  the  resul t  of atomic re- 
adjustment to vacancies  in  t h e  K and L s h e l l s  of 
argon. Ini t ia l  v a c a n c i e s  were produced by x rays ,  
and t h e  ions were analyzed with a magnet ic  spec-  
trometer such  as that  u s e d  by Snel l  and Pleasanton  
i n  their work on radioact ive rare  gases .  A new 
source  volume for extract ing t h e  ions w a s  u s e d  
and i s  descr ibed.  Measurements were n a d e  of 
charge s p e c t r a  resul t ing from x l a y s  of t h e  ap- 

'Abstract  of paper  to  be published i n  the  P h y s i c a l  
K e vi e w. 

proximate energies ,  17.5, 4.5, 1.5, and 1.0 l e v .  
'The spec t ra  obtained with x-ray energ ies  abavc  
t h e  K e d g e  of argon bore a c l o s e  resemblance to 
t h a t  obtained from 37Ar -C3'Cl. For compar- 
ison with the experimental resu l t s ,  e a c h  of t h e  
charge spec t ra  was computed from knowledge of 
radiat ive and Auger t ransi t ion rates. In addition, 
ca lcu la t ions  were made of t h e  electron shake-off 
that a r i s e s  from sudden changes  in the effect ive 
charge.  In general, the agreement between the 
ca lcu la ted  and t h e  experimental va lues  is good, 
although there  i s  some evidence  that  there  may 
be other  s o u r c e s  of additional ionization. 

DETERMINATION OF THE L ENERGY LEVELS IN KRYPTON BY THE PHOTOELECTRON METHOD' 

M. 0. Krause 

Energ ies  of the photoelectrons K r  Ll,II,IIJMo 

",), Kr LJMo L p ) ,  Kr L,('Ti Ka) ,  and Kr L,(Cr K,) 

were measured with a 90" e lec t ros ta t ic  analyzer  
having spherical  sec tor  Plates. KrYptotl w a s  ir- 
radiated i n  t h e  g a s e o u s  phase.  The binding ener- 
g i e s  of t h e  krypton L e lec t rons  were determined 
with a n  accuracy of about 1 e v  a s  follows: I , ~  = 

1922 e v ,  EI l  = 1727 ev ,  LIII  = 1675 ev. 
'Abslract of paper to be submitted to the 

Review. 
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INFRARED SPECTRAL STUDY OF SECOND-ORDER ~ ~ ~ ~ ~ I ~ ~ Q ~ ~  DN CF, 

K. G. Steinhardt '  H. W.  Morgan P. A. Staats 

T h e  infrared spec t ra  of CF, in  t h e  liquid and i n  
the so l id  s t a t e  have  been recorded a t  many dif- 
ferent temperatures, using a low-temperature liquid 
ce l l . '  Three  absorption bands  wDre s tudied,  the  
I ) ,  fundamental and t h e  combination bands  (v, + v l )  
and ( v 4  v2). All other absorpt ions were ei ther  
too weak, too in tense  ( the  fundamental v 3 ) ,  or so 
badly overlapped by other bands  that t h e  contours 
could not be  accurately determined. 

absorpt ions exhibit large 
discont inuous changes  in band width at  t h e  second-  
order transition temperature (76'~K), and smaller  
discont inuous changes  upon pass ing  through the 
melting point. T h e  second-order t ransi t ion dis- 
continuity occurs  over an experimental temperature 

'The i ' 4  and ( 1 1 ~  + 

__ . . . .- 

'Hol l ins  Col lege,  H o l l i n s  Col lege,  Va. 

2R.  G. Steinhardt, M. W. Jordan, a n d  G. E. S. F e t s c h ,  
following paper i n  th i s  report. 

range of l e s s  than ?;"K. T h i s  i s  the  f i rs t  reported 
observation of such  a t ransi t ion in infrared spectra .  
T h e  change in t h e  fundamental v4 is shown in 
Fig.  1. T h e  combination band ( I ' ~  t I, ' ,)  shows 
virtually no change  a t  e i ther  the  first-order (melting 
point) or second-order t ransi t ion temperatures, 
as  shown in Fig. 2. It appears  from t h e  half-widths 
and integrated absorbance that  t h e  absorption 
by t h i s  band  is not influenced by  t h e  onse t  of 
res t r ic ted rotational motion in t h e  1att.ice. 

I n  an attempt t o  explain t h i s  spec t ra l  behavior, 
the  theory of Guthrie and McCuilough3 was reex- 
amined, and calculat ions were made for CF, 
molecules  in various or ientat ions in  t h e  la t t ice .  
It w a s  indicated that the  second-order transition 
i s  a t ransi t ion from molecules  librating about a 

s i n g l e  equilibrium orientation (probably o n e  2', 
orientation) t o  molecules  ab le  t o  reorient between 
a l l  the T ,  and C," or ientat ions.  Such a t ransi t ion 

ORNL DWC 64-1134t 3G. B. Guthrie a n d  J. P. McCullough, J .  Phps. Chem. 
17p Sol1d.s 18, 53 (1951). 

~- t5p ' 6 P  __ -~ ~ ~~~ 

LIQUID PH4SE 111°K 

SOLID Pi iASE 84°K 
SOLID PHASE 69°K 

. . . . . . - 
-_.- 

-. .. . ... . .. 
L I Q U I D  PHASE l l i ° K  

S O L I D  P H A S E  %4 "K 
69 O K  

- - - - - - - 
- -_ 

Fig. 1. The I ' ~  Bond of  Carbon Tetrafluoride a t  625 Fig. 2. The ( I / ~  i 1 ~ ~ )  Band of Carbon Tetrofluoride a t  

crn-1. 1066 c m - ' .  



15 

gives  a n  entropy change i n  agreement with that  

of Eucken  and Schroder,4 T h e  model also is con- 

sisterit with t h e  nuclear  magnetic resonance  d a t a  
of Aston,  Stottlemeyer, and Murray. 

._._._.I. 

There  is as ye t  no explanat ion for t h e  observed 
difference i n  behavior  of t h e  (u4  i- v2) band. 
Calcu la t ions  a r e  continuing, based  on our model 
of t h e  CF4 orientations, and m o r e  prec ise  infrared 
measurements, analyzed by computer, a r e  expected 

s tudied and to  provide band width and intensi ty  
da ta  on additional bands. 

4A. Eucken  end 15. Schroder, z. P h y s i k .  Chem. 641, to provide better data on the absorptions already 
307 (1938j. 

J .  Am. Cheni. Soc.  82, 1281 (1960). 
J. 6. Aston ,  Q. R. Stottlemeyer, and 6. R. Murray, 5 

INFRARED ABSORPTION SPECTRA OF LlQUlD BORON TRIFLUORIDE' 

R. G. Steinhardt'  M .  VI. Jordan '  G. E. S. F e t s c h 2  

T h e  absorpt ion spectrum of liquid BF, a t  163'K 
h a s  been  experimentally s tudied from 400 to 3000 
cm--'. Virtually all of the  absorption p e a k s  h a v e  
been posi t ively identified and compared with 
previous infrared s t u d i e s  of BF3 in t h e  so l id  and 

'Abstract  of paper submit ted to the Journal  of Chern- 
icol Physics .  Work performed a t  OKNL, under ORINS 
contract  5807. 

Holl i i is  Col lege,  Hollins College, Va. 2 

g a s e o u s  s t a t e s ,  as well as  with a previous Raman 
s tudy  of t h e  liquid. There  is no ev idence  of an 
appreciable  concentration of dimer in t h e  liquid. 
However, t h e  magnitude of the frequency shif t  of 
t h e  symmetr ical  bending mode in comparing t h e  
gas with the liquid s u g g e s t s  tha t  there  may b e  
appreciable  assoc ia t ion  in t h e  liquid a s  wel l  as 
i n  t h e  sol id .  Previous  reports of anomalies  i n  t h e  
viscosi ty  and entropy of vaporization of BF, have  
been shown t o  b e  in error. 

LOW-TEMPERATURE LlQUlD INFRARED ABSORPTION CELL 

H. W. Morgan P. A. Ctaats  R. G. Steinhardt 

I ,  1 h e  physical  charac te r i s t ics  of infrared trans- 
parent mater ia ls  have  made difficult the  design 
and construction of liquid or g a s  absorption cells 
which remain vacuum t ight  when cyc led  over  a 
la rge  temperature range. A rather complex liquid 
cell for low temperatures w a s  descr ibed  by Holden 
et t d . , 2  while  simpler c e l l s  h a v e  been  used  by 

McMahon c t  n l .  and Ewing. E a c h  of t h e s e  cells 
h a s  had some disadvantage i n  complexity, i n  
sample  volume, or in  versat i l i ty .  

A low-temperature liquid c e l l  h a s  been  con- 
s t ruc ted  by modification of the convent ional  s e a l e d  
infrared ce l l .  I t  h a s  been  repeatedly cyc led  through 
t h e  range 300-77°K; by the  u s e  of var ious l iquids  

'Hollins c o l l e g e ,  IIoll ins c o l l e g e ,  ~ a .  

'K. B. Holden, W. .J. Taylor,  and H. L,. Johnston, 
J. Opt. Soc .  Am. 40, 757 (1950). 

3 € - 1 .  0. McMahon, R. M. Hainer, and 6. W. King,J. Opt. 

4G. E. Ewing,  J .  Chern. P11ys. 37, 22.50 (1942). 

Soc. Am. 39, 786 (1949). 



at their boiling or f reezing points, ;he c e l l  h a s  
been maintained a t  fixed intermediate temperatures  
for extended periods. T h e  liquid c e l l  i s  formed by a 

gold-foil spacer  pressed between two circular  win- 
dows.  T h e  windows must have  some plast ic i ty  t o  
make a vacuum-tight s e a l .  Cesium broinide i s  nor- 
mally used,  though s i lver  chloride works sa t i s -  
factorily and i s  less subjec t  to  chemical  a t tack.  
T h e  c e l l  i s  s e a l e d  by pressure  applied through 
a spec ia l ly  designed ring, a s  shown in Fig.  1. 
Pressure  is appl ied through eight  bo l t s  dis t r ibuted 
around the  perimeter. T h e s e  bol t s  are  t ightened 
until t h e  ring shows a s l ight  deformation. Two 
small  p i e c e s  of gold foil placed near t h e  center  
of t h e  sample a rea  minimize changes  in c e l l  
th ickness  as the  window deforms s l ight ly  under 
pressure.  The  sample a rea  h a s  a maximum aper- 
ture  of 1 in., which may b e  reduced by t h e  des ign  
of t h e  spacer .  Access t o  t h e  sample volume i s  
provided by two t2- in . - ID s t a i n l e s s  s t e e l  tubes  
connected t o  va lves  outs ide the  vacuum jacket .  
A vacuum-tight sea1 of the  access l ines  to t h e  
c e l l  i s  made by an indium gaske t .  

'The c e l l  is cooled by conduction, the housing 
being a part of the b a s e  of a thin-walled s t a i n l e s s  
s t e e l  Dewar. T h e  Dewar mounts in  a vacuum 
jacket  with two infrared transmitting windows. 
'To minimize radiation l o s s  and to prevent cor- 
rosion, a l l  par t s  of the c e l l  other than windows 
and s t a i n l e s s  s t e e l  are gold plated. 

For u s e  with condensable  g a s e s ,  o n e  access 
l ine i s  coupled to the  gas supply and the  second 
to a vacuum line. After evacuat ion of the  c e l l  
and vacuum jacket ,  the  Dewar i s  cooled to  t h e  
temperature at which the g a s  will liquefy, and 
t h e  sample i s  admitted into t h e  ce l l .  When the  

liquid level  h a s  passed  t h e  top of t h e  sample  
area,  the  access l i n e  i s  s e a l e d  and the  spectrum 
taken. T h e  sample  c a n  usual ly  b e  removed by  
applying vacuum to t h e  access tubing, and the  
c e l l  immediately checked  if necessary  for window 
bands.  In  using l iquids ,  the  sample i s  placed in  
the c e l l  b y  suct ion or pressure,  a t  room tempera- 
ture, and t h e  Dewar is then cooled. 

T h e  ce l l  opera tes  re l iably and i s  s imple to as-  
semble  and disasseinble  for cleaning or modifica- 
tion. Spectra have  been recorded of liquid methane, 
e thane,  and other  hydrocarbons, as  well a s  liquid 
HFJ and solut ions of BF3 in liquid Xe. 
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Fig. 1. Low-Temperature Infrared Cel l .  

SlMPhlFlEB CONSTRUCTION OF A ~~~~~~~~~~~ VISIBLE LASER'  

K. L. Vander Sluis  G. K. Werner P. M. Griffin 
P. A. S taa ts  13. W. Morgan 0. 13. Rudolph 

Detailed instruct ions a r e  given for the  construe- a 60-crn confocal resonator with a few mil l iwat ts  of 

tion of a simple, inexpensive dc-powered helium- coherent power output and rich mode structure. 
n r o n  l a s e r  with 6328 A output. T h e  design i s  for  Variat ions t o  t h e  b a s i c  des ign  are suggested.  

B a s i c  demonstrations that c a n  b e  per fumed with 
of Phys ic s  for publication in  March 1965. the  l a s e r  are descr ibed.  

. . . . . . . . . . . . . .- 
'Abstract  of paper accep ted  by the A m c r i c a n  Journal 
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EFFECT OF PLASMA POTENTIAL ON MINIMUM-B STABILITY’ 

T. K. Fowler  

T h e  early proofs that magnet ic  w e l l s  (minimum-B) 
inhibi t  interchange ins tab i l i t i es  applied only to 
charge-neutral p lasmas  a t  low pressure.  Recent ly ,  
H a s t i e  and Taylor’ have  shown tha t  s tab i l i ty  
p e r s i s t s  t o  high plasma pressure.  We h a v e  now 
found that  Stability p e r s i s t s  a l s o  d e s p i t e  t h e  s iz -  
a b l e  plasma potent ia l  expected to  develop b e c a u s e  
of the  difference in  ion and  electron loss r a t e s  
with mirror confinement. T h e  potent ia l  $I h a s  two 
des tab i l iz ing  inf luences:  interchange moves a net  
charge outward from t h e  charge center  and thereby 
reduces  the potent ia l  energy, and it moves a ne t  
charge toward weaker f i e l d s  and thereby reduces  
E x B drift energy. However, s i n c e  we find t h a t  
vq5 and ‘JB a r e  paral le l ,  i n  a magnetic well t h e s e  

‘Abstract  of paper submit ted to  t h e  Phys ic s  of Fluids.  

‘K. J. H a s t i c  and J. B. Taylor,  Phy.s. Le f t e r s  9,  241 
(1561); Phys.  Rev. L e t t e r s  13, 123 (19b4). 

energy d e c r e a s e s  a r e  a lways  compensated by a n  
i n c r e a s e  in  magnet ic  potent ia l ,  pB. W e  es t imate  
e+ T e  and 1‘1 1n ‘\ R, t h e  plasma radius. 
Then t h e  changes  in  e lec t r ic  potent ia l  energy 
and drift energy are  smaller  than the  change  i n  
magnetic potent ia l  by fac tors  (h, ,e/R)2(B/:2B) and 
(a,/R)’((B/AB) respect ively,  where AD e is the  
Debye length,  ai t h e  ion gyroradius, and AB t h e  
magnetic well depth. Thus  previous s tabi l i ty  
cr i ter ia ,  neglect ing t h e  e lec t r ic  energies ,  remain 
valid, and s tabi l i ty  is assured  if t h e  plasma pres- 
sure  is maximum a t  t h e  magnet ic  
Equilibria having t h i s  property c a n  b e  exhibited. 
Recent  experiments  by  Gibbons and L a z a r  in 
which f lu tes  in  arcs are  suppressed  by very sha l -  
low magnetic wel l s  give qua l i ta t ive  support to  
our  resu l t s .  

3 J. E3. Taylor,  Phys.  Fluids 7, 767 (1964); H. P. Furth, 
Phys .  Rev.  L e t t e r s  11,  308 (1963), 

BOUNDS ON PLASMA FLUCTUATIONS AND ANOMALOUS DIFFUSION’ 

‘I?. K. Fowler  

Upper l imi t s  on the  intensi ty  and growth rate  of 
plasma f luctuat ions a r e  ca lcu la ted  from purely 
thermodynamic considerat ions.  From t h e s e  l imits  
a n  upper bound on diffusion a c r o s s  a magnet ic  
f ie ld  by microinstabi l i t ies  is est imated.  Experi- 
mental r e s u l t s  (30 not v io la te  the  bound. At low /3 
t h e  dominant contribution to t h e  bound is thermal 
energy which f e e d s  f luctuat ions through a mech- 
anism akin to  expansion cooling of a g a s ,  p o s s i b l e  
only i n  f ini te  p lasmas .  A rapid d e c r e a s e  i n  
anomalous diffusion i n  d ischarge  af terglows when 
the radius  H e x c e e d s  a cr i t ical  value,  R o  ‘l’ 10-20 
ion gyroradii, c a n  b e  explained if t h e  instabi l i ty  
radial  wavetength, a parameter in  t h e  theory, is 

‘Abstract  of paper submit ted to the Phys ic s  of Fluids.  

~ 

< rest r ic ted t o  - R 0 .  Then the  bound on t h e  
s t o c h a s t i c  diffusion coeff ic ient  d e c r e a s e s  l ike R U 3  
i f  R > R o .  With th i s  res t r ic t ion on wavelength, 
t h e  bound u s e d  as a s c a l i n g  law predic t s  ade-  
quately long thermonuclear confinement (* 0.1 s e c )  
it1 a torus  of 100-cm minor radius  If  t h e  torus  is 
s tab i l ized  aga ins t  f requencies  below t h e  ion 
cyclotron frequency, now perhaps  feas ib le .  Other- 

wise ,  low-frequency resonant diffusion may limit 
containment. T h s  resul t  holds  a t  l e a s t  u p  to  {j of 
a few percent. 

Bounds on veloci ty  diffusion a r e  obtained, also. 
Both s p a t i a l  and veloci ty  diffusion a re  s low if 
e lec t rons  a re  cold compared with ions ,  which may 
account  for observat ions in  p lasmas  c rea ted  b y  
energe t ic  ion inject ion.  



T. K. Fowler 

A previous invest igat ion of ambipolar scat ter ing 
l o s s e s  of p lasmas  confined by magnetic mirrors 
h a s  been extended. The  aim i s  to cover specif-  
ically the  new c l a s s  of experiments  ini t ia ted by  
Ioffe,‘ which a re  designed to t e s t  t h e  minimum-B 
stabi l izat ion principle. Character is t ical ly ,  t h e  
mirror ratio i n  t h e s e  experiments  i s  small ,  and 

often Te/Ti  0.1, so that  a s i z a b l e  plasma po- 
ten t ia l  presumably develops.  F o r  one charge 

s p e c i e s ,  t h e  plasma potential effect ively weakens  
t h e  mirror s t i l l  more, thereby enhancing l o s s e s .  
It is, of course,  e s s e n t i a l  in  t h e s e  experiments  
t o  dis t inguish between t h e  ins tab i l i t i es  one  s e e k s  
t o  cure  and more ordinary plasma l o s s e s .  T h e  
temperature i s  often not high, -1 kev, whence 
scat ter ing is a q u i t e  competitive l o s s ,  and even 
smal l  enhancement factors  m a y  b e  s ignif icant .  

Generally, t h e  electrons escapc through iiiirrors 
more readily than ions,  so t h a t  the  potent ia l  i s  

posi t ive.  If e lectron and ion  currents ,  I ,  and I - , 
a r e  equal ,  i n  principle t h e  ambipolar potent ia l  
c a n  suf f ic ien t ly  weaken t h e  effect ive mirror s e e n  
by t h e  ions  t o  equate  t h e  ion l o s s  ra te  t o  that  of 
t h e  e lec t rons ,  an enhancement of (rnj /me)’  ’’ = 43 
(If’ ions). However, in  prac t ice  t h e  enhancement 
i s  l e s s  u n l e s s  microinstabi l i t ies  play a role. T h e  
reason i s  that  t h e  potential 6; reduces t h e  s c a t -  
ter ing time but not t h e  ion velocity diffusion time. 
Only i o n s  with energy very near  C; are l o s t  rapidly. 

Unless t h e  ion distribution i s  a 6 function at  6, 

‘Abstract  of publ ished paper: J .  Nucl. Energy: Pt. C 
6, 513 (1964). 

2’Ihermonuclear Divis ion.  
3,.* 
1. K. Fowler  and M. Rankin,  J .  Nucl .  Energy: Pt.  C 

4, 311 (1962). 

‘Yu. D. Gott, M. S. Ioffe, and V. G. Te lkovsky,  Nucl. 

5J. B. Taylor ,  Phps. F l u i d s  6, 1529 (1963). 

Fusion, Suppl., Vol. 111, 1045 (1962). 

M .  Rankin2 

the average loss time is t h e  velocity diffusion 
t ime lV in order to reach t h i s  l o s s y  region, 

where D v  i s  the velocity diffusion constant .  For  
diffusion by co l l i s ions ,  ‘rv i s  of the order of the  

sca t te r ing  time; h e n c e  l i t t l e  enhancement. In that  
case t h e  potential a c t s  to  equate  I ,  = I-, not by 
e jec t ing  ions  but by trapping electrons.  On the 
other  hand, if D y  were enhanced by microinsta- 
bi l i t ies ,  the  ion l o s s e s  would be greater. Lacking 
information about instabi l i ty  enhancements ,  we 
restr ic t  ourse lves  t o  the c l a s s i c a l  c a s e .  

T h e  scat ter ing time i s  determined by solving the  
ion and electron s teady-state  Fokker-Planck equa- 
t ions  d i s c u s s e d  by Fowler and Rankin. However, 
t h e  s implc scat ter ing formula there  h a s  been  re- 
placed by that  recommended by Uing and Roberts, ‘ 
which i s  more accurate  for siiiall mirror ratios, I < .  
As we a r e  in te res ted  i n  t h e  possibi l i ty  that  scat- 
t e r ing  dominates, charge-exchange l o s s e s  a r e  
omitted. 

Only the product n~ i s  determined by  t h e  cal-  
culat ion,  where n i s  t h e  ion densi ty  and r i s  t h e  
ion lifetime. T h e  resul t  i s  

where E o  i s  the  ion inject ion energy in kev.  T h e  
actual  lifetime and densi ty  depend on I ,  through 
the  relation 

where V i s  t h e  plasma volume. 

6G. F. Bing and J. E. Roberts ,  Phys .  F l u i d s  4, 1039 
(1961). 
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IMAGE FORMATION IN A HIGH-RESOLUTION ELECTRON MICROSCOPE 

T. A. Welton 

A s e r i e s  of ca lcu la t ions  h a v e  been performed to 
explore  t h e  feasibi l i ty  of molecular s t ruc ture  de- 
termination by use of a sui tably des igned  electron 
microscope. I t  h a s  f i rs t  been shown tha t  t h e  
spher ica l  aberration of t h e  conventional micro- 
s c o p e  object ive,  which present ly  l imits  resolution 
f.0 5 o r  6 A,  can  be compensated by inser t ing  i n  
t h e  path of t h e  beam a conduct ing film (graphite, 
50-100 A thick). 'This film is to be  maintained 
a t  a n  apparently f e a s i b l e  nega t ive  potent ia l  with 
respec t  to symmetrically placed,  pierced,  grounded 
e lec t rodes  on ei ther  s i d e  of t h e  film. If the  illu- 
minating beam is su i tab ly  monoenergetic ( 6 V / V  2 : ~  

i f  coherence  is maintained over the  illu- 
minated a r e a  (100 x 100 A, roughly), i f  a vacuum 
of torr c a n  be maintained, and if su i tab le  
mechanical  s tab i l i ty  and  e lec t ronic  registration 
c a n  be provided, a high-resolution instrument of 
very superior  performance can be produced. All 
t h e s e  fea tures  a r e  present ly  being considered,  
and the  conclusion is s t rong  tha t  feasibi l i ty  seems 
extremely likely. In ant ic ipat ion of the probable 
e x i s t e n c e  of such an instrument, a careful  s tudy 
of image iorniation in  e lectron micro:jcopes h a s  
been undertaken. 

We a r e  particularly concerned with the ques t ion  
of atomic vis ibi l i ty ,  with n view t o  the poss ib le  
u s e  o f  such  a n  instrument a s  a supplement  to the 
growing repertoire of techniques  for determining 
the necessary  d e t a i l s  of the  exceedingly coriiplex 
molecules  of biological interest .  We have  accord- 
ingly developed a s e t  of CDC 1604-R prograins 
for  ca lcu la t ing  e lec t ron  intensi ty  dis t r ibut ions i n  
the  image p lane  under var ious assumptions a s  to 
defocus,  primary and secondary  spher ica l  aber- 
ration, chromatic: aberration, a tomic number of the 
objec t  a toms,  and their  s p a c i n g  and  locat ion i n  
the  object plane, as well a s  other  parameters  of 
interest .  

We have  assumed,  for convenience,  t h a i  a given 
atom h a s  a charge distribution which is given by 
t h e  universal  Fermi-Thomas function, and have  
verified that  nu la rge  errors  f rom t h i s  source  are 
to  b e  ant ic ipated.  We have  further ignored the  
typical  off-axis aberrat ions (e. g., coins) as  being 
unimportant in t h e  ac tua l  instrument, a s  well as  
ast igmatism (which i:jj in  pract ice ,  correctable  to  

t h e  a t ta inable  resolution). The resu l t  is a particu- 
lar ly  convenient  computation s c h e m e  in which the 
image p lane  ampli tudes due  to a toms of various 
atomic numbers are f i rs t  ca lcu la ted  as a function 
of radial  d i s t a n c e  from the  image center  and  s tored 
on magnet.ic tape. Another program then a d d s  
t h e s e  amplitudes, with prescribed la te ra l  d i sp lace-  
ments ,  to take  care of all the  atoms in  the  object  
plane.  T h i s  resul tant  amplitude is then squared 
and s tored  on tape. This  tape i s  then processed  
by a rout ine which produces a tape for the  plotter, 
which s c a n s  repeatedly a c r o s s  the paper, with the 
pen r i s ing  and fal l ing t o  depos i t  ink in accordance 
with t h e  s tored  intensi ty  information. T h e  resul t  
is a reasonably t rue rendition of t h e  contrast  to 
be  expected i n  a n  ac tua l  instrument. The e le -  
mentary in tens i t ies  due  io  s ing le  atoms can  also 
be printed out, and de ta i led  tab les  have  been pre- 
pared for a wide range of conditions. 

1. A conventional instrurneiit (100-kev, IO-*- 
radian aperture, 5-A res oluiion), when properly 
defocused for optimum phase  contrast ,  c a n  
yield only about  5% cont ras t  ( intensi ty  incre- 
ment a t  image center/background intensi ty)  
for a carbon atom. For  a heavy atom s u c h  as 
gold or osmium, th i s  int:rt:ases to about  20%, 
which is marginally feas ib le  for observation. 

2. A high-resolution instrument (lOO-kev, 3 Y lo-'- 
iadiarr aperture, 1-A resolution, with improve- 
ments l is ted ear l ier)  will yield about  25% 
contrast  for carbon, 200% for bromine, and cor- 
respondingly higher f igures  for heavier  atoms. 

3 .  Radiation damage restr ic t ions p lace  a s t r ingent  
l imitat ion on the atomic location information 
which can be extracted from n s i n g l e  molecule ,  
For a t.ypicaX biological molecule, a total  dose 
of IO2 e l e c t r o n s / ~ *  will c a u s e  very ser ious  
rebonding, and consequent  s t ructural  dis tor-  
t ions ,  It will accordingly be  n e c e s s a r y  to 
p iece  together records of runs on many different 
molecules  of the  same s u b s t m c e  (similarly 
or iented,  i f  poss ib le )  in  order to obtain con- 
vincing s t ruc tures ,  

4. F o r  s e l e c t e d  problems i n  molecular biology, 
s u c h  a high-resolution electron microscope 

T'ne conclusions to d a t e  a r e  as follows: 
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offers a valuable supplement to ex is t ing  methods 
(e.g., x-ray diffraction for s u i t a b l e  crystal l ine 
subs tances) .  Simple viewing of  the  molecule 
of in te res t  will not b e  poss ib le ,  but information 
can  be  obtained f rom which a useful  picture 
can  be constructed. 

T h e  s tudy  of the  DN.4 sequence  problem i s  a par- 
ticularly a t t ract ive possibi l i ty  for the  high-resolu- 
tion microscope, because  of the  known possibi l i ty  
of loading halogen-subs tituted nucleot ides  into 
DNA by genet ic  and biochemical t r icks .  

Figure 1 shows a useful  summary of much of the 
data  obtained. The numbers a r e  for the c a s e  of no 
aberrations, perfect focus,  f ini te  object ive aperture, 
and idea l  phase  contrast .  Comparison with the 
other  resu l t s  obtained shows that t h e s e  ideal  
numbers can  be applied to useful ,  nonideal s i tua-  
tions. Nearly ideal  phase  contrast  can  be obtained 
by a small  amount of defocus,  which does  not ap- 
preciably impair resolution. In addition, the  aber- 
rations produce only a smal l  e f fec t  if the  aperture 

i s  kept below the  ac tua l  optimum aperture for a 
given aberrat ional  s i tuat ion.  We write 

where 

I(-=) - background intensi ty ,  
I ( r )  = intensi ty  a t  d i s t a n c e  r from image center ,  

cont ias t  (for C/4 << 1, a t  any rate). C 

If phase  contrast  is obtained by defocus,  the s ign  
of C should be reversed. T h e  cont ras t  c a n  be 
written a s  a universal function by introducing a 
new function F ,  and u s e  of a s c a l e d  radial  variable 
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Z - atomic number, 
V - beam energy in volts, 
cn - objec t ive  aperture i n  radians, 
r 7 d i s t a n c e  in  angstroms from image center  

(assuming unit magtiitication). 

On the  le f t  we give the scale of F, the  “uiiiver- 
sa l”  contrast  function, while a s c a l e  for the ac tua l  
cont ras t  in  the  case of carbon is given on the  
right. A t  t h e  bottom is the scale for the  “univer- 
s a l ”  radial  variable,  while at the top is t.he cor- 
responding s c a l e  in angstroms for carbon,  W e  
have taken V :- l o 5  v for t h e  carbon numbers. The 
curve labeled (a  ~ - 2  -) gives the theoret ical  case 
of perfect resolution and j u s t  follows the curve 
for  t h e  Fei-mi-Thomas potential, in tegrated through 
the atom along t h e  beam directioii and projected 
on to t h e  objec t  plane. T h e  curve  marked (a == 0.04 
radian) g ives  the high-resolution resul t  for carbon, 
or results at somewhat diff’eeritig conditions for 
other atoms. T h e  curve marked (0.02 radian) i s  
a n  intermediate-reso!ution instrument (-‘,2.5 A), 
viewing carbon. The lowest curve, marked (O.CI0894 
radian), is essent ia l ly  a c:onventiond instrument 
viewing carbon. Iieiiiembering t h e  %‘ conversion 
factors ,  w e  see that the  intermediate-resolution 
curve  will also descr ibe  the sitnation f o r  ii = 0.04 
radian atid Z = 48, V : I O 5 ;  or  for Z 1.: 6 ,  V - -  

O.’25 Y 1.0”~ for example. 

Figure 2 shows a samp!e image p l ane  intensi ty  
plot for t h e  convcntional instrument when e ight  
hrarriine atoms are placed 3 - 4  A apart in t h e  forti1 

o f  a hallow square.  Contrast  h a s  been achieved 
by defocus,  but nei ther  the cont ras t  nor  the resolu- 
tion is adequate  for useful  rnessurement. Figure 
3,  011 t h e  other hand, shows t he  s a m e  atomic con- 
figuration a: high resolution. Note the high v i s i -  
bi l i ty  of the bromine atoms, which  are s p a c e d  

roughly as they might be in brcEminc~-subst.ituted 
DNA, Complicated three-dimensional s t ruc tures  
present  much more s e ~ e r e  p r o t h n s ,  and im attempt 
is k i n g  made tu invci:;tigale the l imitat ions on the 
determination o f  s u c h  s t ruc tures  imposed by con- 
siderations of statisticxl errors in electron in- 
k n s i t y  dis t r ibut ions and other prac(icn1 problems. 

Fig. 2. Image Plane jritensity Distribution For C o n .  

v e n t i m o l  Microscape with Eight  Breasnine Atoms i n  

Object  P l u n e .  

ORNL -DWG 64-9463 

=IC+ 3 .  Image Plane Intensity Distr ibut ion for H i g h  

RernRufion Microscope with Eight B r o m i n e  Atoms in 

Obie6t  PlUnS. 
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REk4TiV19316 QUANTUM MECHANICS W$H A FUNDAMENTAL LENGTH 

’r. A. Welton 

A formalism h a s  been constructed for t h e  system- 
a t i c  introduction of a fundamental length into rel- 
a t iv i s t ic  quantum mechanics by u s e  of noncommut- 
ing coordinate operators. The  theory is in principle 
not Lorentz invariant, although th is  c a n  become 
experimentally manifest only under condi t ions 
which a te  extremely difficult to achieve ,  the re -  

cent ly  observed apparent failure of C P  invariance 
in  the decay  of t h e  neutral K meson being possibly 
such  a manifestation. A sys temat ic  invest igat ion 
h a s  been performed of the value of the n e w  length 

constant (a) required by a number of experiiaental 
rcsul ts .  A value for a of as  much as 0.3 fermi would 
be  allowed by a l l  experiiileiltal resu l t s ,  while  a 

value l e s s  than about  0.2 fermi would be uncom- 
fortably small for some purposes .  A form factor 
exp  (- . k 2 ~ 1 2 / 2 )  is predicted for the electron-electron 
scat ter ing.  As an interest ing by-product, a formu- 
lation of weak interaction theory is given with the 
length a obviat ing in a natural way the theoretical 
need for the  presently unobserved intermediate 
boson. ( A  paper is be ing  written for publication.) 

H A R T R E  E-FOCK CALCULATIONS OF FiNITE WBSCLEl 

K. T. R. Davies  

I’here h a s  been much in te res t  in recent years  
i n  ca lcu la t ing  finite nuclei by various kinds of 
!:artrec-Fock methods,’ s ta r t ing  f r o m  a “ rea l i s t ic”  
two-body interaction. From such calculat ions,  one  
can obtain, throughout the pe::adic table, many 
interest ing nuclear properties, for example, ground- 
s t a t e  energies  of nuclei ,  s ingle-par t ic le  leve ls ,  
nuclear  deformations, energy gaps,  and other 
quant i t ies  which follow f rom t h n s e .  

In our research we have  been concentrat ing on 
two related p h a s e s  of the Hartree-Fock program: 
(1) the detennination of a two-body force or “ef- 
fect ive interact ion,”  and (2) methods for evaluat-  
i n g  the  most general types of two-body matrix 
e lements  one i s  likely to encounter in  a Hartrce- 
Fock calculat ion.  The  serotld phase  of t h e  work 
is most important, s i n c e  we want to  have  avai lable  
computer programs which c a n  be  used  to t reat  any 
two-body force, not j u s t  t h e  particular interaction 
that w e  propose. T h e s e  two p h a s e s  of the research 
will now be  d i s c u s s e d  in more de ta i l ,  

‘Cainegle Ins t i tu te  of rechnology,  Pi t tsburgh,  Pa. 

* ~ ~ a r t r e e - = o g o l i u b o v  theory m a p  b e  n e c e s s a r y  in  s o m e  
c a s e s .  T h i s  is the general lzat ion of Hartree-Fock 
theory rn order t o  include pairing e f f ec t s .  See,  for  
e x a m p l e ,  it!. Haranger  in 1962  Cnrge.r:e Lecturcs J Z I  

TIieoreticaI Physics (ed. by 31. L e v y ) ,  p .  V-h5, k n -  
jamin, New York,  1‘303. 

M. Baranger’ 

Determination of the T ~ v o - B o d y  Force 

1Vc require that  the  interact ions have the  follow- 
i n g  propcrties: 

1. Firs: and foieiuiost, the  matrix c lements  of the  
force between s ingle-par t ic le  wave  functions 
must be  reasonably e s s y  to ca lcu la te .  Even- 
tually we want to be  ab le  to t rea t  deformed 
nuclei ,  so it would also be des i rab le  to have  
an effect ive interact ion which s e p a r a t e s  eas i ly  
into s, y, and  z relative coordinates .  F o r  th i s  
reason, Gaussian or combinations of Gaussian 
potent ia ls  s e e m  particularly sui table .  

2. The two-body force should yield the  right 
energy and densi ty  of nuclear matter. T h i s  
will correctly take  into account  the volume term 
in the Weizsacker semiempirical m a s s  formula. 

3. In order to  obtain good convergence with our 
Hartree-Fock approximation, w e  s h a l l  require 
that  the  second-order Goldstone terms in  nu- 
c lear  matter b e  fairly small. T h i s  c a n  b e  done 
by avoiding potent ia ls  which have  hard cores 
or other s ingular i t ies  and by making thc  ranges 
of the potential sufficiently long. 

4. S o n e  attempt should be made to f i t  the  two- 
body d a t a  with t h e  force. I‘he effect ive ranges 
and sca t te r ing  lengths  for the s ing le t ,  even 
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and triplet, even potent ia ls  should be f i t ted,  
and t h e  s-wave p h a s e  s h i f t s  should  be approx- 
imately correct. In particular, the  ‘ S o  p h a s e  
s h i f t  should change s i g n  between 200 and 300 
Mev, and the  3S1 p h a s e  sh i f t  should become 
negat ive somewhat. above  300 Mev. An attempt 
should be  made to roughly f i t  the  p-wave phase  
s h i f t s ,  and af te r  tensor  forces  h a v e  been in-  
c luded in  the  potential, t h e  deuteron quadrupole 
moment and the percentage of t l  s t a t e  should 
aiso be  fitted. Trying to f i t  the  other  p h a s e  
s h i f t s ,  although des i rab le ,  would undoubtedly 
make the force too  co:nplicated; vie wi 11, there- 
fore, concentrate  only on t h e  two-body da ta  
mentioned above. 

We have  been us ing  local ,  Gauss ian  potent ia ls ,  
with velocity-dependent repuls ive parts. T h i s  
interact ion is of the  same form as t h e  potent ia l  

d by Green, although we parametrize the  force 
ia a different  way. In particular, t h e  ranges  of t h e  
repuls ive par t s  a re  not  nearly as shor t  as t h o s e  
occurr ing in  Green’s potent ia l .  So far, w e  have  
concentrated on a very s imple  potent ia l ,  namely, 
a central  force which h a s  only s ingle t ,  e v e n  and 
triplet, even terms. F o r  th i s  s imple force, programs 
have  been written for ca lcu la t ing  the  two-body 
data ,  the  energy and dens i ty  of nuclear  matter, 
ant i  t h e  second-order GoIdstone terms i n  nuclear  
:!latter, Fits to t h e  relevant  d z t a  are  ow being  
m a d e .  In the future w e  plan to t rea t  i h e  odd po- 
ten t ia l s  and a l s o  the tensor  and spin-orbi t  par t s  
of d i e  force. 

Evaluation of Two- 

In order to ca lcu la te  t h e  most general  types  
of twn-body matrix eleiiients, it  is n e c e s s a r y  to 
make use of the  trarisforination cc osc i l la tor  
biacketc;, s 5  T h e s e  brackets connec t  the wave 
h n c f  ions for two partic:les in  a harmonic osc i l la tor  
potential with the center-of-mass and rei, <i t .  ive  
wave  Functions. Brody and Moshinsky have  tahu- 
Iated B large number of these brackek:, ‘ which 
will tie rfenoted as f o l i o w s :  

T h e  to ta l  angular  momentum of t h e  sys tem is 
A; n,Zl and n21, pertain to par t ic les  1 and 2; nl 
refers to t h e  re lat ive coordinates;  N L  to the center-  
of-mass coordinates. 

There  e x i s t s  a new method for ca lcu la t ing  the  
osc i l la tor  brackets. T h i s  method is particularly 
s u i t a b l e  for u s e  i n  I-iartree-Fock ca lcu la t ions  and 
differs considerably from the approach of Brody 
and Moshinsky. In t h e  Hartree-Fock program w e  
d o  not  know whether e a c h  s ingle-par t ic le  wave 
function (SPWF) will turn out  to be accurately 
represented by a harmonic osc i l la tor  wave function 
(HOWF). ‘It i s  then des i rab le  to use t h e  HOWF’s as 
a b a s i s  for expansion of the  SPWF’s, and one of 
the  ques t ions  w e  wish to inves t iga te  is how many 
HOWF’s a r e  required i n  order to give a good rep- 
resentat ion of an SPWJF. Therefore, w e  want to  
cons ider  HOWF’s with large va lues  of n 1  and n 2 ;  

Rrody and Moshinsky only ca lcu la ted  the  bracke ts  
for va lues  of n 1  and n2 up to 3.  

On the  other hand, i t  is not n e c e s s a r y  to tabu- 
l a t e  t h e  brackets  for la rge  va lues  of the  relat ive 
angular  mor~ientum, 1. It h a s  been shown by Kuo 
and E3atanger that  only 1 := 0 and 1, and to  a s m a l l  
e x t e n t  2 := 2, make appreciable  contributions to  
nuc lear  matrix e lements .  Therefore we wil l  be 
m o s t  concerned with ca icu la t ing  the brackets  
for 1 :: 0, 1, and 2. 

Our approach is thus s e e n  to he qul te  different 
from that  of Bxody and Moshinsky. They derived 
a n  expi ic i t  expression for n1 :- ri2 = 0, any I ,  and 
then used  a recursion formula to go to higher n1 

and n 2 .  To u s e  th i s  formula to calculate the 
brackets  for large values  of n 1  and 1p2 is much too 
complicated for our purposes. ’The method that  
we  a r e  u s i n g  is based on deriving an expl ic i t  ex- 
pn?s.sion Tc;r 1 = 0, any arid n 2 ,  and then cal- 
cu la t ing  brackets  for I -z 1 and 1 := 2 in terms of 

Actually, there  are many simple nuclear  calcula-  
tions that one  c a n  do with ii force which a c t s  only 
i n  re la t ive s s t a t e s ,  so that only the  I = 0 brackets  
are needed. Therefore, this new technique stiould 
be  o f  p rac t ica l  m e ,  not only in Idartree-Fock 
ca lcu la t ions ,  but for many other  types  of nuclear  
cr~mputatiwns a s  well. Programs for ca lcu la t ing  
the  brackets  by th i s  method are  now being written, 

t(no:;e with I :- 0. 

A , .  1. S.  pi110 (tht-sis), University of P i t t sburgh ,  Pitts- 
burgh, Pa. 
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CALCULATION QF THE PROPERTIES OF THE GROUND STATE OF I6O IN THE 
B R 11 EC KN E R A P PR OX M A T  !ON 

R. L. Becker  

T h e  u s e  of perturbation theory i n  terms of a re- 
ac t ion  matrix t ins tead  of the  nucleon-nucleon 
potent ia l  v permits calculat ions of nuclear prop- 
e r t ies  in which rea l i s t ic  s t rong  nuclear  inter-  
ac t ions  are used. Extensive t e s t s  of Rrueckner’s 
approximation, t h e  ana log  of the IIartree-Fock 
approximation with t replacing 17, have  been made 
for infinite nuclear matter. While i t  may be neces-  
sa ry  to include some higher terms in  order to  ob- 
ta in  exce l len t  agreement with the  volume term in 
the  Weizsacker binding energy formula, i t  seems 
that  Drueckner’s approximation is a good f i r s t  
approximation. Similar ca lcu la t ions  for f ini te  
nuclei  a r e  much more difficult b e c a u s e  of the lack  
of t ranslat ion invariance. 

Urueckner, Gammel, and co-workers’ have  at- 
tempted to u s e  their infinite matter reaction matrix 
e lements  in  calculat ions for finite nuclei, but have  
cons is ten t ly  obtained too l i t t l e  binding, Their  
“ local  dens i ty”  approximation, which neglec ts  
terms involving the der ivat ives  of  the nucleon 
densi ty ,  h a s  recently been tes ted i n  model calcula-  
tions by Kohler.3 He f inds that the  local  densi ty  
approximation tends to ser ious ly  underestimate 
t h e  binding energy. We assume therefore that  the 
low binding energies  obtained by Rruecknei et al. 
arise from t h e  loca l  dens i ty  approximation and 
not, for example, from the  inadequacy of the as- 

sumed nucleon-nucleon interaction or the  importance 
of three-body clusters .  

Eden and Emery4 have outlined a n  approach to 
t h e  Brueckner approximation for c losed-she l l  
nuclei  which avoids  t h e  loca l  densi ty  approxima- 
tion by ca lcu la t ing  reaction matrix e lements  di- 
rectly between she l l  model s t a t e s .  T h e  method 

‘Oak Ridge Graduate Fellow from Texas  A & M Uni- 
ve  I-s i t  57. 

‘K. A .  Brueckner, J. L. Gammel, and I<. Weitzner, 
Phps. Rev.  110, 431 (1958); K. A.  Brueckner, A .  M. 
Locke t t ,  a n d  M. Motenbcrg, Phps .  Rev.  121, 255 (1961); 
K. S. Masterson a n d  A. hl. Locket t ,  Phys.  R e v .  129, 
776 (1963). 

3H. S. Kohler, “Theory of F in l t e  Nuclei ,”  t o  be pub- 
l i shed  i n  the Physical Review; “On the P rope r t i e s  of 
F i n i t e  Nuclei ,sD preprint. 

‘R. J. E d e n  a n d  V. J. Emery, Proc. KO);. S O C .  (London) 
A248, 266 (1958). 

A. D. MacMeIlar’ 

re l ies  on t h e  e a s e  of expanding products of s ingle-  
par t ic le  harmonic osc i l la tor  wave  funct ions in  
t e n s  of s imilar  wave  functions in  center-of-mass 
and re la t ive  coordinates. Their  de ta i led  calcula-  
t ions involved many approximations and relatively 
crude numerical procedures, but gave promising 
resul ts  for I6o. 

To d a t e  we have  performed calculat ions for l 6 O  
i n  which the de ta i l s  of the Eden-Emery calculat ion 
h a v e  been improved upon in  severa l  ways.  Also 
greater numerical accuracy i s  a t ta ined,  paraineters 
a r e  being explored inore extensively,  and more 
recent  nucleon-nucleon potent ia ls  a r e  being used .  
A generalization of the  method to  permit departure 
of the s ingle-par t ic le  potential from the loca l  
harmonic osci l la tor  form, which requires a con- 
s iderable  i n c r e a s e  in  complexity, is being de-  
veloped. 

At th i s  time we should l ike  to s t r e s s  the  im-  
portance of an accura te  treatment of the  tensor  
force. Figure 1 contains  plots  of calculat ions of 
the  binding energy of l 6 O  as a function of the 
range parameter, i x - ,  of t h e  s ingle-par t ic le  potential. 
For a l l  three curves  the same Gammel-Thaler 
nucleon-nucleon potential was  used .  The ciirve 
labeled EES is that of Eden,  Emery, and Sampan- 
thar.s Curve 1 differs from curve E E S  only in  
that  coupled Beihe-Goldstone equat ions were 
so lved  for uI,(r) and wls(r) ,  the s and d radial 
wave functions a r i s ing  from the  relat ive Is osci l -  
lator function, wheseas EES had used  a n  approxi- 
mation which neglected t h e  inf luence of w I s  on 

u l S ’  ‘The value of a, namely a O ,  for which the 
Rrueckner-IIartree-Fock self-consis tency condition 

. 

( o c c u p i e d )  

i s  most nearly sa t i s f ied  is qui te  different for the 
two curves.  Moreover, the  predicted binding 
energies  a t  t h e  respect ive ,I. ’s differ by about 2.5 

0 

’E, J. Eden ,  V. J .  E m c r y ,  and  S. Sarnpanthar, R o c .  
R o y .  Soc .  (l-ondon) A253, 177 ,  186 (1059). 
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M e V .  When the predicted binding energ ies  are 
compared a t  the  same va lue  of a,  the difference is 
even  greater, -.,55 Mev for a 7 0.5 and q'105 Mev 
for a = 0.6. 

A very s imple  kind of veloci ty  dependence  of 
t h e  s ingle-par t ic le  potent ia l  i s  contained in  the 
Eden-Emery method through a spa t ia l ly  constant  
term which differs  from s t a t e  to s t a t e .  The  con- 
s t a n t s  c a n  be  varied to  most nearly s a t i s f y  the 
self-consis tency condition a t  a given value of ix. 

Curve 2 of Fig. 1 differs  from curve 1 in taking 
into account  t h e  dependence of t h e s e  cons tan ts  
on the  s t a t e  of the center-of-mass motion of the 
pair. T h i s  improvement h a s  l i t t l e  e f fec t  on  the 
nuclear  rad ius  but resu l t s  i n  greater binding energy. 
Similar ca lcu la t ions  a r e  being made, us ing  the  
more r e c e n t  Hamada-Johnston nucleon-nucleon 
potent ia  1. 
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An IBM 7090 program h a s  been written to carry 
out  large-shell-model ca lcu la t ions  i n  which par- 
t i c l e s  a r e  allowed to occupy s e v e r a l  different 
j she l l s .  T h e  technique of the  calculat ion is 
based on a second-quantized formalism developed 
by J. B. French.3 P a r t i c l e s  i n  a given j s h e l l  
are coupled to  form single-shel l  s t a t e s  quant ized 

..... I 

Fig .  1. Ca lcu la ted  Ground State B ind ing  Energy of 

l60 vs  a, t h e  Harmonic Osc i l la tor  Range Parameter .  

Curves are labe led  as described i n  the t e x t .  

A COMPUTER PROGRAM FOR LARGE-SHELL-MODEL CALCULATIONS 

E. C. I-Ialbert' J. €3. McGrory S. S. M. WongZ J. U. French '  

'Electronuclear Division. 

Univers i ty  of Roches te r ,  Roches te r ,  N.Y. 

Unpublished notes. 

2 

3 

in J, T ,  senior i ty ,  and reduced i so topic  spin.  
Multishell s t a t e s  quant ized i n  J and T a r e  formed 
by appropriate  coupl ing of s ingle-shel l  s t a t e s .  
T h e  res idua l  inteiact ion i s  introduced into the 
calculat ion i n  t h e  form of appropriately antisym- 
metrized two-body matrix e lements ,  which make 
up par t  of the  program input  d a t a  for e a c h  ca lcu la-  
tion. Methods for t h e  elimination of spurious 
s t a t e s  are incorporated i n  the program for those  
cases in which the nuclear  radial wave  functions 
a r e  approximated by those  of the  harmonic osci l -  
lator. 
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DISTBR PED-WAVE CALCULATIONS A D SPECTROSCOPlC FACTORS’ 

G, R. Satchlcr  

T h e  accuracy of spec t roscopic  fac tors  obtained - .. ... . 
from distorted-wave a n a l y s i s  of s t r ipping ieac t ions  ‘Abstract  of invited paper presented  a t  Symposium on 

Nuclear  Spectroscopy with Direc t  Reac t ions ,  Chicago ,  

l i shed  in  Nuclear  Spec t roscopy with Direc t  R e a c t i o n s .  
I I .  Proceedings ,  ANL-GS78, p. 23. 

is reviewed, and some of the remaining theoret ical  bfarch 9--11, 1964. Proceedings of conference pub- 
problems are  d iscussed .  

“FINITE-RANGE” EFFECTS It4 THE DISTORTED-WAVE THEORY 
OF SBRIIPPING REACTIO61S’ 

R. M. Drisko2 G ,  R. Satchler 

‘The e f f e c t s  of  removing the zero-range approxi- 
mation in t h e  distorted-wave theory a w  shown by 
e x a c t  calculat ion for a number of typical  s t r ipping 
react ions.  

‘Abstract  of publ ished paper: Phys.  L e t t e r s  9 ,  3-12 

*Work performed while  on leave  of a b s e z c e  f r o m  the 

(1 963). 

Universi ty  of Pit tsburgh,  Pi t tsburgh,  Pa. 

OPTICAL-MOQEL ANALYSIS OF *EQ!JASl-ELASTIC’’ (p ,n)  REACTIONS’ 

G. R. Satchler  K. M. Urisko’ R. 11. i3asse13 

Measured differential c r o s s  s e c t i o n s  for (p,n) 
t ransi t ions between isobaric  ana log  s t a t e s  a r e  
compared with the predictions of an opt ical  model 
which includes a n  isobaric  spin-dependent potential 
proportional to  t .To ,  where t and T o  are the i s o -  
baric s p i n s  of project i le  and  target  respect ively.  
T h e  magnitudes of the measured cross sec t ions  
ind ica te  a s t rength for th i s  potent ia l  which is 

‘Abstract  of publ ished paper: Phys.  Rev. 136, B637 
(1 964). 

’Work performed while  on  leave  of a b s e n c e  from the 

3Electronuclear  Divis ion.  

Universi ty  of Pi t tsburgh,  Pittsburgh, Pa. 

c l o s e  to the  syrninetry potent ia l  found from aiialy- 
sis of e l a s t i c  proton scat ter ing.  The  s h a p e s  of 
the  angular  dis t r ibut ions give s t rong  evidence for 
the  radial s h a p e  of th i s  potent ia l  to  be  peaked 
a t  t h e  nuclear  surface.  T h e  ca lcu la t ions  a re  made 

in  the  distorted-wave Born approximation, us ing  
opt ical-potent ia l  parameters determined by f i t s  
to e l a s t i c  scat ter ing.  Numerical s t u d i e s  a r e  made 
of t h e  sens i t iv i ty  of the predict ions to various 
paraineter changes  to determine the s ignif icance 
of the f i ts  obtained to experiment. Final ly ,  s o m e  

d iscuss ion  is given of the  “quasi- inelast ic”  tran- 
s i t i o n s  t o  exci ted isobaric  s t a t e s ,  in  terms of the 
collective-model descr ipt ion of i n e l a s t i c  scatterin; E. 
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THE SHELL MODEL AND INELASTIC SCATTERING B Y  NUCLEI 

r<. H. Bassel' R. M. Drisko' R. M. Haybron3 
M. B. Johnson4 L. W. tT)tven5 G. R. Satchler 

In recent  years  the ine las t ic  scat t .er ing of vari- 
ous project i les  from nuclei  h a s  been successfu l ly  
interpreted in  terms of the  co l lec t ive  model. T h i s  
a s s u m e s  tha t  t h e  optical-model potent ia l  is non- 
spherical .  However, in  order to s tudy  the conse-  
q u e n c e s  of recent  nuc lear  s t ructure  calculat ions,  
u s i n g  shell-model wave  functions, a m o r e  detai led,  
microscopic descr ipt ion of t h e  interact ion between 
project i le  and target  is needed. The  present  
s t u d i e s  a s s u m e  tha t  t h i s  arises from a two-body 
force between the  project i le  and e a c h  target nu- 
cleon. Such an interact ion h a s  t h e  charac te r i s t ics  
of a one-body operator i n  the s p a c e  of the target 
nucleons,  a n d  all t h e  apparatus  of the algebra of 
tensor  operators is ava i lab le  to s t u d y  i t s  prop- 
e r t ies ,  such  as  se lec t ion  r u l e s  imposed by particu- 
la r  assumptions about  t h e  she!l-model cvrifigura- 
t ions.  

'E lec t ranuclear  Divis ion.  

'University of Pi t tsburgh,  Pit tsburgh, Pa, 

3 ~ ~ n  loan  from Mictiigan State Universi ty ,  E a s t  I.,wnsi.ng. 

'par t ic ipant  in  Student  Cooperat ive Prograrr f rom 

'Graduate student,  Universi ty  of T e n n e s s e e ,  Knoxvi.llc. 

Virginia Poly techni r  Institute. 

At high energ ies  the impulse approximation may 
be used;  the e f fec t ive  two-body force becomes the 
s c a t t e r i n g  amplitude between the  project i le  and a 

f ree  nucleon and may be taken from experiment. 
Calcu la t ions  of the  s c a t t e r i n g  of 150- to 200-Dilev 
protons from light nuclei  ind ica te  that th i s  can  be 
a very usefu l  tool; the  present  need is for m o r e  
ex tens ive  and more accura te  experimental data ,  
ra ther  than further t.heo re t i ca l  sop h i s  tica tion. 
Study of t h e  ava i lab le  d a t a  s e e m s  to confirm the 
general validity of the hole-particle wave  funct ions 
recent ly  proposed. 

At lower energies ,  t h e  effect ive two-body force 
h a s  'io be t rea ted  phenomenologically; it i s  hoped 
tha t  s tudy of nuclei whose wave funct ions are 
reasotia.hly wel l  understood wil l  determine the  
parameters of t h e  force. Some progress  h a s  been 
made in this  direct ion for proton s c a t t e r i n g  from 
4 0 ~ a ,  5 1 ~ ,  and ''~i-. The sca t te r ing  of alpha 
par t ic les  and deuterons is a l s o  be ing  analyzed 
with th i s  model. An attempt is being iuade to use ,  
for  t h e  alpha interaction, the opt ica l  potential 
which f i t s  nucleon-helium scat ter ing,  'This in- 
c l u d e s  a spin-orbit term which could give r i s e  to 
nonnortnal parity transit.ions i n  ine las t ic  a lpha 
scat ter ing.  

FORM FACTORS FOR STRIPPING REACTfieB 

W. T. P i n k ~ t o n ~ . ~  

T h e  wave  function, o r  form factor ,  to be used  
for t h e  captured par t ic le  i n  a s t r ipping reaction is 
d iscussed .  It is shown tha t  t h e  s t ruc ture  of the  
nuc leus  must b e  taken illto account ,  and l e a d s  to 
a set of coupled equat ions for this  f o r m  factor. 

lAbs trsc t  of paper to b e  submitted for publ icat ion i n  
Niic tear Ph yo  ic s . 

'Work performed whi.le on  leave  a t  the Hartol  Re- 
search  Foundat ion  of the Frankl in  Inst i tute ,  Swiivthniore, 
P a  I 

Department of P h y s i c s ,  Vsnderbi l t  
Universi ty ,  Nashvi l le ,  Tenn. 

3Pcesent a d d r e s s :  

C. R, Satchler  

Approximate solutions to t h e s e  equat ions are 
s tudied ,  and their relations to various phenoineno- 
log ica l  prescr ipt ions for the form factor  a r e  dis-  
c u s s e d .  It  i s  s t r e s s e d  that  if an effect ive one-  
body potent ia l  well is u s e d  to generate  the wave 
function, i t  is probably not suff ic ient  to merely 
vary i ts depth; but changes i n  shape  (particularly 
in  radius) must be coilsidered. The procedure of 
us ing  a n  effective binding enexgy different from 
t h e  separa t ion  energy is shown, in principle, to 
be wrong. 
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SLATER INTEGRALS AND FORM FACTORS F O R  INELASTIC SCATTERING 
US! NG REALISTIC SI NGLE-PART E L .  E WAVE F UNCT SOMS: 

THE CODE ATHENA’ 

M. B. Johnson’ L. w. owen3 

A FORTRAN code h a s  been written for the IBM 
7090 which computes Slater integrals  and form 

factors  su i tab le  for ine las t ic  sca t te r ing  ca lcu la-  
t ions,  u s i n g  s ingle-par t ic le  wave  funct ions which 
are c i g e n s t a t e s  of motion in  a Woods-Saxon poten- 

I t i a l  well. ‘Two-body forces  of Gauss ,  Yukawa, 
double-Yukawa (“soft core”) ,  and Coulomb radial 
dependence may be used.  Nonlocal e f fec ts  on  the 
s ingle-par t ic le  wave functions may be  included in  
the local  energy approximation. 

‘Abstract  of ORNL-TM-964. 

’par t ic ipant  i n  Student Coopera t ive  program, from 

3Graduate s tudent ,  University of T e n n e s s e e ,  Knoxville.  

Virginja Poly technic  Insti tute.  

PRIOR-FORM DWSA STRIPPING ~~~~~~~ 

F. P. Gibson’ 

A computer program i s  being written which ca!- 
~ 1 0,  vPI(x)  

cula tes  the  d-p st r ipping differential c r o s s  sec t ion ,  

approximation matrix element. T h i s  e lement  i n  
the  infinite m a s s  approximation i s  written a s  where 
follows (using center-of-mass and relat ive co- 
ordinates): 

u s i n g  t h e  prior f o r m  of t h e  dis tor ted-wave Born 
t 0 - V n r ( R )  1 dd(r)FLt)(&) , 

where the  meaning of the  symbols is o b \ ’  ’1OLlS. 

T h e  potent ia ls  and 4, the  internal  deuteron wave 
function, a re  assumed to be  spherical ly  symmetric. 
We also assume the  deuteron sca t te r ing  potential 
to be 

Then,  u s i n g  translation operators, we write T as 

‘OKINS Postgraduate  Fe l low.  

The v ,  a c t s  on V n I ,  8- a c t s  on V n I ,  ‘,V a c t s  
on F p ,  and a c t s  on Gn. Each Taylor  operator 
i s  integrated over sol id  angle  and expanded;  for 
ex a rnp 1 e, 

P 

T h e  resul tant  terms are simplified with t h e  aid of 
Green’s theorem and the  Schroedinger equat ion.  



~A~~~~ INTEGRALS USlNG WEALlSTIC SI Gh &-PARTICLE 
WAVE FUNCTIONS AND T 

L. w. Owen? 

A FORTRAN code has been written to compute 
radial  integrals  of a variety o f  radial operators, 

u s i n g  s ingle-par t ic le  wave functions which are 

e i g e n s t a t e s  of motion i n  a %'oods-Saxon potential 
wel l ,  The radial  ope~a to r s  currently ava i lab le  
are r", 0 -- n :: 5, and (d/"&-) (eX + I.).. where 
x - -  (1. - Ro) /a , .  Other functional forms nay  be 
added eas i ly .  

' - , c  

- 
'Abstract of ORNL-TM-058. 

'Graduatt. stildent, Universi ty  of Tennessee, Knoxville. 

AEIALWSBS OF THE SCATTERi Gs 8 6  28-Mev A L  HA PARTBCLES' 

G. R, Satchler 

The e l a s t i c  and t h e  ine las t ic  sca t te r ing  of 28- obtained for the rnediua-weight and  the  h-lavy 
Mr,v a lpha  par t ic les  from the  nuclei  Ne ,  Mg, Al, Si, nuclei ,  qud i t a t ive  [its for thc 1ight.er riiidei- 'The 
Ti, Ni,  Co, Ag, Cd, and Sn have  been  ;malyzed, deformabilities extracted are in g,aod agrecrrient 
us ing  a norispherical optical-model potential and with those found by other methods. Coulocnb ex- 
tl-ie distorted-wave approximation. A four-parameter c i ta t ion  i s  found to be  important for the heavy 
\(ioods-Saxon potential. was used .  Good f i ts  a re  nuclei. Some account is t aken  of quadrupole 

contributions to the e l a s t i c  sca t te r ing  from a l u m i -  . ... . ... ..____- 

lA4bstrnct  of paper  suhm d to Nirclaor Physics .  num. 

THE REACTIONS 48Ti(n,d)47Sc, ' 60(r2,d)15PI, ' 'B(n,~f)~Be, AND *Li(n,co5He AT 14.4 MeV' 

V. Valkovic' G. Paic' I. S l a u ~ ' . ~  P. Toinas' 
M. Cerineo2 G. K. Satchler 

NUCLEAR REACTIONS. 48T~(n,d), 60(n ,d) ,  'R(rr,d), 6 L ~ ( n , d ) ,  E -= 14.4 Mev; measured 

q E , , Q ) .  " S c ,  I5N, 'Bc, 'He deduced Ic.vels, 7, I ,  spectroscuplL fac tors .  

The reactions 4 8 T i ( n , d ) 4 7 S ~ ,  160(i2,d)1 'N, a t  14.4 Mev. The absolu te  different ia l  c r o s s  
sect . iuns have been analyzed,  us ing  the  dis tot ted-  
wave method and assuming s imple proton pickup. 
The e f f e c t s  of f in i te  range, nonlocality, arid 
radial  cutoff have  been invest igated.  Good f i t s  
obtained for the reac t ions  'O(n ,  6)' 'N (ground 
state), '*B(n,4'& (ground s ta te ) ,  and "B(n ,~3~Be  

loB(n,d)'Be, and 61,i(n,6)5He have  been s tudied  

'Abstract  of pape r  t o  be submit:ed to the PIIy?iical 

2 

'Present address: 

K O  view. 

Ins t i tu te  "Ruder F30skovic,s' Zagreb,  Yugoslavia- 

IJnivers i ty  of Cal i fornia  a t  1,os 
Ange Ips. 
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(2.43 Mev) yield spectroscopic  fac tors  in  c l o s e  not yet understood. The  agrcemrnt  between theory 
agreement with she l l  model predictions. T h e  and experiment for the reaction 6Li(n,d)5He (ground 
shapc  of t h e  angular distribution of the reaction s t a t e )  i s  not satisfactory-, and this  may indica te  

*Ti(n, d)' 7Sc i s  well explained, but a discrepancy the iinportance of other processes  s u c h  as knock-on. 
in  absolu te  magnitude of about a factor of 4 i s  

EXCITATION OB L O I - L Y I N G  L E V E L S  1N 40Ca BY ( p , p ' )  SCATTERING A T  E p  -= 55 Mev' 

K. yag12 1 1 .  Ejiri '  M. F U ~ L ~ ~ H W R  ' * ' Y .  I s h z a k i  
M. Koike' K. Matsuda' 1'. N a k a j i m a ' ~ ~  I. Nonaka' 

Y. Sa , i2  E. Tanaka', '  G. K. Satchler 

' NUCL,b:AK Kb:ACi'IONS. "OCa(p,p'), E : 55 Mev; measured <T(E *,(I). 40Ca deduced  j l eve l s ,  J ,  +r, H(,\). 

. . ... . . .. 
'The m eas ured differentia 1 c r o s s  s e c t  ion for ex- 

c i ta t ion  of s t a t e s  a t  0, 3.7, 4.5, and 6.9 Mer  in  

method and the s imple co l lec t ive  model. 

' Insti tute for Nuclear  Study, University of Tokyo,  

' C a  are analyzed,  u s i n g  t h e  distorted-wave 3Now a t  Department of Nuclear  Engineer ing,  Univer- 

4Deparl i i i~nt  of Nuclear  Engineer ing,  Universi ty  of 

'rokpo, Japan. 

s i t y  of Tokyo, Tokyo, Japan. 

Hiroshima.  
.__ . . . . . . . .. .. .. . . 

'Abstract  of published paper:  Ph)..,. 1,etters 10, 186 .i 
(1951). Depar tmi i t  of Phys ic s ,  r o h o k u  University.  

PRoI-oM EXCITATION OF VIBRAHBQNAL STATES OF 2 6 - i e '  

G. C. Pramila '*3 R. hliddlPton"." T. Tamura6 

G ,  R. Satchler 

The  differential c r o s s  s e c t i o n s  for the e l a s t i c  
and ine las t ic  scat ter ing of 12-Mev protons by 
' 'Te have  bcerr measured. The  r e s d t s  are  inter- 
preted i n  terms of t h e  col lect ive m o d e l ,  us ing  both 
t h e  distorted-wave and coupled-chan2el methods. 

'Abstract  of published paper:  A'ucl. P h y b .  61, 348 

'Nuclear Ph) sics Laboratory, O X F C J I ~ ~  k:nyland. 

'On l eave  f r o m  T a t a  Ins t i tu te  of Fundamenta l  R e -  
s e a i c h ,  Roi,lLay, India ,  a n d  suppoi;<.cl bl- the  Common- 
>,\? e 3 I t h S c h o la r s h i p C o rnniis s i on. 

(1 95.5). 

T h e  quadrupole and octupole vibrational s t a t e s  
a r e  identified a t  0.67 and 2.395 Mev respect ively.  
Levels  a t  1.36 and 1.42 hlev a re  interpreted a s  
due  to  two quadrupole phonons. Scat ter ing to  
some of t h e  group of s t a t e s  j u s t  above 2 Mev i s  
in  agreement with thc predict ions foi the  exci ta-  
tion of tinrite quadrupole phonons. 

4AWRl?, Aidermaston, Berkshire ,  England.  

5 F ' i ~ ~ e n t  a d d x s s :  University of Pennsylvania ,  

'On l eave  f ro i i~  'l 'okyo University of Educat ion.  

Phi ladelphia .  

. 
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ELASTIC SCATTERING OF DEUTERONS B Y  40Ca1 

R. H. Rasse12  K. M. Drisko3 G. R. Satchler  

__ .................. __ ...... __ ............-.... ~ 

NUCLEAR REACTIONS. 40Ca(d,d), E ::- 7, 8 ,  9, 10, 11, 12  Mev; measured a(@. 

The e l a s t i c  s c a t t e r i n g  from 4 0 C a  of deuterons ana lys i s ,  as a preliminary to a distorted-wave 
with energ ies  of 7, 8, 9, 10, 11, and 12 Mev has s t u d y  of the 40Ca(dpp) reaction. Considerable  

been measured and subjec ted  to optical-model ambigui t ies  in  t h e  optical-model parameters  a r e  
~ .......... ~ found, and t h e  resu l t s  are d i s c u s s e d  in detai l .  

orbi t  coupl ing is found to have  l i t t l e  effect .  An 
at tempt  is made to f i n d  a s e t  of parameters that  
gives  a good overall fit a t  all the energ ies .  

‘Abstract  of publ ished paper: 

‘Electronuclear Divis ion.  
3 

P h y ~ .  Rev. 136, €3960 Inclusion of a polarization potentia1 and of sp in -  
(1 964). 

Departlr.ent of P h y s i c s ,  Universi ty  o f  Pi t tsburgh,  
Pi t tsburgh,  Pa. 

4 ° ~ a ( d , p ) 4 1 ~ , ,  A TEST OF THE VALIDITY OF THE DISTORTED-WAVE BORN APPROXIMATION’ 

L. L. Lee, J r . 2  J. P. Schiffer’ B. Zeidman’ G. R. Satchler  
K. M. Drisko3 R. 13. Basse14 

NUCLEAR REACTIONS. 40Ca(d ,p) .  E - 7, 8 ,  ‘Is 10, 11,  1 2  MeV; measured U(E ,6= 41Ca 

deduced l e v e l s ,  I ,  71, spec t rnscopic  factors .  

The  react ion 40Ca(d,p)41Ca h a s  been s tudied at 
deuteron energ ies  of 7.0, 8.0, 9.0, 10.0, 11.0, and 
12.0 Mev. Absolute differential c r o s s  s e c t i o n s  f o r  
the  fou r  m o s t  prominent proton groups were meas- 

‘Abstract  of  published paper: 

’Argonne Nat ional  Laboratory,  Argonnc, 111. 

Univers i ty  of Pi t tsburgh,  Pi t tsburgh,  Pa. 3 

P h y s .  He V. 136, B971 
(1 964). 

4~ 1ectr onuc 1ear ~ i v i s i o n .  

ured and are compared with predict ions based  on 
the dis tor ted-wave t3otn approximation. Par t icular  
emphas is  is p laced  on t h e  abi l i ty  of t h i s  approach 
to ex t rac t  p r e c i s e  spectroscopic  factors, which 
f o r  th i s  react ion a r e  expected to be known a priori ,  
Ef fec ts  of var ia t ion of opt ica l  parameters  and of 
inclusion of spin-orbit and finite-range e f f e c t s  
are d i s c u s s e d  in  de ta i l .  i t  can  be  concluded that, 
if one  uses opt ical  potent ia ls  which fit elasiic- 
s c a t t e r i n g  d a t a ,  spec t roscopic  fac tors  can  k ex- 
t racted with an accuracy of 20% or  better. 
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L E V E L S  IN "3Co AND 44Ca STUDIED B Y  THE 43Ca(d,d'), 4 6 C a ( d , d ' ) ,  
AND 46Ca(p7p') REACTIONS' 

T. A. Belote' J. I I .  Bjerregaard3 Ole I l a n ~ e n ~ ' ~  G. R. Satchler  

NUCLEAR REACTIONS. 43Ca(d,d ' ) ,  E 7 8.522 Mev; 46Ca(d,d'), R 7 10 Mcv; 46Ca(p,p'), 

E 7 7 MeV; measured ,CJ(E',O). 43Ca,  46Ca deduced  levels ,  p, I .  

T h e  43Ca(d,d ' )  and 46Ca(d,d ' )  react ions were 
s tudied a t  bombarding energ ies  of 8.522 and 10.005 
Mev respect ively.  T h e  deuterons were recorded 
on photographic emulsions in  a multiple-gap heavy- 
par t ic le  spectrograph with a n  energy resolution of 
15 kev. T h e  measured angular dis t r ibut ions were 
ana lyzed ,  us ing  the  dis tor ted-wave theory, and 
probahle va lues  of the angular momentum change 
involved in  t h e  exc i ta t ions  were determined. The  

'Abstract  of paper submit ted t o  the P h y s i c a l  Review.  

'Laboratory for Nuclear  Sc ience ,  Massachuse t t s  

31nstituie for Theore t ica l  P h y s i c s ,  Universi ty  of 

Ins t i tu te  of Technology,  Camhridee.  

Copenhagen,  Copenhagen,  Denmark. 

abso lu te  cross sec t ions  are compared with the  
predict ions obtained by u s i n g  shel l -model  wave 
functions as wel l  3s col lec t ive  vibrational wave 
functions. A s imple model for  the  deuteron-nucleus 
interact ion is introduced. In addition to the (d,d ' )  

experiments ,  the 6 C a ( p , p  '> reaction w a s  s tudied 
a t  3.8- and 7.00-Mev bornbarding energ ies .  The 
energ ies  (in Mev) of the s t a t e s  observed in 46Ca 
and their ass igned  s p i n s  and par i t ies  are  1.347 
( 2 3 ,  2.423, 2.575, 3.023 (2, 3 + ) ,  3.614 (3"-),3.645, 

3.780, and 4.434 (3-). In 43Ca(d,d') we observe 
leve ls  a t  0.369 ('4--), 0.595 (3$-), 1.675 ("4 ?,-), 

1.932 (?"'), 2.051 (3/2-), 2.070 ("4 ?,-'), 2.098 

(g; ?,"), and 2.252 (? --) Mev. 

LOW-LYING LEVELS IBd 42Ca EXCITED B Y  T H E  " C a ( d , t )  REACTION' 

J.  H. Bjerregaard' 11. R. B l i e d e n z s 3  Ole Hansen '  
G. Sidenius '  G. R. Satchler 

N U C L E A R  REACTIONS. 43Ca(dr t ) ,  E - 8.5 Mev; measured .'(Et.O). 4 2 C a  deduced  

l e v e l s ,  I ,  -, spec t roscopic  factors .  

Angular dis t r ibut ions of triton groups correspond- 
i n g  to ( d , t )  t ransi t ions to f ive s t a t e s  i n  4 2 C a  have 
been observed a t  a bombarding energy of 8,522 
hlcv. T h e  tritons were recorded i n  a milltigap 
broad-range spectrograph. ?'he e l a s t i c  sca t te r ing  
of deuteions from j3Ca was a l s o  measured and 
fitted with ail optical-model potent ia l ,  which was 

'Abstract  of publ ished paper: 

'Universit)- of CopenhaZen, Copenhagen,  Denmark. 

3 P r c s i n t  a d d r e s s :  C E R X ,  Geneva 23,  Switzer land.  

%vs. Rev. 136, 51348 
(1 964). 

then used  in a distorted-wave ana lys i s  of the (d , t )  
c r o s s  sec t ions .  T h e  resul ts  are  in  good agreement 
with the predictions for an (f7 configutation 
for "Ca and ( f7 , , 2 )2  for 4 2 C a i  except  that  the 2' 
p a r m t a g e  is sp l i t  approximately equal ly  between 
the  1.53- and 2.44-Mev s t a t e s  of 4 2 C a .  The data  
d o  not a l low I 1 pickup with moIe than a few 
pcrcent of the s ingle-par t ic le  s t rength.  Transi-  
t iozs  to the  second 0' s t a t c  a t  1.84 Mev arc not 
observed. The resul ts  are  d i s c u s s e d  i n  terms of 
the senior i ty  coupl ing scheme and in terms 01 the 
s h e l l  iiiodcl with res idual  interact ions.  
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r 
NUCLEAR KEACTIONS. 58Ni(ix,U,'), E = 43 MeV, measured "(Ea,,8). "Ni deduced  1 l e v e l s ,  J ,  T ,  B(A). 

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

ELASTIC SCATTERING OF 3He AND THE (3He,d) REACTION' 

R. H. Bassel' G. R. Satchler  R. M. Drisko3 

T h e  40Ca(3He,$)"Sc react ion i s  ana lyzed  in 
zero-range distorted-wave approximation. Optical  
parameters for the 'He channel  a r e  found by f i t t ing 

'Abstract  of paper  presented  a t  the  Internat ional  
Conference on Nuclear  P h y s i c s ,  Par is .  July 2-8, 1964. 
Proceedings  of the  conference  w i l l  b e  publ ished i n  
Proceedings  of the International Conference on  N u -  
c l e a r  Physics.  

'Electronuc lear  Divis ion.  

t o  experimental e las t ic -sca t te r ing  da ta .  Reason-  
a b l e  agreement  between theory and experiment is 
found. T h e  absolu te  normalization from t h e  ( 3 H e , 4  
a n a l y s i s  is in fair agreement with t h a t  found from 
the  40Ca(d, 3He)3 'K reaction. 

3Permanent  a d d r e s s :  Universi ty  of Pi t tsburgh,  Pitts- 
burgh, Pa.  

SHELL-MODEL SELECTION RULES AND EXCITATION OF 4'  STATES 
IN THE Ti(a,a') REACTION' 

G. R. Satchler  J. L. Yntema' H. W. Broek' 

I I r NUCLEAR REACTIONS. 46*48*50Ti(CL,CL')p E = 43 MeV, measured m(8). 461481s0Ti 

deduced  leve ls ,  J, 'Jr. 
.. ............... ....... . 

~ ......... ~ ___ 

Analysis  of the  double  exci ta t ion of  4' s t a t e s  t h e  shell-model se lec t ion  rule, which prevents  
i n  the titanium iso topes  s h o w s  t h e  inf luence of d i rec t  exci ta t ion i n  "Ti. 

'Abstract  of publ ished paper: Phys. Letters 12, 55 'Argonne Nat iona l  Laboratory, Argonne, Ill.  
(1 364). 

WIDE-ANGLE SCATTERING OF 43-Mev ALPHA PARTICLES BY '*Nil  

H. W. Broek' J. L. Yntema' B. Buck3 G. R. Satchler 
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for angles  greater than 70". T h e  osci l la t ion 
period tends to  i n c r e a s e  with increas ing  angle  to 
a value of about 15" a t  the la rges t  angles  ob- 
served .  Optical-model a n a l y s i s  of the e l a s t i c  
s c a t t e r i n g  h a s  been made, and the ine las t ic  s c a t -  
ter ing to  the 2 + and 3 -  l eve ls  h a s  been ca lcu la ted ,  

u s i n g  the  distorted-wave method. A coupled-chan- 
ne1 ana lys i s  of the e l a s t i c  sca t te r ing  and of the in- 

e l a s t i c  sca t te r ing  to the  2' and 4' l e v e l s  was a l s o  
undertaken. Good agreement with expeiiment is 
found i n  all cases. It w a s  necessary  to u s e  an 
opt ical  potent ia l  i n  which the absorpt ive potential 
h a s  a somewhat  different s h a p e  than the real po- 
tential. There is also some indicat ion tha t  better 
resu l t s  a r e  obtained by using a complex coupl ing 
in the  distorted-wave calculat ions.  

OPTICAL-MODEL ANALYSIS OF 1 8 ~ ~ ~ ~  PROTON SCATTERING' 

G. R. Satchler  R. M. Haybron' 

In order t o  obtain opt ical  potent ia ls  for u s e  in  
ca lcu la t ions  of nuclear  react ions with high-energy 

protons, the da ta  on the  e l a s t i c  sca t te r ing  of 182- 
Mev protons were reanalyzed. Good f i ts  were ob- 
ta ined,  yielding a 5' that  w a s  one or two orders 
of magnitude smaller  than t h o s e  for previously 

~.. ... 

'Abstract  of publ ished paper:  

'On loan f rom Michigan S ta t e  University,  E a s t  Lansing.  quoted fits." 

Phys .  Leliers 11, 313 
(1 964). 

SYMPLECTlC SYMMETRY IN f,,2 SHELL NUCLEI '  

J. N. Ginocchio' 

T h e  s t a t u s  of the conservat ion of symplect ic  
symmetry in the nuclear  f7,' s h e l l  is invest igated 
(1) by comparing the two-body interaction with thp 
most general symplect ic-co~iserving interact ion us -  

ing an a priori criterion developed for the purpose, 
(2) by examining symplect ic  admixtures in the ca l -  

'Abstract  of publ ished paper:  NucI.  Phys.  63,  449 

'Now a t  the  Department of P h y s i c s ,  K u t g e r s  Univer- 

(1 965). 

s i t y ,  New Brunswick, N. J. 

culated nuclear wave funct ions,  and (3)  by s tudy-  
ing t h e  ca lcu la ted  symplect ic  energy bands. The 
interaction is determined from the b e s t  avdi lable  
data  of the 4 2 S c  spectrum. It is concluded that, 
except  in s p e c i a l  cases, symplect ic  symmetry is 

not approximately conserved,  and predict ions 
based on a s imple symplect ic  model a re  therefore 
invalid. Some comments a re  made concerning an 
al ternat ive approach for s tudying  the s t ructure  of 
the j" configuration. 

ANALYSES OF THE SCATTERING OF NUCLEAR PARTICLES B Y  COLLECTIVE 
NUCLEI IN TERMS OF THE COUPLED-CHANNEL CALCULATION' 

Taro 'Tamura 

A deta i led  formalism for a coupled-channel ca l -  t i c l e s  by co l lec t ive  nuclei  is presented. T h e  
forinalism is suff ic ient ly  general  that project i les  
of any sp in  and ta rge ts  of any  kind of col lect ivi ty  
can  b e  t reated,  and  exc i ta t ions  of many state., p c a n  

culat ion of t h e  sca t te r ing  of various nuclear  par- 

'Abstract  of paper submit ted to  Phys ica l  Retriers*. 
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be  included. The  resu l t s  of numerical ca lcu la-  i t  is s e e n  that  very good agreement w a s  obtained 
tions, made by u s i n g  a computer program b a s e d  i n  most of t h e  cases. It i s  concluded that  t h e  
on t h e  above  formalism, a r e  given for severa l  coupled-channel calculat ion is a very powerful 
typical  cases, so  t h a t  t h e  behavior  of various tool for explaining scat t -er ing data  and i n  turn for 
c r o s s  s e c t i o n s  as funct ions of parameters and clar i fying the  s t ructure  of nuclei .  Interest ing pos- 
the scheme of coupl ing taken in  each  calculat ion s ib i l i t i es ,  both theore t ica l  and experimental, a r e  
c a n  b e  seen .  Comparison of the theoret ical  re- sugges ted  for future s tud ies .  
s u l t s  with various experinietital data  i s  made, a n d  

ADIABATIC AND NONADIABATK COUPLED-CHANNEL CALCULATIONS OF 
THE SCATTERING OF PROTONS BY DEFORMED N U C L E I '  

Taro 'I'amura 

Adiabat ic  and nonadiabat ic  coupled-channel ca l -  found that  t h e  ad iaba t ic  calculat ion is m o r e  ac- 
cu la t ions  were compared with e a c h  other  in rela- cura te  and  n e e d s  much shorter  machine time, i n  
tion t o  t h e  a n a l y s e s  of t h e  s c a t t e r i n g  d a t a 2  of the present  case, than d o e s  the nonadiabat ic  cal-  
17.5-Mev protons by 1 6 5 H o  and  lS6Gd.  It was  c ~ l a t i o n . ~  Very good agreement with experiment 

W;IS achieved by us ing  parameters that  s e e m  more 
reasonable  than those  u s e d  i n  the  previous non- - 

'Abs t rac t  of published paper: Phi,-. Letters 12, 1 2 1  ad iaba t ic  calculat ion.  
(1964). .. . ... 

3. 1. - Tamura, Plzys. L e t t e r s  9, 334 (1964). A. Lieber and C .  A. Whitten, Phys.  Rev. 132, 2382 2 

(1 963). 

EXClTATlON OF THE ~ ~ ~ A T ~ K A L ~ ~ A R I ~ Y  3'STAJE IN 24M9 IN THE 
INELASTIC SCATTERING OF ALPHA PARTICLES1 

Taro 'I'amura 

A s  an example of t h e  exci ta t ion of unnatural- 
parity s ta t .es2  in  e v e n  nuclei  by the  ine las t ic  
sca t te r ing  of alpha par t ic les ,  a n  a n a l y s i s  is made 
of d a t a 3  of 2 4 M g ( ~ , ~ ' ) 2 J M g *  p r o c e s s e s  for E a  
28.5 Mev. The  theore t ica l  cross s e c t i o n s  are ob- 
ta ined through the coupled-channel calculat ion,  
in  which O', 2+, 4+, ti', Zt, and 3' s t a t e s  a r e  
coupled together, where the f i rs t  four s t a t e s  a r e  
assumed a s  members of the  M = 0 ground band,  

'Abstract of paper s u b m i t t e d  to Nuc Irnr Pl1y.sii:s. 

while the  l a s t  two are assumed as  members of the 
K Y 2 y-vibrational band. Reasonably good agree-  
ment with experiment was obtained,  a l lowing Q W  

to conclude that t h e  m~l t ip le -exc i ta t ion  p r o c e s s e s  
can  account  for the exci ta t ion of the  urinatural- 
parity s t a t e s .  Comparison of out  final resul t  with 
experiment is made in  Fig. 3. 

2W. 

3J. Kokame et al.,  Phys.  h t t e r c :  $, 742 (1964). 

W .  Eidson and J. G. Crarr,er, Jr., Phy.s. N c v .  
Lat lers  9, 497 (1962). 
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Fig. 1. Sca t te r i ng  C r o s s  S e c t i o n s  of 28.5-Mev Alpha  

P a r t i c l e s  by  24Mg. T h e  s o l i d  l i n e s  are the  r e s u l t s  o f  

the c a l c u l a t i o n  e x p l a i n e d  i n  the  tex t .  T h e  do t ted  l i n e  

for the 3 '  s t a t e  i s  t w i c e  ;he t h e o r e t i c a l  r e s u l t  o b t a i n e d  

w i t h  a weaker  ~ x c i t a t i o n  assumed of  the  y - v i b r a t i o n a l  

s ta ies .  T h i s  cu rve  i s  shown i n  order  to  show t h a t  good 

agreement o f  shape con  b e  ob ta ined  i f  the exper imen ta l  

3' c ross  s e c t i o n  were somewhot  overest imated,  a pos -  

s i b i l i t y  w h i c h  cannot  be r u l e d  o u t  (J. Y o k a m e ,  p r i v a t e  

commun ica t i on ) .  

20 4 C  60 80 100 
! d e g ~  
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POSSIBLE ADMIXTURE OF ONE-PHONON 2'-STATE A ~ ~ L ~ T ~ ~ E  TO 
THE SECOND EXCITED STATE OF 64Zn 

T a r o  Tamura 

Data of the sca t te r ing '  of 17.5-Mev protons by 
64Zn were analyzed i n  terms of the  coupled- 
channel  calculat ion,  and  the  resul t  is shown i n  
Fig. 1. T h e  so l id  l ine for the  second 2' s t a t e  
w a s  obtained by consider ing a s m a l l  admixture of 
one-phonon amplitude to the dominant two-phonon 
amplitude, while  the  dot ted l ine w a s  obtained 
without assuming the admixture. T h e  much bet ter  
agreement with experiment of the  Eormer than of 
the  la t te r  ind ica tes  that  the former model is more 
reasonable  than the latter. 

'N. R. Roberson,  pr ivate  communication. 

f i g .  1. Scattering of 17.5-Mev Protons by 64Zn. 
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lNELASTlC SCATTERING OF PROTONS BY '14Cd AND POSSIBLE 
QUADRUPOLE-OCTUPOLE TWO-PHONON STATES1 

M. Sakai'  T. Tamura 

NUCLEAR REACTIONS, '14Cd(p,p"), enr iched target ,  E = 12.16 Mer.; measured O@), 
P 

p'spectrum. "Cd deduced  l e v e l s ,  J ,  n, 

Scat ter ing c r o s s  s e c t i o n s  of 12.16-Mev protons channel  calculat ion.  T h e  observed i n e l a s t i c  
cross-sect ion da ta  t o  12 exci ted s t a t e s  were all 
fitted very wel l  by our calculat ion.  P o s s i b l e  
sp in  ass ignments  were made to  s t a t e s  that  could 
be interpreted as  the  quadrupole-octupole two- 

by ' I 4 C d  were observed and f i t ted by the  coupled- 

'Abstract  of published paper: P h p .  Le t ters  10, 

' Ins t i tute  for Nuclear  Study, Tokyo Universi ty ,  

323 (1964). 

Tokyo, Japan.  phonon s t a t e s .  
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NEb ANALYSIS 8% THE SCATTEERING OF PROTONS BY l a 5 H 0  AND 156Gd1 

Taro  Tamura 

Coupled-channel calculat ions were made for considered coupl ing w a s  0 '-2 '-4 '-6 '. T h e  
agreement with experiments w a s  qui te  good in 2 the sca t te r ing  of 17.5-Mev protons by 16 'Ho and 

l s 6 G d .  For thz former a 7/2--9/2--11/2- cou- both c a s e s .  
pling was  considered.  while for the  la t ter  the 

. . . . . .. . . .___ ._-I - .____ 

'Abstract  of published paper: Phys .  L e t t e r s  9, 331 2A. Lieber  and C. A. Whitten, P h y s .  Rev.  132, 
(1964). 2582 (1963). 

TOTAL NEUTRON CROSS SECTIQ 

L. P.. Rayburn '  E.  0. Wollan 

Neutron t ransmission c ross  sec t ions  of s e v e i a l  
' A b s t r a c t  of paper t o  be published in Nuclear  

e lements ,  separa ted  i so topes ,  and compounds p h p s  i c s .  

have been measured a t  the indium resonance 2Permanent  address :  Universi ty  of Georgia. T h e  
work reported in th i s  paper w a s  car r ied  out while Dr. energy,  1.44 ev.  
Rapburn was a member of the ORNL staff  (1950-52). 
F o r  var ious reasons  a coinplete report of the work  
w a s  de layed  for these  m a n y  years .  

LEVEL SPACINGS AND s-WAVE ~~~~~~~~~ STRENGTH FUNCTIONS QF THE ISOTOPES OF HAFNiUM 

T. Fuketa '  J. A .  Harvey 

NIJCZXAR REACTIONS. I7'Hf, 1 7 6 H f ,  ' "Hf, liBHf, "'€If, '"Hf; - measured 1~ n T' 

Deduced resonancc  parameters ,  Eo' I T n ,  I;,,; l eve l  d e n s i t i e s  and [':;D for i so topes .  

Enriched ta rge ts .  

Neutron t ransmission measurements have been 
made on enriched samples  of the s i x  i so topes  of 
hafnium from 1 7 4 H f  t o  '*' :-If by u s e  of the  fast -  
chopper time-of-flight spectrometer a t  the  ORR. 
The measurements were made from 0.2 to -240 e v  
with an energy resolution from 1 to 2% below 

'Vis i t ing  s c i e n t i s t  f r c m  the 
R e s e a r c h  Insti tute,  T o k a i ,  Japan.  

Japan  Atomic Energy 

50 e v  and 60 nsec/m above 50 e v  with the 45-m 
flight path. Higher-resolution measurements 
(0.3% energy resolution) with the 180-rn flight 
path a t  the ORR were not made, s i n c e  high- 
resolution capture  and total cross-sect ion meas-  
urements a t  higher energies  were planned a t  the  
R P I  linear accelerator .  

'The enriched hafnium samples  were all used  in 
the powdered oxide form. Samples of the f ive 
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abundant  i so topes  were pressed  into cy l inders  
2:4 in .  in diameter and  vacuum s e a l e d  in  thin 
aluminum containers  by E. Olszewski  of the 
Targe t  Preparat ion Group of the I so topes  Divi- 
s ion .  T h e s e  samples  were fabricated for capture  
measurements  a t  the RPI l inac  and were s u i t a b l e  
for t ransmission measurements with the ORNL 
fast-chopper spectrometer. Since only 0.660 g of 

Hf w a s  ava i lab le .  i t  w a s  loaded i n t o  a s t a n d -  1 7 4  

ard  chopper  sample holder  with i n s i d c  dimensions 
0.062 r 0.60 x 1.06 in .  T h e  i so topic  enrich- 
ments and spec i f ica t ions  of the various samples  
a re  l is ted in T a b l e  1. 

T h e  t ransmission da ta  have been ana lyzed ,  
us ing  the  a r e a  and shape  a n a l y s i s  programs, 
and parameters have been obtained for about  100 
resonances ,  L is ted  in T a b l e  2 a r e  the parameters 
of the resonances  from the  area a n a l y s i s  program 
based  on a value of 60 A e v  for I ’  for a l l  
tlac i so topes .  T h e  parameters are ,  i n  gener;al, 
averagcs  of severa l  va lues ,  s i n c e  there  w a s  
cons iderable  energy overlap of individual  runs,  
and  s t rong  resonances  in a particular isotope 
could e a s i l y  be measured in  a sample enriched in 
another  isotope.  T h e  errors  a r e  based  on the 
s t a t i s t i c a l  accuracy of the  t ransmission measure- 

2 

Y 

ment, the es t imated  error due to sample  th ickness ,  
the error in i so topic  abundance of t h e  sample,  and  
the agreement between the  severa l  values .  Only 
the two lowes t  energy resonances  were ana lyzed  
with the s h a p e  a n a l y s i s  program. T h e  resu l t s  for 
s e v e r a l  of the runs are l is ted in  Table  3. T h e  
errors  on I’n a re  mostly due t o  the errors  in 

sample  t h i c k n e s s e s  and i so topic  abundances  of 
the  samples .  T h e s e  two resonances  a r e  in the 
17711f  isotope,  but  the I7’IIf sample  was much 
too thick for its transmission to be  ana lyzed  by 
the  s h a p e  a n a l y s i s  program in t h i s  energy region. 
T h e  quoted errors  on t h e  individual va lues  of 1’ 
include the e f fec t  of an es t imated  error of 5% 
i n  the  Doppler width, of 20% in the resolut ion,  
and a small error in the b a s e  line. T h e  averaged 
va lues  of I‘ and r include the  e f fec ts  of t h e s e  
s y s t e m a t i c  errors. T h e  va lues  of 1’ for t h e s e  
two resonances  a r e  in  exce l len t  agreement with 
previously reported values,’ but the  va lues  of I’n 
ate somewhat  smaller. T h e  parameters of the  
resonances  l i s ted  in T a b l e  2 a r e  in reasonable  
agreement  with the resu l t s  from older  measure- 
rnents, but the present  d a t a  are of higher ac- 
curacy and extend t o  higher energies .  

Y 

4 

S. E. Atta  and J. A. Harvey, Numerzca!  A n a l y s i s  
of Neutron Resor~ances,  ORNL-3205 (1961) and 
Acidelidrmi (1963). 

2 
311. 1-1. Landon,  Phys.  Rev.  100, 1414 (1955). 
4 J. A. Harvey eL al . ,  Phys. Rev. 99 ,  10 (1955). 

T a b l e  1. Isotopic Enrichments and Specif icat ions of the Enr iched  Samples af the Hafnium Isotopes 

Crams Trans m i s s  ion 

of T h i c k n e s s  

Hf 177 Ilf 178 Hf 179Hf 180Hf  Oxide (atoms/barn)  

Enrichment (%) 
17411f 1 7 6  Sample 

Hf 12.1 13.3 22.7 23.0 9.1 19.9 0.7785 0.00528 
1 7 4  

%If (0.1 68.7 14.9 8.7 2.7 5.0 11.388 0.00128 

7 ~ ~ f  <o. 05 1.15 84.5 9.2 2.2 2.9 17.7 0.00198 

78€If (thin) 17.7 
c0.05 0.52 4.4 89.1 2.9 3.1 

8Hf (thick) 64.8 

0.00198 

0.00723 

HF <0.05 0.46 2.96 8.0 74.6 14.0 17.7 0.00197 1 7 9  

lSONf  (thin) 17.7 

I l f  (thick) 64.8 
1.30 (0.05 0.23 1.00 2.2 2.7 93.9 

0.00 196 

0.007 16 



40 

Table  2. Resonance Parameters of Hafnium Isotopes 

E o  (ev) 
....... 

Hf 4.25 f 0.03 

13.38 tO.08 

29.94 iO.15 

70.5 i 0.3 

77.9 i 0 . 3  

107.1 i 0.6 

124.6 f 0 . 7  

1 7 4  

147.6 i 1.0 

153.5 f 1 . 0  

211 5 2  

176Hf  48.3 i O . l  

53.2 f 0 . 2  

67.1 I 0.2 

123.8 tO,6  

177.0 f 1.5 

201 t 1.5 

1 7 7 ~ ~ f  1.099 f0.002 

2.385 iO.005 

5.89 iO.02 

6.57 i 0 . 0 2  

8.87 i 0.02 

10.94 f 0 . 0 3  

13.6.5 iO.05 

13.94 i 0.03 

22.04 i 0 . 0 5  

23.47 50.10 

25.68 f0 .15  

26.95 k 0.10 

32.7 r 0 . 2  

36.2.5 t 0.20 

36.9 i 0.3 

42.9 t 0 . 2  

45.2 * 0.1 

0.017 i0 .004 

4.8 t 0 . 9  

32 + 7  

12 + 5  

65 f 6  

122 * 2 5  

50 t 2 0  

f 50 
120 

- 30 

85 i20 

180 + 6 0  

125 k 1 5  

2.0 i 0.5 

20 _t7 

48 + I 0  

50 + 1 5  

37 + I 2  

1.92 + 0.04 

8.95 i O . 1 3  

5.1 i 0.3 

t 2.0 

- 0.8 
9.5 

6.7 t 0 . 6  

0.14 f 0.04 

0.60 iO.15 

t 0.3 

- 0.4 

3.3 + 0.5 

1.5 f 0 . 5  

0.41 * 0.14 

2.6 k0.6 

1.3 i 0 . 3  

5.0 52.5 

3.0 

f 3  

- 2  
7 

4.7 5 0.7 

3.8 7 0 . 2  

E o  (ev) 

48.9 i O . l  

49.6 kO.2 

54.8 f O . l  

56.5 i 0.2 

57.2 k 0.3 

59.4 i 0.2 

62.3 i 0 . 3  

63.6 t 0.2 

66.8 f 0 . 2  

71.6 5 0.3 

76.1 0.2 

84.9 2 0.3 

88.6 f 0 . 4  

93.2 i 0 . 4  

97.3 -0.4 

103.3 i 0 . 4  

111.5 t O . 6  

115.2 t n . 6  

123.1 f 0 . 6  

132.1 f 1.0 

136.9 i 1.0 

140.1 i 1.5 

142.8 I 1.0 

116.7 i- 1.5 

149.2 t 1.5 

163.4 Z 1.5 

170.9 t 1.5 

176.5 i 1.5 

17%f 7.78 k Q . 0 2  

104.4 + 0.5 

164.4 f 1.0 

? 1.5 

- 0.8 
7.3 

35 f 10 

7 + 3  

19.5 1.0 

14.5 5 1.5 

3.0 + 1.0 

3.5 : 1.0 

-4 

78 ?r4 

43 - 4  

18 + 2 

18 ? 1  

40 f 7  

3.8 50.7 

5 i l  

20 f 4  

55 f 1 0  

4.5 + 1.5 

3.6 f 1.5 

14 i s  
55 T 10 

12 5 

1 10 

- 5  

35 + 9  

12 i'7 

t 7  

5 

12 

10 

45 t 14 

21 i 8  

i 20 

- 40 
160 

51 i 3  

0 '2  

14 + 3  
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Table 2. (continued) 

Hf 
1 7 9  

5.68 iO.03 

17.62 f 0 . 0 4  

19.05 + 0.10 

23.55 t0.10 

26.44 k O . 1 5  

27.23 t 0 . 1 5  

31.02 i o . 1 0  

36.30 jO.20 

40.0 *0.2 

42.1 50.2 

50.9 t o . 2  

54.8 t O . 1  

69.0 i 0.2 

73.8 0.3 

76.6 +0.3 

83.1 t0.3 

85.2 f 0.4 

-1- 0.4 

- 0.3 
4.2 

2.15 +0.30 

0.12 i 0.04 

t 0.7 

- 1.3 

1.0 t 0 . 3  

0.43 kO.14 

7.5 $0.7 

30 i 3  

25 + 3  

13 + 2  

2.2 10 .5  

5.3 +1.0 

10.0 i 1.0 

7 ' 3  

3.0 kO.9 

6 1 2  

8.3 

8 f 3  

92.4 t 0.4 SO 1 1 5  

101.3 f 0 . 4  130 i 2 5  

103.8 k 0 . 5  10 ' 3  

107.7 +0.6 13 i 3  

117.0 iO.6 39 1 7  

122.1 10.6 29 + 7  

129.6 t0 .7  1 2  + 4  

137.3 i1.0 so r 1 5  

144.4 t 1 . 0  30 t8 

147.1 i 1.5 9 + 5  

1.56.0 + 1.0 50 + 1 5  

166.4 t 1 . 5  20 1-12 

+ 20 
173.5 i 1 . 5  160 

- 40 

179Hf  

178.8 -28 

185.9 

187.4 

-20 

-20 

lSoHf 72.5 t 0 . 3  55 k 3  

171.9 + 1.0 119 t 2 0  

1 
NOTE: g ,  the  s t a t i s t i c a l  weight  factor ,  is as sumed  t o  be / for 177Hf and 179Hf. 

2 

Table 3. Parameters of 1.098- and 2.384-ev Resonances in 17'Hf from Shape Analysis 

78Hf (thin) 

78Hf ( thick)  

1.094 '. 0.002 1.92 iO.04 68 t 2  

1.099 ~ 0 . 0 0 2  1.83 t0 .06  73 i 3  

1.098 t0.002 1.94 f0.04 68.3 + 1.5 I-If 
1 7 9  

lsoHf (thin) 1.098 t0 .002 1.99 i0.10 67 + 2  

l 8  '€If (thick) 

Average va lues  

1 7 6  
I-If 

1.099 t0.002 1.91 co.10 69 i 2  

1.099 iO.001 1.92 iO.03 68.3 t 1.0 

2.384 t 0.003 8.5 t 0.3 75 1 4  

Hf (thin) 2.383 t 0.003 8.9 + 0.2 70 f 3  

179Hf 2.386 fO.003 8.9 f 0.2 70.0 * 1.6 

1 7 8  

"Ilf ( thin)  

"'Hf (thick) 

2.382 kO.003 9.2 f 0.5 71 + 2  

2.384 t0.003 8.8 f 0.5 70 + 3  

66.4 f 1.0 

Average va lues  2.384 i-0,002 8.9 k 0.2 70.2 t 1.5 61.3 +1.5 
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T h e  number of resonances i s  plotted v s  neutron 
energy for the odd-A and the even-A target  

nuc l ides  in Figs. 1 and 2 respect ively.  T h e  
average level spacing, D ,  for each isotope per 
s p i n  s t a t e  is given by the  s lope of the s t ra ight  
line, which inc ludes  a correction for the  
"missed" resonances. '  T h i s  correction for 
"missed" resonances  was 11% for 177Hf in  the  

'T. Fuke ta  and J. A, IIarvey, Nuclear 1nstr~111ents 
and Methods ,  in press .  
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energy range from 0 to 70 e v ,  14% for 17'kif f rom 
0 to 100 e v ,  22% for 17411f from 0 to 140 e v ,  
18% for 176Hf f rom 0 t o  200 e v ,  12% for I7'Hf and 
'"Hf from 0 to 240 ev .  A summary is given in 
Table  4 of average leve l  s p a c i n g s  with probable 

0 
0 40 80 120 160 2 0 0  240 

- ~ . _  

F i g .  2. P l o t  of the  Number of Resonances  v s  Neutron 

Energy  for the  Even-A T a r g e t  Nuc l ides .  

Tab le  4. 
s-Wave Strength Funct ion  S 

Average L e v e l  Spacings per Spin State I3 and 

for the Hafnium Isotopesa 
0 

Average 

Leve l  
s-Wave Strength Funct ion,  Target  

Nuclide Spacing per so - l o4  F:,m 
Spin S ta t e  D 

(ev) 

7 H f  1.7 - 0.6 

17'Hf 9.0 51.3 

17411f 16 * 3  

Hf 3 2  i 7  1 7 6  

17'Hf 60 k 2 0  

"OIIf 100 f 4 0  

2.8 t 0 . 1  

2.1 f 0.4 

2.8 + 1.0 

1.4 + 0.6 

1.1 i0.7 

0.7 It 0.5 

Fig. 1. P l o t  o f  the  Number of Resonances v s  Neutron 

Energy  for the  Odd-A Target  Nuc l ides .  

aThe l eve l  spac ings  for the two  sp in  s t a t e s  in 17711f 

and 179Z1f a re  assumed equal .  
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errors ca lcu la ted  from the equat ions ;  fractional 
error is 0 . 6 7 / d z  for the e v e n 4  i so topes  and 
0 . 6 7 / ~ G  for the  o d d 4  i so topes ,  where n is the  
number of resonances  used t o  determine D .  The 
gradual d e c r e a s e  i n  the leve l  s p a c i n g  with in- 
c reas ing  m a s s  is expected,  due  t o  t h e  d e c r e a s e  in  
neutron binding energy. T h e  smal l  average  leve l  

80 

7 2  

6 4  

56  

- 4 8  
E 

0 4 0  
- 
c;‘ 
I 4  

32 

24 

16 

8 

0 
0 40 80 120 160 200 

F, !w) 

Fig.  3. Plot of the Sum of 1’; v s  Neutron Energy  for 

the Odd-A Torget  Nuclides. 

s p a c i n g s  for the odd-A target  nucl ides  a r e  a l s o  
expec ted ,  due to the neutron binding energy 

differences between odd-A and even-A nucl ides .  
In F i g s .  3 and 4 the sums of t h e  reduced neu- 

tron widths  1’; are  plotted v s  neutron energy for 
the  odd-A and even-A target  nuc l ides  respect ively.  
T h e  s-wave s t rength function S o  - lo4 x I’:/D 
for e a c h  isotope i s  obtained from the  s l o p e  of t h e  
s t ra ight  l ine ,  which includes a s m a l l  correction 
for “missed” resonances.  T h e  d a t a  over the  
en t i re  energy range can be used ,  s i n c e  the cor- 
rect ions for “missed” leve ls  were less than a 
few percent. A summary is given in  T a b l e  4 of 
the  s-wave s t rength functions with probable errors 

computed from the formula 0.67 x d2 .5 /n .  Al- 
though the  uncertaint ies  in the va lues  for the 
even-A target  nucl ides  a re  large because  of t h e  
s m a l l  number of observed resonances ,  there a r e  

Fig.  4. Plot of the Sum of r,” v s  N e u t r o n  Energy for 

the  Even-A Torget  N u c l i d e s .  



indicat ions of a decrease  of the s-wave s t rength function6 with neutron energy which might be 
function with increasing mass  number. ‘This interpreted in  terms of the recent  “doorway-state” 
apparent  decrease  i s  not in agreement with cal- IIowever, a rigorous 
cu la t ions  from the  complex, spheroidal  nuclear  s t a t i s t i c a l  treatment must be inade to be sure  
potent ia l  with deformation appropriate to th i s  that the fluctuations axe s ignif icant .  
atomic-weight region. For both I7’Hf and 79Hf,  
a s  can be  readily s e e n  in Fig. 3 ,  there i s  an - - - - - ~ ~ - ~ ~ ~ ~ ~ ~ ~ - - - - - - - - -  

model of nuclear  react ions.  

apparent loca l  variation of the s-wave s t rength 6T. F u k e t a ,  Bull .  A I R .  F h p s .  S O ~ .  9,  LO (1963). 

2 3 8  
N U C L E A R  KEACTIONS. Ri(o, y), thermal;  U ( n , y ) ,  thermal;  Nb(n,  y), thermal;  

Nb ,  
9 4  

Sn(n ,y) ,  thermal;  Y(n,?/), thermal;  measured E,y,  I-,. ‘l0F3i, 2 3 9 U ,  
1 1 7 , 1 1 8 , 1 2 0  

1 1 e ’ 1 1 9 ’ 1 2 1 S n ,  9 0 Y  deduced  l eve l s ,  J ,  i7. 238 U ,  1 1 7 ’ 1 1 8 ’ 1 2 0 S n  en r i ched  target.  
.~ ~~.~~~~~ ~ . ~ .  ........ ~ ~~ . .... . ...____ 

A neutron beam doubly reflected from Inconel 
mirrors is used  a t  t h e  ORR fast-chopper facility 
as  a source  of thermal neutrons for neutron c a p  
ture gamma-ray measurements. Neutrons, ranging 
in energy from the  peak of the  thermal spectrum 

down, are reflected through a total angle  of 4.2 
milliradians to  pass  directly down the fast-  
chopper flight path. F a s t  neutrons and gamma 
rays a re  removed by a collimator between the  
two mirrors. For  a factor of 2.5 l o s s  in thermal 
neutrons in the beam, the fast  neutrons and gamma 
rays a r e  reduced by three t o  four orders of magni- 
tude. T h e  resultant highly pure thermal neutron 
beam makes it poss ib le  t o  take the  neutron cap-  
ture gamma-ray spectrum of nucl ides  having 
relatively s m a l l  thermal absorption cross s e c t i o n s  
without undue background f rom f a s t  neutrons and 
gamma rays. After reflection and collimation, 
the bcam contains  about 7 x 10’ neutrons/sec in  
a n  area of 6 x 12 cm a t  the 11-m flight-path s t a -  
tion. Neutron capture  gamma rays from a sample  
placed in the beam a t  the 11-m s ta t ion a r e  de- 
tected by a liihiuin-drifted germanium crys ta l  
2.6 c1n2 in area b y  7 mm thick with a so l id  angle  
of a b u t  1 part in 2 r  IO-‘. 

T h e  usefu l  interaction in the gamma-ray energy 
range above 2000 kev  i s  pair production with 
subsequent  e s c a p e  of both annihilation quanta. 
For the c rys ta l  use ,  this  double-escape peak 
exhibi ts  a resolution of about  11 kev a t  a gamma- 
ray energy of 4000 kev,  and i s  e ight  t o  ten times 
the amplitude of the Compton edge  resul t ing from 
the s i n g l e  gamma ray. In general, there is a 
complex spectrum with many gamma rays. As a 

resul t ,  the  double-escape peaks of gamma rays of 
low intensi ty  may be obscured by the Compton 
edges  of other  gamma rays. T h e  c rys ta l  de tec ts  
4000-kev gamma rays with a n  intr insic  eff ic iency 
for the double-escape peak of about 0.3%. For  
runs  of severa l  days  duration s u b j e c t  to a n  
appreciable  amount of e lectronic  drift,  the 
energ ies  of t h e  l ines  may be measured to + lo  kev 
absolu te  and 15 kev relative to other  l ines .  For 
runs of shorter  duration having careful  intercali- 
brations with l ines  of known energ ies ,  the errors 
can  be iiiuch smaller  than t h e  va lues  quoted 
above.  For  the c rys ta l  used,  the doiible-escape- 
peak eff ic iency rises sharp ly  from zero  a t  the 

threshold (1022 kev gamma-ray energy) to  a maxi- 
mum a t  -.,3000 kev, and fa l l s  slowly above 6000 



kcv. In the  energy range from 600 to 1600 kev 
deposi ted in t h e  c rys ta l ,  there i s  some ambiguity 
a s  to  whether a peak is the full energy peak  of H 

gamma ray or the double-escape peak  of a gamina 
ray having 1022 k e v  more energy. 

The  c r y s t a l  used  in  th i s  experiment w a s  fur- 
n ished by R .  J.  Fox,  Instrumentation and Con- 
trols Division. It i s  encapsulated in a n  evacuated  
thin-wall aluminum c a n ,  in which the c losure  is 
effected by cold welding. T h i s  technique re- 
s u l t s  in a c rys ta l  which maintains i t s  character-  
istics for a long period of t ime,  perhaps indefi- 
ni te ly ,  i f  t h e  c rys ta l  i s  kept  cold.  Since a con- 
s iderable  amount of t i m e  is invested in  e a c h  
c r y s t a l  to determine i t s  response  function, longev- 
ity is an important considerat ion.  

Spectra  were taken of the gamma rays following 

U, 
1 3 8  thermal neutron capture  in samples  of B1, 

Nb, Sn i so topes ,  and Y. 

Bismuth 

Neutron capture  by '09Bi forms a compound 
nucleus  which c a n  b e  considered as  a neutron and 
a proton outs ide  a doubly-closed-shell '"Pb 
core.  In th i s  case of unlike nuc leons  outs ide  a 
s t a b l e  core ,  i t  appears  n e c e s s a r y  t o  invoke tensor  
forces  or apprec iab le  configuration mixing t o  
explain the inverted level  sequence  (1-, ground 
s t a t e ,  0 -  f i rs t  exc i ted  s t a t e )  and the anomalously 
smal l  magnet ic  moment. Experimental and 
theoret ical  ev idence  indicates  that the "Bi 
nuc leus  h a s  a n  almost  pure h 9 , 2  proton g g I 2  
neutron configuration. In t h i s  case i t  i s  expec ted  
that  there wil l  b e  a ground-state multiplet of ten 
leve ls  having  in tens i t ies  in the (d, p )  reaction 
proportional t o  (21 t 1). 

F igure  1 is a leve l  diagram inferred from the  
resu l t s  of ( d , p )  experiments  upon 2 0 9 B i  . T h e  
references are c i ted  in the figure. T h e  s p i n s  

and par i t ies  of the leve ls  a r e  those  known from 
other information or inferred from the  relat ive 
i n t e n s i t i e s  in t h e  (tJ,p) work. T h e  t icks  on the 
energy scale represent  the  locat ions of all t h e  

leve ls  found i n  the (rl,p) experiment, and  the  
exci ta t ion energ ies  of some of the leve ls  a r e  
given under t h e  l ine represent ing t h e  level .  T h e  
s o l i d  ver t ica l  l ines  connect ing t h e  (4-, 5-) 

s-wave neutron captur ing s t a t e  a t  4593 kev ex-, 
cit:ition with var ious leve ls  represent  primary 
gamma-ray t ransi t ions which h a v e  been observed 
with the Ge(Li) detector. T h e  dotted ver t ical  l ines  
represent  gamma rays which, because  of low in- 
tensi ty  or concurrence with background l ines ,  may 
not actual ly  a r i s e  from the: Ei(n,;/) react ion.  The 
numbers in  parentheses  on the ver t ica l  l ines  a r e  
t h e  energ ies  (in kev) of t h e  gamma rays as mea:;- 
ured with the  Ge(Li) crystal; the  numbers prc- 

ceding  these  are t h e  differences (in key) between 
the  neutron binding energy a n d  the leve ls  found 
by t h e  (d ,p )  experiment. 

Relat ive- intensi ty  measurements were poss ib le  
fur t h e  four dominating l ines  in the spectrum and 
a r e  given in the figure. T h e  relat ive in tens i t ies  
of the three s t ronges t  l ines  agree well witti the  
re lat ive in tens i t ies  found for these  l ines  by 
fdlotz.' T h e s e  four l ines  a r e  ,MI transi t ions or 
higher multipolarity if the ( d , p )  sp in  ass ignments  
a r e  correct .  T h e  large relat ive in tens i t ies  of 
t h e s e  l i n e s  tend t o  corroborate the (djj7p)) sp in  
assignments .  T h e  leve l  a t  433 kev is probably a 
doublet ,  according to the  (d ,p )  work. T h e  corre- 
sponding  gamma transition is s e e n  a s  s ing le  in 
the present experiment, but the t ransi t ion from 
the captur ing s t a t e  to  the 7 -  s t a t e  (E2 or higher 
multipolarity) probably would be  of too low in- 
tensi ty  t o  b e  s e e n .  T h e  primary t ransi t ion t o  a 
2-  s t a t e  a t  320 kev exci ta t ion would be  a n  E 2  or 
higher multipolarity. Since the s ingle-par t ic le  
es t imate  of a n  E2 transition rate  is only a factor  
of 20 s lower  than for an 1211 transition rate  in  
th i s  energy range, i t  is not too surpr is ing that  
th i s  E2 i s  observed.  T h e  presence of th i s  t ransi-  
tion a n d  the s t rength of the transition t o  the 6" 
leve l  a t  547 kev  indicate  that thermal neutron 
capture  in bismuth probably proceeds through 
both the 4 -  and 5- captur ing s t a t e s .  F igure  2 
s h o w s  the double-escape p e a k s  in  the Ge(Li) 
c rys ta l  for the four s t ronges t  gamma rays.  Table  
1 l i s t s  the  s t ronger  gamma rays,  showing their  
c:orrelation with the (d ,  p )  resul ts .  T h e  gamma-ray 
l ines  a t  3632, 3396, and 3356 kev may represent 
e i ther  primary t ransi t ions t o  leve ls  not  exc i ted  
in  the (d ,p )  reaction or t ransi t ions other than 
primary. 

'Van L. J a r c ~ y k  et a!., Z .  Angew. Math. Phys. 
13, 117 (1962). 
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T a b l e  1. Corre lot ion of Neutron Capture Gamma Rays  

with  Leve ls  E x c i t e d  by the ( d , p )  React ion in 2 0 9 B i a  

Rela t ive  E B E - E  E x  ( d , p )  

In tens i ty  (kev) (kev)' (kev) 
Reinarks Y 

4282 

5 42.52 

43 4162 

20 4092 

32 4044 

3682 

3632 

3396 

3356 

311 3 20 

341 347 

43 1 433 

501 50 1 

549 5-1 7 

911 912 12  C ,  l 4  N(n,y)?  

96 1 

1197 

1237 

aWeak l ines not  l is ted.  

Uranium-238 

Many previously unreported gamma-ray l i n e s  
were observed in  the  2 3 8 U ( n , y )  react ion.  T h e  
most s ignif icant  feature  of the spectrum is the  
resolution of a group of l ines  around 4060 kev. 
Previous  measurements by other experimenters  
with a n  NaI  de tec tor  showed a s ingle  l i n e  a t  
4.06 Mev which exhibi ted a remarkable lack  of 
intensi ty  variation from resonance t o  resonance.  
T h i s  implied that v, the  number of degrees  of 
freedom avai lab le  to  a s p e c i f i c  gamma ray for 
decay ,  was  of t h e  order of 5 to 90. T h e  resolu- 
tion of th i s  l i n e  in to  a t  least four other l ines  a t  
3981, 3987,  4059, and 4094 kev within the resolu- 
tion width of an NaI c rys ta l  indicates  that the 
contr ibut ions of these  l ines  a r e  respons ib le  for 
the lack  of variation of the s i n g l e  l ine  a s  s e e n  
by the  NaI crystal .  Other unreported l ines  of 

s ignif icant  intensi ty  were found at 4585, 4622, 
and 4675 kev,  

Niabium 

It has. been that the  strongly 
bound "Zr nuc leus  may serve  as a c o r e  for some 

2R. K. Shel ine  et al., t o  be published i n  Nuclear  

U. Gruber et af., t o  be publ ished in Nuclear 3 
Physics.  

Physics .  

addi t ional  nucleons.  T h e  compound nucleus  94Nb 
formed by neutron capture  by "Nb could then be 
considered a ~ s  o n e  proton and three neutrons 
outs ide a 9 0 Z r  core.  calculation^^^^ were made 
on th i s  b a s i s  and  compared with the  resu l t s  of 
( d , p )  and (n ,y)  experiments  on "Nb. A compari- 
son of t h e s e  experimental resu l t s  and  the present  
experimental  resu l t s  i s  given in  T a b l e  2.  

Many gamma rays were found which correspond 
to primary t ransi t ions from t h e  capturing s t a t e  
(4 , 5 for s-wave neutrons) t o  leve ls  exc i ted  in 
the  (d ,p)  react ion,  and  other gamma rays were 
found which correspond to t ransi t ions from t h e s e  
l e v e l s  to the ground s t a t e  (6'). Inasmuch a s  
T a b l e  2 cons iders  only the above type of correla-  
t ion,  it is perhaps surpr is ing that so  many (53) 
a r e  found. In 12 of the c a s e s ,  both components of 
a two-component c a s c a d e  were s e e n .  Of perhaps 
more in te res t  a r e  the cases in which correlation 
with t h e  (d ,p)  resu l t s  does  not ex is t .  A s t rong  
gamma-ray t ransi t ion of 6830 -t 10 kev energy 
presumably represents  a transition from the 
captur ing s t a t e  to an exci ted s t a t e  a t  399  kcv 
which is not  found in  the ( d , p )  resul ts .  T h i s  
leve l  may correspond to an exc i ted  proton con- 
figuration and  thus not be populated' in  the 
( d , p )  reaction. T h i s  explanat ion may be  in 
order for s o m e  other gamma l ines ,  particularly 
for a fairly i n t e n s e  group which corresponds t o  
t ransi t ions from the captur ing s t a t e  t o  l e v e l s  
having exci ta t ion energ ies  from 1800 to 2200 kev.  

A comparison of the present  resu l t s  with the 
bent-crystal resu l t s  for the 93Nb(n, y )  reaction 
s h o w s  that  a l l  of the  l i n e s  s e e n  by the  bent- 
c r y s t a l  spectrometer  with relat ive in tens i t ies  
>IO% were a l s o  observed by t h e  Ge(Li) spectrom- 
e te r .  T h e  l i n e s  from the bent-crystal spectrometer  
which were not observed i n  the present  experi- 
ment a r e  not  l i s ted  in Table  2. 

It is of in te res t  to comment upon t h e  s p i n s  and 
par i t ies  s u g g e s t e d 3  for t h e  low-lying leve ls  in 
"Nb based  on es t imates  of re la t ive in tens i t ies  
from t h e  present  experiment and crude arguments 
concerning the  relat ive probabilities for tratisi- 
t ions  of var ious multipole orders. The 7229-kev 
primary t ransi t ion from the captur ing s t a t e  t o  the 
(6') ground s t a t e  is weak, which implies t h a t  
thermal neutron capture  proceeds predominantly 
through the  4' rather than the 5' captur ing s t a t e .  
The very s t rong  7188-kev primary transition t o  the 
(3') l eve l  a t  41 kev exci ta t ion corroborates th i s  
sp in  assignment  if the  captur ing s t a t e  IS 4 . T h e  

t t  

t 
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Table 2. Correlat ion of L e v e l s  Exc i ted  by the ( d , p )  React ion  i n  93Nb w i t h  Capture Gamma R a y s a  

Suggest  e d 
Bent Crys ta l  

E . ,  BE--E,, E x  ( d , p )  ... --.. 

En, (kev) Rela t ive  Intensi ty  Spin and Par i ty  (kev) Rela t ive  Intensi ty  ( d , p )  Relat ive Intensi ty  ' 
(kev) 

~ 

2.7 

0.2 

1.0 

4.3 

0.3 

0.5 

0.6 

0.4 

1.3 

1.7 

4.6 

1.4 

1.0 

I. 3 

7229 

7167 

7115' 

6917' 

6884 

6599 

6517 

6482 

6439 

6411' 

6335 

6297 

6067 

5987 

5887 

5772 

5732 

5708 

5650' 

5612' 

5595 

(kev) 

-. 

0 

43  

62 

11.1 

312  

345 

3 99 

427 

630 

71 2 

747 

7 90 

818 

894 

93 2 

1162 

1242 

1265 

1275 

1331 

1342 

1457 

1497 

1521 

1579 

161 7 

1631  

Y 
of Leve 1 (kev) 

(Compare ( B E - E  ) and E r 
0 1 

11 0.49 

5 9  0.69 

78 0.85 

113 1.0 

314 

33 5 

637 

7 94 

820 

960 

1004 

1062 

1168 

1233 

1 2 7 8  

1324 

1402 

1496 

1572 

1625 

6' 

3 +  

4 +  

'is 

5+ 

5 +  

2 +  

(3'-?) 

6' 

5577' 1652 1554 
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Table 2. (continued) 
... ... . . . . . . . . . . - . ~~ ~ . .. ..... . ...~~. 

E B E - E y  E x  (d ,p)  -~ Bent Crys ta l  Suggested" 
Rela t ive  In tens i ty  " 

Rela t ive  Intensi ty  Spin and Par i ty  (kev) (kev) (kev) Rela t ive  h t e n s i t y  ( d , ~ )  
E (kev) 

(kev) of Level  Y 

5.6 

4.3 

1 

2.2 

4.7 

2.7 

1.2 

2.1 

3.9 

5539 

55 17 

( 5 5 0 1  

5454 

5404 

5370' 

5351 

5309 

5284 

5254 { 5248 

5209 

5132 

5108 

5102 

5090 

5072 

5034 

4980 

4912' 

4849 

4826 

4789 

4754 

4737 

4672 

4604 

4592' 

4560' 

4501 

1690 

1712 

1728 

1775 

1825 

1859 

1878 

1920 

1945 

1975 

1981 

2020 

2033 

2047 

2097 

212 1 

2127 

2139 

2157 

2195 

2249 

2317 

2380 

2403 

244 0 

2475 

2492 

2557 

2625 

2637 

2669 

2728 

4467 2762 

1696 

1724 

1784 

1808 

1863 

2051 

2142 

2190 

2305 

2372 

244 1 

2474 

2542 

2.574 

2623 

2651 

2675 

2763 
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Sugges ted  Bent  Crys ta l  
~~~ BE-&. $7 ( r i m !  

Rela t ive  In tens i ty  E Y  
( k e v )  

1427‘ 

4392 

41 27 

3877 

3237 

2820 

2671 

2657 

2309 

1977 

1862 

’.>y - x  ‘-”” Rela t ive  Intensi ty  ( d , p )  ~ , ,  (kpv)  Rela t ive  Intensi ty  Spin and  Par i ty  
(kev) (kev) 

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

Cornpore (RF:--E ) and E 
Y X 

2802 2813 

2837 2845 

2890 Very s t rong  

3060 Strong 

3102 3105 

3202 

3261 

3352 3338 

Coinpare E and E 
Y 

3338 

3 2 64 

3202 

3105 

3060 Strong 

2896 Very s t r o n g  

2845 

281 3 

2763 

2675 

26.51 N(n, ?)? 

2623 

2574 

2512 

2474 

244 1 

2372 

2305 

2190 

2142 

2051 

1863 

1808 

2 

2 
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Table 2. (continued) 

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

Rent Crys ta l  Sugges t edb  
Rela t ive  Intensi ty  Ey H E - E y  E x  (d’p) Rela t ive  Intensity (d ,p)  

(kev) (kev) (kev) Rela t ive  Intensi ty  Spin and Par i ty  
E (kev) of L e v e l  
Y (kev) 

_I____.__ 

Compare E and E x  
Y 

1649 

1635 

1586 

1287 

9.55 

840 ? 

552 

333 

305 

291 

252 

111 

98 

54 

1784 

1724 

1696 

1654 

1625 

1572 

1496 

1402 

1324 

1278 

123.3 

1168 

1062 

1004 

960 

820 ? 

7 9‘2 

63 7 

335 

314 

113 1.0 

78 0.85 

59 0.69 

94 9 

8.3 6 

14 

18 

5Sd 1.9 

2 ’- 
5+  

33 7 23 

309 29 

293d 29 

113 35 5 +  

7+ 

4 +  

’u254d 124 (2 l ines)  

99 100 

41 0.49 3 +  

0 1.0 6’ 
. - - II 

aWeak, uncorrelated gamma rays not l is ted.  

‘see ref. 3. 

‘Other member of two-component c a s c a d e  observed. 

dNonprirnary t ransi t ion terminat ing 0x1 exci ted  s t a l e .  
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s t rong  7170-kev primary transition t o  the (4 ') 
59-kev exci ted s t a t e  is in agreement with th i s  
ass ignment ,  but gives  n o  information concerning 
the  captur ing s t a t e .  The  missing 7151-kev primary 
transition t o  the (7') 78-kev exci ted s t a t e  i s  very 
weak ev idence  for a 4' capturing s t a t e .  'The 
s t rengths  of the 7116-kev prirnaiy transition to  the 
(5') s t a t e  a t  113 kev and the  6915-kev primary 
transition to the (5') s t a t e  a t  314 kei7 are in 
agreement with the sp in  assignments ,  and allow 
ei ther  spin for the capturing s t a t e .  The  observa-  
tion of the weak 6830-kev primary transition t o  
the  (2+)  335-kev s t a t e  indicates  that  the captur ing 
s t a t e  probably h a s  a sp in  and parity of 4' if the 
2' assignment  for th i s  level i s  correct. In s u m -  

mary, the relat ive in tens i t ies  found i n  this  m e a s -  

urement corroborate the ass igned  s p i n s  if a 4 +  
captur ing s t a t e  i s  assumed.  

Tin-1 17, - 1  18, and -120 

Gamma-ray spec t ra  from thermal neutron capture  
in s e v e r a l  of the i so topes  of tin were measured 

with the Ge(Li) spectrometer t o  supplement ear l ier  
gamma-ray spec t ra  measurements with a large NaI 
spectrometer. A st rong gamma ray with an energy 
of 9 .31  Mev ( the ground-state t ransi t ion)  w a s  
observed from t h e m a 1  neutron capture  i n  a 35-g 
sample  enriched to 89% in II7Sn (t:'). Since 
the  ground s t a t e  h a s  zero sp in ,  t h i s  captur ing 
s t a t e  must be l', and the gamma ray i s  a s t rong 
M1 transition. Many other gamma-ray l ines  were 
observed,  including a s t rong line a t  7 .63  Mev 
going t o  an exci ted s t a t e  at 1.68 MeV, a weak 
l ine a t  8-09 Mev going to  an exci ted s t a t e  at 
1.22 Mev, and a s t rong line a t  1.23 Mev. More 
than 15 gamma rays were observed from thermal 
capture in a 160-g sample enriched t o  97% in 
"'Sn. More than 20 gamma rays were observed 
in a 200-g sample  enriched t o  98% in I zoSn .  TWO 
high-energy gamma rays with energ ies  of 6164 and 
6104 kev correspond to t ransi t ions to  the ground 
s t a t e  and probably t o  a n  exc i ted  s t a t e  at SO kev. 
The data  from t h e s e  three i so topes  wil l  be com- 
pared with the  resu l t s  from (d ,p )  measurements t o  
obtain energy-level diagrams,  Measurements of 

8 9 y a  
T a b l e  3. Correlat ions of Neutron Capture Gamma Rays  w i t h  E x c i t e d  by  the ( d , p )  React ion in 

S U g g e  s t pd 

(kev) (kev) (kev )  of Leve l s  

E '  
E B E - E n v b  Spin and Par i ty  

6QUd 

-. 5647d . ... . 

5482 

5037 

4657 

4614 

3.3 7.7 

UL? 
.____ 41 OOd 

4007 

3867 

3602 

77-le ,. 7 +  

- 
1211 1'13 0 

1376 1374 1 

1821 1819 

2201 22453; 4630' 

2244 224.5 

2381 2479 2 

2511 2504; 4330? 

- 

- 

275'? 2754 1 +  

2851e 2853 - 
2991 3002; 3861 4 ; ?  

3256 3230 

E 
Y 

(kev) 

. . .. 

3422 

3372 

3 294 

3 156 

3095 

2830d 

2742 

2499 

2459 

__ 1 ,> ~ .. d 

... 57Jd 

- 19gd 

.......... 

- 

aWeak, uncorre la ted  l ines not l isted.  

bCoinpare (BE-E. ) or E 

' S e e  ref. 6. 

d A l s o  reported in ref. 4. 

eOther component of two-component c a s c a d e  possibly seen .  

Stronger l ines  underlined. 

with Ex. 
J i. 

Other l ines  from th is  paper not l isted.  

Suggestedc 

B E - E  ExC Spin and Par i ty  Y 
(ke v )  (ke v ) of Leve l s  

3436e 

3486 

3564 

3702 

3763 

4028 

4116 

43.59 

3430; 3410 

3480 

3584? 

3680; 31.58 

3750 

4068; 2853 
i 

4126; 2754 ?; 1 

4330? 
- 

4389 2479 2 

6083 

6285 

6659 20 2 3 
- 

~ ____ --___ 
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the gamma-ray spec t ra  from thermal neutron cap-  
ture wil l  a l s o  be  made for the  other  i so topes  
of tin. 

Yttrium 

T h e  present  measurements have yielded infor- 
ination in  addition t o  tha t  previously ava i lab le  
concerning the  correlation of capture  g a m m a  rays4  
and t h e  leve ls  in  found through the ( d , p )  

4G. A. Bartholomew et al., Ntrcl. Phys.  10, 590 
(19S9). 

reac t ion .5rG T a b l e  3 l i s t s  the  gamma-ray energ ies  
showing the  correlat ions with the ( d , p )  resu l t s ,  
s imilar  to the previous tab les .  All of the s t ronger  
gamma l i n e s  and some of the weaker l ines  showed 
a correlation with the  ( d , p )  resu l t s .  Again it is 
surpr i s ing  that  so many of the gamma rays a r e  
e i ther  primary t ransi t ions or terminate a t  the 
ground s t a t e .  In five of the cases the  second 
component of a two-component c a s c a d e  w a s  
probably s e e n .  Analysis  i s  continuing on t h e s e  
preliminary resul ts .  

5 E. W. Hamburger and  A. I. Hamburger, t o  be  pub- 
l i shed .  

Nuc.1. Phys.  54, 519 (1964). 

6 C h a r l e s  Watson, C. F. Moore, and R. K. Sheline, 

CAPTURE CROSS-SECTION MEASUREMENTS ON l e 2 W ,  l a 3 W ,  1 8 d W ,  AND l e a W  AT THE RPI LINAC 

R. C. Block J. E. Russe l l ’  R. W. Hockenbury’ 

1 8 2  183 NUCLEAR REACTIONS. W ,  W, I a 4 w ,  l a G w  (n ,y ) .  illeasured c (En) from -35 ev nY 
t o  1 0  kev, average  l e v e l  spacings. Enricl~cd targets. 

Experimental Method 

Radiat ive capture  measurements have been 
carr ied out on  samples  enr iched i n  la2W, lS3W, 
la4W, and I a 6 W  with the  ORNL 1.25-m-diam liquid- 
sc in t i l l a tor  capture  detector  instal led at the R P I  
linear accelerator  laboratory. T h e  experimental  
method is very s imilar  t o  that  given in the 1963 
annual  report’ and wil l  only be  briefly reviewed 
here .  T h e  R P I  l inac w a s  used to produce in tense  
bursts  of neutrons through the bombardment of a 

tungsten target  by short  bunches (-20.1 I-1sec wide)  
of 60-Mev e lec t rons  ( s e e  F ig .  1). T h e  resu l tmg 

1 
R e m  se  laer Poly technic  Inst i tute .  

’R. C. Block, J. E. R u s s e l l ,  and R. W .  Hockenbury, 
Phys. Div. Ann.  Pro&. R e p t .  Jan .  31,  1963, ORNL-3425, 
p. 64. 

photoneutrons were moderated in a 1-in.-thick 
polyethylene moderator, and t h e s e  moderated 
neutrons ptovided t h e  pulsed source  of resonance-  
energy neutrons which were allowed to p a s s  through 
a n  evacuated €light path to the detectors  located 
in the 25-m flight s ta t ion  ( s e e  F ig .  2). T h e  l inac 
w a s  operated a t  repetition frequencies  up to  480 
pulses / sec .  A 0.G-g/cm2 boron l / v  filter w a s  
placed between the neutron moderator and the  
de tec tors  t o  reduce the  background of low-energy 
“overlap” neutrons (i.e., neutrons produced in 
ear l ie r  pu lses )  . 

In cont ras t  t o  the  ear l ier  reported measurements, 
counts  f r o m  the large liquid-scintillator capture  
detector  and counts  from the  ‘OB-NaI neutron 
detector  were col lected s imultaneously in  time- 
of-flight ana lyzers  so that  information on the 
capture  and the  to ta l  c r o s s  s e c t i o n  of a sample  
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15, 3 AND 6-mni  
TUNGSTEN 

PLATES 

ORNL-DWG 64-7145R 

---1 

A L  

‘ - PARACFl N 

ELECTRON 
BEAM 

UtYIV 

ELECTRON TARGET 

Fig .  1. Neu t ron  P r o d u c t i o n  Ta rge t  a t  RPI. Two  inches  of wa te r -coo led  tungsten p la tes  are used  to  p roduce  

photoneutrons froi i i  the e lec t ron  bean, and the p o l y e t h y l e n e  moderator (5 in. diam. b y  1 in. t h i c k )  i s  used  to moderate 

the  photoneutrons i n to  the  resonance energy range. 

w a s  obtained in  the  same experiment.  The  OXNL 
F a s t  Chopper Group’s 4096-channel two-parameter 
analyzer  w a s  used to record e i ther  the  capture- 
detector coun t s  as a function of time of flight 
(with channel  widths a s  narrow a s  0.08 p s e c )  
or to record the pulse-height spec t r a  from the 
capture de tec tor  as a function of time of flight. 
T‘wo conventional Techn ica l  Measurements Cor- 
poration (.rMC) 1.024-channel t ime analyzers  and 
one conventional TMC 2.56-~ciiannel time analyzer  
were used in  conjunction with the  4096-channel 
analyze: t o  record the  capture  detector and neutron 
de tec tor  coun t s  from 10 kev to -4 ev .  

l h e  measureinents were made over a neutron 
energy range from about 4 e v  t o  10 kev, and with 
a 0.1-psec-wide electron burst;  t he  t i m e  resolution 
for t he  capture  measurements was approximately 
5 n s e c i m  at  the higher neutron energ ies .  T h e  
neutron flux was determined by (1) measuring the  

. ?  

count ing rate f rom the ‘B-NaI neutron de tec tor  
with a veiy thin gold monitor sample placed in the 
beam ins ide  the  large sc in t i l l a tor ,  (2) correcting 
the  neutron count ing ra te  for de tec tor  efficiency 
(as a function of neutron energy),  and (3 )  normaliz- 
i ng  the efficiency-corrected neutron count ing rate 
to  the  capture-detector count ing ra te  observed in  
the region of e i ther  the 4.9- or 60.6-ev gold reso- 
nances.  T h e  efficiency of the  large sc in t i l l a tor  
w a s  determined in  the  manner reported by Gibbons 
et a l ,  by measuring the  “spectrurr~ fraction” for 
neutron capture  in  the sample under investigation. 
(The spectrum fraction is defined as tha t  fraction 
of capture  coun t s  which falls within the s ing le-  
channe l  window se t t i ng  on  the  output of the  capture- 
detector amplifier.) The  window w a s  s e t  to count 
only pu l ses  corresponding to gamma rays  between 

‘J. H. Gibbons e t  df., P h y s .  Rev. 122, 182 (1961). 
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ORNL-DWG 64 7144 

It --- -----> - SLIOING DOORS 
A .  -4'1 

AIJXICIARY EOLJIPMFNT ROOM k 

I TPRGET ROOM 

NEUTRON REAM- 1 /-CAPTURE 
DETECTOR EVACUATED F L I G H ~  PATH-- 

25-me+er -rn:j . 
\ .....? ........... :.:.- ...... \ 

25-meter 

STAT I ON 
DETECTOR DETECTOR 

STATION . . ....... . . . . . . n . . . . . ., . . . . . . . . . . . . . . . . . 

Fig. 2. Floor Plan of Experimental Arrangement at RPI. 

3 and 13 M e V .  For  the heavy nuclei ,  where,  i n  
general ,  neutron capture  i s  followed by a compli- 
c a t e d  c a s c a d e  of gamma r a y s ,  t h e  large sc in t i l l a tor  
detector  eff ic iency is taken  a s  e q u a l  t o  the spectrum 
fraction. T h i s  was  t h e  procedure used in  reducing 
t h e  capture  count ing d a t a  for the tungsten i so topes  
to capture  c r o s s  sec t ions .  T h e  count ing d a t a  ob- 

ta ined with the  ' OB-NaI detector  have  not yet  been  
converted t o  t ransmiss ions  and will not be pre- 
s e n t e d  here. 

Results 

'"W, l B 3 W ,  le", and la6W Capture Cross 
Sections. - Measurements were made on s a m p l e s  
of separa ted  tungsten isotopes;  the propert ies  of 
t h e s e  samples  are l is ted in  Table  1, columns 
1 through 6. T h e s e  samples  were prepared by the  

Isotopes Divis ion in  the  form of WO, compressed 
into 2.25-in.-diam disks .  

T h e  capture  count ing d a t a  wete  reduced to t h e  
number of captures  pe r  neutron by appl icat ion of 
the  following equation: 

where F x i  is the number of captures  per neutron 
incident  upon sample  Y over the  time-of-flight 
interval  corresponding t o  channel  i, C x i  is the 
number of capture  counts  (corrected for deadt ime 
losses) recorded i n  channel  i, (TDB) ,  is the time- 
dependent  background per channel  in t h e  detector  
at time channel  i, (€3) is t h e  cons tan t  background 
per channel  observed during t h e  measurement, 
q x  i s  the  de tec t ion  eff ic iency for capture  i n  sample  
x (taken a s  e q u a l  t o  the spectrum fraction), and 
di is the  to ta l  number of neutrons incident on 
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T a b l e  1. Propert ies o f  the Tungsten Separoted Isotope Samples 

Scale  F a c t o r s  to B e  TJsed with 

Capture  Cross-Sec tion Curves  
Atomic Percent  of Isotope 

. .. . . . .. . . . . . . . . ~ . ~ ~ ~ .  .~. 
-. .. . .. ......... ______ Sample Nw a 

183w l E 4 \ V  182w 1 8 3  W IE4iV 18 6,# 
18CiW (atoms /barn)  1 8 Z W  

1 2WO 3.79 x 10 - 3  91.1 2.53 2.32 0.8 1.08 40.5 44.1 128 

1 jwo 1.99 x 10 6.4 82.5 9.6 1.5 13.5 1.05 9.01 57.7 

4 ~ ~ ~ 3  2.52 x 10- 1.91 1.87 94.3 1.91 53.2 54.4 1.08 53.2 

1 8 6 w ~ 3  10.1 x 1 0 - ~  0.38 0.31 2.05 97.23 297 364 55.0 1.16 

a B a s e d  on t h e  total  number of tungsten a toms per  barn, not j u s t  the  number of a toms per  barn of t h e  enriched isotope.  

sample x over thc time-of-flight interval correspond- 
ing  t o  channel  i. 

T h e  t imedependent  background was measured by 
comparing the count ing rate  in  the capture detector  
with a 0.5-in.-thick high-purity carbon sample  
placed inside the detector  t o  the  count ing rate  
with no sample placed inside the detector .  The 
cons tan t  background w a s  determined from the 
counting rate  in  the  capture detector  a t  long times 
of flight when the boron overlap filter had e s s e n -  
t ia l ly  removed a11 the resonance-energy neutrons 
from the  beam and a l l  time-dependent background 
ef fec ts  had died away. A s  d i s c u s s e d  previously, 

the number of neutrons p e r  channel ,  (Si, was de ter -  
mined from the ’ ‘B-NaT neutron-detector count ing 

rate  and t h e  capture-detector count ing rate  from 
a thin gold monitor sample  left inside the capture  
detector  throughout the  measurements. T h e  
spectrum fract ions for t h e  tungsten i so topes  

were obtained by measuring t h e  capture-detector 
pulse-height dis t r ibut ions for isolated tungsten 
resonances  below -200 e v .  When two or m o r e  
resonances were measured i n  the s a m e  isotope,  
the spectrum fraction was observed to be essent ia l ly  
cons tan t  from resonance t o  resonance.  (This  
constancy of spectrum fraction i s  cons is ten t  with 
the interpretation that t h e  gamma-ray c a s c a d e s  
following capture  in  tungsten are so  complex that  
the eff ic iency of the large detector  i s  essent ia l ly  

constant  f r o m  resonance t o  resonance.)  The  
spectrum fractions for the tungsten i so topes  were 
measured t o  be 0.59, 0.70, 0.60, and 0.54, respec-  
t ively,  for 182CC’, l E 3 W ,  lg4W, and l E 6 W .  T h e s e  
spectrum fract ions were obtained with the capture-  
detector  s ingle-channel  analyzer  window s e t  to  
accept  pulses  corresponding t o  gamma rays between 
3 and 13 Mev. 

When the capture  sample  is sufficiently thin s o  

that  t h e  e f fec ts  of exponent ia l  a t tenuat ion of the 
ncutron beaim and the e f fec ts  of multiple sca t te r ing  
of neutrons in t h e  sample c a n  both be neglected,  
the capture  c r o s s  sec t ion  i s  e q u a l  t o  

’xi 
:T i ;  (n,).) = _____ , 

N x  

where 3;; (n,y) is the “thin-sample” capture  c r o s s  
sec t ion4  (in barns)  a t  t h e  time of flight correspond- 
ing to  channel  i, N x  i s  the  th ickness  of sample x 
(in atoms/barn), and F x j  i s  t h e  number of captures. 
per neutron, a s  defined in  Eq. (1). The  capture  
d a t a  obtained for the samples  enriched in  lg2W, 

831V,  8‘*W, and 86V: were reduced t o  the form of 
“thin-sample” capture  c r o s s  s e c t i o n s  and a r e  
plotted in  F i g s .  3--6. Since e a c h  sarnple contained 
__ -I . . . . . . . . . . 

4 T h i s  “thin-sample” capture  cross s e c t i o n  includes 
the e f f e c t  of Doppler and iesolut ion broadening. 
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signif icant  amounts of minor i so topes ,  and hence  
capture  from more than one isotope w a s  present  
in  e a c h  sample,  it w a s  convenient  to  use  the s a m e  
value of q, i n  Eq.  (1) €or all the da ta .  T h e  value 
of ?iX of 0.61 w a s  used  in  generating all t h e s e  
curves .  (This  qx w a s  equal  t o  the  spectrum fract ion 
for capture  in the  gold resonances  and is close 
to t h e  spectrum fraction for t h e  tungs ten  i so topes . )  
T h e  to ta l  number of tungsten atoms per barn, 
l i s ted  i n  column 2 of Table  1, w a s  used in  applying 

Eq. (2). In order to determine o-ii(n,r) for e a c h  
isotope present  in e a c h  sample ,  the  ordinates  i n  
Figs. 3-6 must be multiplied by a n  appropriate 

scale factor which includes the  isotopic  enrichment 
and deviat ion of t h e  isotope 's  spectrum fract ion 
from 0.61. T h e s e  s c a l e  factors  have been deter-  
mined and a r e  l i s ted  i n  columns 6-9 in T a b l e  1. 
For example,  t o  obtain the value of (Tii(rz,y) for 
the  l B 3 W  isotope present  i n  the 184WOj sample ,  
the  I a 4 W  c r o s s  s e c t i o n s  in  F i g s .  3-6 should be 
multiplied by the scale factor of 54.4 in  column 8 
of Table  1. 

It is apparent  i n  the capture  c ross -sec t ion  
curves  of the  tungsten isotopes that  at low energ ies  
t h e  resonances  are qui te  wel l  resolved from e a c h  
other, but i n  the  kev energy region t h e  effect  of 
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Fig. 3. Capture Cross Sections of the Iso top ica l ly  Enriched Samples of Tungsten.  ( T h e s e  cross sect ions must 

be corrected for isotopic enrichment and for the change in the capture detect ion e f f ic iency  for each isotope.) 



f ini te  resolution i s  showing up in the  merging of 
the resonances .  T h e s e  d a t a  have been analyzed 
for the  energ ies  of the observed resonances through 
the  u s e  of a computer code  which loca tes  the 
center  of e a c h  resonance by least-squares  f i t t ing 
a second-order polynomial t o  each  peak in  the  
capture  cross sec t ion .  Correct ions have been 
made for small  resonances  due t o  the gold monitor 
inside t h e  capture  detector  during the experiment, 
a d  isotopic  ass ignments  were made by comparing 
the capture  d a t a  from a l l  four enriched samples .  
T h e s e  resu l t s  are  l is ted in  T a b l e s  2-5, and the 
integral level-spacing dis t r ibut ions for the tungsten 

i so topes  are plotted in F ig .  7. (The l o w - e n e r u  
resonances  have a l s o  been included in  plotting 
Fig.  7.) In th i s  figure a s t ra ight  l ine h a s  been 
drawn through the  low-energy portion of the 8 3 W  
integral level-spacing dis t r ibut ion,  and i t  is 
apparent that  above -1000 e v  the d a t a  s ignif icant ly  
depart from th is  l ine.  T h i s  departure i s  iiiterpreted 
as a loss of observed resonances  due t o  t h e  effect  
of increasingly poorer energy resolution with 
increasing energy. However, below -1000 e v  it 
appears  that  most of the resonances  in I a 3 W  have 
been observed,  and thus  the line with s lope  of 
15 e v  per resonance i s  a reasonable  interpretation 
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F i g .  4. Captu re  Cross  Sect ions o f  the I s o t o p i c a l l y  E n r i c h e d  Samples o f  Tungsten.  (These c r o s s  sec t i ons  m u s t  

be co r rec ted  fo r  i s o t o p i c  en r i chmen t  and for  the  change in t h e  capture d e t e c t i o n  e f f i c i e n c y  for each  isotope.) 



59 

of the  leve l  spac ing .  If it is assumed tha t  most 
of the  leve ls  up t o  1000 e v  a r e  s-wave leve ls ,  
and hence lead t o  compound s t a t e s  in  l S 4 W  of 
total  angular momentum J = 0 or J 2 1,  and if the 

(2J t 1) level-spacing law is valid here ,  then the 
average leve l  s p a c i n g  for resonances  i n  * 8 3 ~  is 
equal  to 60 I 1 2  and 20 t 2 e v  for leve ls  of J I 0 
and 1 = 1 respect ively.  (The errors a re  based  on  
the  number of leve ls  observed in  a n  energy interval. 
'The fract ional  error i n  determining t h e  average 
leve l  s p a c i n g  from the  observat ion of N l e v e l s  
of t h e  s a m e  s p i n  and parity is approximately equal  
to Assuming t h e  (2J + 1) law t o  apply,  

approximately 16 J = 0 and 4 8  J - 1 resonances  
comprise the  64 resonances  observed up  to  1000 ev;  
t h e  errors a re  based on t h e s e  16 and 48 leve ls . )  

For  the even-even i so topes  of tungsten,  however, 
the  plots  in F ig .  7 are  more difficult t o  interpret. 
For example,  the  lSzW integral  plot c a n  b e  fitted 
with a s t ra ight  l ine of s lope  38 e v  per resonance 
in  the  region up  to 800 e v ,  but above 800 e v  the  
data  c a n  be fitted with a s l o p e  of 69 e v  per reso-  
nance. T h e  e f fec t  of f ini te  energy resolut ion 
predicts  a gradual loss of observed resonances  
with increas ing  energy and d o e s  not explain the 
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Fig. 5. Capture  Crass Sections of the Isotopical ly  Enr iched Samples of Tungsten. ( T h e s e  crass sections must 
be corrected for isotopic enrichment and far  the  change i n  t h e  capture detect ion e f f i c i e n c y  far each isotope.)  
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sudden change of s lope  observed in th i s  experi-  
ment. Thus  the  182111 d a t a  could be interpreted 
to have ei ther  a n  average leve l  s p a c i n g  of 38 * 
6 e v  for the 20 resonances observed up t o  800 e v ,  
or an average level  spac ing  of 6 9  .t 7 e v  for t h e  
46 resonances  observed between 800 and 4000 e v ,  
where the errors are derived from the number of 
observed leve ls  in  e a c h  interva!. In l ike manner 
the integral level-spacing dis t r ibut ions for ' 861V, 
and to  a somewhat l e s s e r  extent  84W, a l s o  exhibi t  
unusual-looking changes  of s l o p e  i n  Fig. 7. How- 
ever ,  a more detai led ana lys i s  must be carried out 
upon the s t a t i s t i c a l  s ignif icance of s e l e c t i n g  
spec i f ic  regions of energy t o  analyze t h e s e  d a t a  

t- 
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before physical  interpretations of loca l  level-  
densi ty  f luctuat ions c a n  be made regarding these  
abrupt changes  of s lope.  

In order to compare the average leve l  s p a c i n g s  
of t h e  tungsten isotopes over the f u l l  energy inter- 
val up t o  4000 EV,  the to ta l  number of observed 
resonances  in e a c h  isotope w a s  divided into the  
energy interval. T h i s  resulted in  average leve l  
spac ings  of 61, 86, and 89 e v ,  respec t ive ly ,  for 
* a 2 W ,  ' a 4 \ V ,  and I s 6 W .  (The fractional error in 
such  a measurement i s  usually taken a s  equal  to 
about 1 / d 2 N ,  where N is the  to ta l  number of 
observed leve ls ,  and th i s  would lead t o  errors  
of '5, i9, and t 9  e v ,  respect ively,  for the average 
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leve l  s p a c i n g  i n  I g 2 W ,  l R 4 W ,  and ‘“W. However, 
the presence of abrupt c h a n g e s  in s l o p e  of the 
integral  level-spacing dis t r ibut ions tends  t o  indi- 
c a t e  that  t h e s e  errors may not be appl icable  here.) 

In the energy region from -1 to 10 kev,  the 
tungsten capture  c r o s s  s e c t i o n s  begin t o  “smooth” 
out due  to  the averaging over marly resonances  
by the  experimental  resolut ion (see F i g .  3 ) .  Hence 
i t  is more pertinent i n  th i s  region t o  average the 
d a t a  over wide energy intervals  and then t o  inter- 
pret t h o s e  average data .  Accordingly, the capture  
da ta  for e a c h  sample  have  been averaged,  corrected 
for the  presence of i so topes  of low enrichment, 
and corrected for tho spectrum fract ion of e a c h  
isotope (assuming tha t  t h i s  spectrum fract ion is 
the same in the  kev energy region as w a s  measured 
in  isolated resonances  below 200 ev). T h e s e  
resu l t s  a r e  l is ted i n  Table  6 i n  columns 3-6. 
Columns 1 and 2 are the enetgy intervals  over which 
t h e  average w a s  taken ,  and column 7 i s  the  average 
capture  cross s e c t i o n  expected for a natural sample  
of tungsten based  uti t h e  natural i so topic  abun- 
d a n c e s  and the isotopic  capture  cross s e c t i o n s  in  

T a b l e  2. Energies  of R e s o n a n c e s  in l E 2 W  
from A b o u t  35 t o  4000 e v  

Energy (ev)  

98.0 

114.7 

130.5 

213.5 

249.6 

282.4 

303.2 

342.7 

377.6 

41 0.1 

430.1 

447.0 

486.2 

580.2 

61.5.9 

657.6 

Energy (ev)  

672.5 

762.3 

781.7 

866 .0  

922.1 

951.3 

1011 

1099 

1166 

1 2 8 1  

1292 

1332 

1414 

1509  

1.519 

1588  

Energy  (ev)  

1653  

1781 

1801 

1 9 3 0  

2016 

2069  

2112 

21 9 0  

2236 

2340 

23Q1 

2423 

2541 

2588 

262 0 

2739 

Eiirrgy (ev)  

2806 

2886 

2 956 

3 000 

3OGl 

3135 

3221 

3275 

3325 

3359 

3434 

3536 

3575 

361 5 

3872 

4005 

colunitis 3-6. No correct ions have been made for 
resonance self-protection or for the  e f f e c t s  of 
multiple sca t te r ing  i n  the samples .  It is est imated 
that t h e  capture  c r o s s  s e c t i o n s  in  T a b l e  6 a r e  
accurate  to about 15%. 

T a b l e  3. Energies  of Resonances in l a 3 W  
from About 35 t~ 2800 ev 

Energy (ev) 

40.7 

46.2 

47.9 

65.5 

101.3 

104.1 

138.3 

144.6 

154.9 

157.3 

174.3 

192.6 

203.8 

220.8 

228.3 

235.8 

240.9 

244.2 

259.4 

280.4 

289.2 

297.1 

322.8 

338.0 

348.5 

353.9 

361.4 

378.8 

392.1 

419.1 

Energy (ev )  

426.9 

430.6 

461.3 

470. 0 

514.4 

536.2 

5.52.8 

560.1 

569.8 

573.0 

589.9 

605.2 

61 0.6 

649.2 

678.2 

692.5 

697.7 

703.2 

726.0 

755.0 

764.1 

795.0 

81 0.7 

855.8 

872.0 

897.5 

931.4 

944.5 

954.6 

964.3 

Energy (ev) 

986.8 

1003 

1012 

1066 

1076 

1088  

1103 

1113  

1131 

1144 

1155 

1169 

1182 

1199 

1245 

131 8 

1335 

1375 

1402 

1153 

1467 

1487 

1.519 

1539 

15.50 

1572 

1592 

1637 

1669  

1698  



T a b l e  4. Energies  of R e s o n o n c e s  in l g 4 W  
from About 35 to 4000 e v  

Energy (ev)  

102.1 

184.7 

233.5 

311.3 

424.4 

594.8 

683.5 

705.4 

786.8 

801.7 

96 0.5 

1002 

1088 

1136 

1215 

1265 

E n e r g y  (ev) 

1339 

14 05 

1429 

1519 

1559 

1661 

1799 

1880  

1928 

2 053 

21 00 

2219 

2262 

242 1 

2466 

2552 

Energy (cv) 

~ 

2631 

2850 

2937 

2 997 

3148 

32 04 

3236 

3328 

3468 

3557 

3613 

3751 

3831 

3 962 

4 0 ? i  

_- ___ 

T a b l e  5. Energies of Resonances in  l g 4 W  
from About 35  to 4000 e v  

Energy (ev) 

111 .3  

171.5 

197.6 

218.4 

245.1 

287.8 

317.9 

407.3 

457.9 

511.8 

531.9 

543.4 

666.0 

732.0 

774.2 

T a b l e  6. Average Capture Cross Sections 

Energy (ev)  

834.8 

857.6 

967.7 

1075 

1127 

1192 

1424 

1506 

1551 

1802 

1942 

2035 

2116 

2360 

2529 

Energy (ev)  

2 6 %  

2671 

2793 

2893 

2 993 

3055 

3179 

3332 

3442 

3589 

3732 

3786 

3895 

3 985 

Energy Interval  over Which 

Data  Are Averaged (kev) 

11.0 

8.9 

7.3 

6.1 

5.18 

3.87 

3.00 

2.15 

1.49 

8.9 

7.3 

6.1 

5.18 

3.87 

3.00 

2.15 

1 .49  

1.01 

0.581 

0.697 

0.778 

0.812 

1 . 1 0  

1 .28  

1.53 

1.87 

1.87 

0.373 

0.424 

0.522 

0.495 

0.700 

0.862 

0.938 

1.213 

1.69 

0.431 

0.427 

0.407 

0.41 8 

0.485 

0.776 

0.663 

0.603 

1 .10  

1.25 

1 .30  

1.62 

1.88 

2.40 

2.66 

3.65 

4.99 

5.49 

0.570 

0.622 

0.714 

0.755 

0.988 

1.21 

1 .40  

1.75 

2.11 

7 0.2640, 8 2  4- 0.144Z1 8 3  + O.3O6(rl 8 4  -?- 0.284U, 8 6 .  
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Tungs ten  Isotopes. 

Level-Spocing Distr ibut ion for the  

In F ig .  8n t h e  logarithms of the average capture  
c r o s s  s e c t i o n s  l i s ted  i n  T a b l e  6 are  plotted as  a 
function of t h e  logarithm of the  neutron energy.  
Typica l ly ,  the s-wave component of t h e  average 
capture  cross s e c t i o n  is expec ted  t o  vary as 
l/tE for neutron energ ies  below -1 kev and t o  
vary as l /E  for neutron energ ies  above -10 kev, 
and t h e  d a t a  i n  Fig.  8 a l l  s e e m  t o  be cons is ten t  
with a n  energy dependence in  between t h e s e  two 
extremes.  Actually, the d a t a  of F ig .  8 for e a c h  
isotope (except ,  perhaps,  “’W) could be f i t ted to 
a s t ra ight  l ine  i n  the energy tegion from - 3  t o  
10 kev,  with the region from 3 to  1 kev progres- 
s i v e l y  fal l ing below t h i s  line. T h i s  “fal l ing 
away” ef fec t  is cons is ten t  with the net  effect  of 
resonance self-protect ion and multiple sca t te r ing .  
At t h e  lower neutron energ ies  the  samples  become 
very black a t  t h e  resonance energ ies ,  and th i s  
e f fec t  more than compensates  for the increase  i n  
the capture  count ing ra te  due  t o  multiple s c a t t e r i n g  
in the samples .  Therefore  a t  the  lower neutron 
energ ies  th i s  treatment of the  da ta  tends  to under- 
es t imate  the value of the capture  c r o s s  sec t ion .  

In the energy range near -10 kev, t h e  average  
capture  c r o s s  sec t ion  becomes proportional to the 
rat io  of the  radiat ion width t o  the average l e v e l  
spac ing .  Since the radiat ion widths of resonances  
in  the  even-even tungsten i so topes  a r e  comparable 
to e a c h  other, the average capture  c r o s s  s e c t i o n s  
should vary from isotope to isotope as the reciprocal  
of t h e  average leve l  spac ing .  T h e  average leve l  
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s p a c i n g s  of lR2W, I B 4 W ,  and lB61V are  61, 86, 
and 89 e v  respect ively (up to 4 kev), and thus the 
average capture  cross s e c t i o n s  should be i n  the 
rat io  of approximately 1.5:1:1. It is s e e n  in  F ig .  
8.3 that  the magnitudes of the experimental  average 
c r o s s  s e c t i o n s  near 10 kev d o  vary in  about t h i s  
ratio. T h e  radiat ion width for t h e  8 3 W  resonances  
i s  s l igh t ly  larger than the  radiation widths for 
t h e  even-even tungsten i so topes ,  and i n  addition 
t h e  average leve l  s p a c i n g  per sp in  s t a t e  is much 
smaller  for the 1 8 3 W  resonances  than for t h e  
resonances  in  the  even-even i so topes .  Therefore  
the 183W average capture  c r o s s  s e c t i o n  should 
be subs tan t ia l ly  larger than t h e  average capture  
c r o s s  s e c t i o n  of any even-even isotope,  and in  
F ig .  Sa it i s  s e e n  that  the  magnitude of the l S j W  
c r o s s  s e c t i o n  is a t  l e a s t  twice that  of any even-  
even  isotope.  

In F ig .  8b are plotted the average tungsten 
capture  cross s e c t i o n s  l is ted in column 7 of T a b l e  
2. A s  indicated in T a b l e  2 ,  t h i s  natural-tungsten 
average capture  c r o s s  s e c t i o n  is simulated by 
weighting t h e  measured isotopic  cross s e c t i o n s  
by the isotopic  abundances found in  nature. T h e  
30-kev capture  c r o s s  sec t ion  measured for tungsten 
by Gibbons el a!.-’ is also plotted in  F i g .  8b, and 
i t  is s e e n  that  a straight-line fit to the d a t a  from 
1 to 10 kev  extrapolates  through t h e  30-kev point. 
‘rhus, to within t h e  es t imated  accuracy of th i s  
experiment of - 15%. t h e s e  measurements agree 
with the  resul t  of Gibbons et a1.3 



Fig.  8. ( a )  Average Capture C r o s s  Sections of the Tungsten Isotopes from 1 kev to 10 kev. ( b )  The Average 

Copture C r o s s  Section of Natura l  Tungsten, Based on the Average Copture Cross Sections of F ig .  8. The point o t  

30 kev is f r om G ibbons  e t  a l .  
4 

GAMMA-RAY SPECTRA FROM NEUTRONS CAPTURED IN 56Fe AT THE 1148-ev RESONANCE 

K .  C. Block 

...____ ....... .... ~ 

NUCLEAR REACTIONS. 56Fe(n,)') a t  1148-ev resonance ;  measured E y ,  I , .  Deduccd 

par t ia l  radiat ion widths  and J of resonance .  Natural  target .  

-.. .____ ~ 

In 1960 a new low-energy resonance w a s  reported 
by Isakov et al.' t o  occur in  the  capture  cross 
sec t ion  of iron a t  a neutron energy of 1180 t_ 80 ev .  
Neutron capture  rneasureaents  by Block et al.' 
and Moxon ct a l . 3  confirmed the ex is tence  of t h i s  

...... 
'A. J. Isakov,  Yu P. Papov,  and E. L. Shapiro, 

J .  Expf. Theoret .  Phys.  ( U S S R )  38,  989-92 (1960) 
[Soviet  Phys.  JE'l'P (Engfish Trans l . )  11,  712 (1960)j. 

2R. C .  Block,  J.  E. R u s s e l l ,  and R. W. Hockenbury, 
Conference  on Low Energy  Nuclear  P h y s i c s ,  p. 1 ,  
Harwell ,  United Kingdom, September 1962 [AERE-R4131 
(1 362)]. 

3hI. C. Moxon and E. R. Kae ,  Conference on Low 
Energy Nuclear  P h y s i c s ,  p. 1, Harwell ,  United Kingdom 
[AERE-R4131 (1952)I. 

resonance,  and through the  u s e  of separa ted  i so-  
topes ,  Block et a1.2 ass igned  th i s  resonance to 

6Fe target nuclei. Subsequent measurements 
by Moore et aZ.4 have confirmed the isotopic  
ass ignment ,  and the resonance h a s  been a s s i g n e d  
t o  s-wave neutrons on the b a s i s  of the siiiiilarity 
of t h e  gamma-ray spectrum from the capture  of 
resonance-energy neutrons t o  the spectrum from 
the  capture  of thermal-energy neutrons. Recent  
high-resolution t ransmission measurements a t  

4J. A. Moore, H.  P a l e v s k y ,  and R. E. Chrien,  Phys.  
Rev.  132, 801 (1963). 
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Harwell’ have shown that t h i s  resotlance cannot  
be produced by s-wave neutrons,  and t h i s  reso- 
nance h a s  been ass igned  t o  p-wave neutrons a t  a 
resonance energy of 1148 f3 ev. 

For thermal neutron capture  in  “Fe, only s-wave 
interact ions c a n  effect ively t a k e  p lace ,  so tha t  
the captur ing s t a t e  i n  j7Fe h a s  a s p i n  and parity 
of ‘4 ’. T h e  low-lying s t a t e s  of ’ 7Fe are of nega- 
t ive parity and low s p i n ,  so that  t h e  high-energy 
gamma ray observed in thermal neutron capture  c a n  
be attributed to E l  t ransi t ions (i.e., AI = 1 plus 
a change  of parity). However, for the  p w a v e  
resonance a t  1148 e v  the captur ing s t a t e  is ei ther  
‘4- or ’4-, and the  high-energy gaama t ransi t ions 
cannot  be E l ,  but a re  most probably M1 t ransi t ions 

= 1, no change in parity). I t  thus  appeared 
interest ing t o  measure the capture-gamma-ray s p e c -  
t ra  with a gamma-ray resolut ion superior t o  that  
used  by Moore et nl . ,  so that  the  s imilar i ty  of 
s p e c t r a  could be s tudied in more de ta i l .  

T h e  9-in.-diam x 12-in. NaI c rys ta l  detector  
instal led a t  t h e  25-m flight s ta t ion  of t h e  ORNL 
fast-chopper faxi l i ty6 w a s  used  t o  make the meas- 
urements ( s e e  F ig .  1). For the  resonance-energy 
measurements t h e  rotor w a s  spun  at 6520 rpm to 
achieve  a neutron energy resolut ion of 10% a t  
1148 ev ;  the  thermal-energy measurements were 
carried out  with a rotor s p e e d  of 220 rpm. The  
NaI detector  pulse-height d a t a  were col lected in  
a Technica l  Measurements Corporation (TMC) 
4096-channel two-parameter analyzer  s imultaneously 
a s  funct ions of time of flight and pulse  height. 
For  the  resonance  capture  the analyzer  w a s  divided 
into 16 channels  of time of flight by 256 c h a n n e l s  
of p u l s e  height; F ig .  2 s h o w s  the  analyzer  d i sp lay .  
E a c h  time-of-flight channel  is 1.28 p s e c  wide,  
and the  intensif ied pattern of dots  represents  the  
in tense  high-energy gamma-ray l i n e s  appearing 
in  the 1148-ev resonance  capture .  T h e  resonance-  
capture  spectrum w a s  determined by subt rac t ing  
the s p e c t r a  from “off-resonance” time channels  
from the  s p e c t r a  of “on-resonance” t i m e  channels .  
T h e  thermal-capture spectrum w a s  determined by 

’R. C .  Block, “High Resolution Neutron T r a n s m i s s i o n  
Measurements of the  1148-V Resonance  in j6Fe,’@ 
to  be published in  f ’hyszcs  Letters .  

‘G .  G. Slaughter s t  al., Phys. Div. Atin. Progr. Rept. 
Jdn .  3 1 ,  1963, ORNL-3425, p. 60; J. 4. Harvey et d l . ,  
Phys.  D Z V .  Ann. Progr. Rzpt .  J a n  31, 1964, ORNL- 
3582,  p. 62. 

a l ternat ing a cadmium s h e e t  i n  and out of the 
neutron beam and subtract ing the two pulse-height 
spec t ra  for t h e s e  two conditions. 

T h e  thermal and resonance capture  pulse-height 
s p e c t r a  a re  plotted in  F ig .  3.  Both s p e c t r a  have 
been normalized t o  unity for the high-energy 
gamma-ray l i n e s ,  and the error bars  a r e  s tandard  
deviat ions derived from t h e  count ing s t a t i s t i c s .  
T h e  thermal-capture spectrum w a s  obtained over- 
night, and the  7.64-Mev l ine had more than 10,000 
counts  in  the peak. T h e  resonance-capture s p e c -  
trum w a s  measured for a period of eight  d a y s ,  and 
about  1500 counts  were co l lec ted  in the high- 
energy peak. F o r  the  thermalcapture  spectrum, 
the  background count ing ra te  w a s  only ‘4% of 
spectrum count ing ra te  a t  7.64 MeV, and f r o m  1 
t o  7 Mev the background did not exceed  8%. In 
t h e  resonance  measurements the background w a s  
13% a t  t h e  7.64-Mev peak,  and from 2 to 7 Mev the 
background varied f r o m  20  to 60%. T h e  scint i l la tor  
detector  w a s  periodically checked with a gamma- 
ray source ,  and the overal l  gain sh i f t  of the equip- 
ment did not exceed  2% during the experiment. 

ORNL-DWG 65-347 

LiH ’ 
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Fig. 1. No1 Crysta l  Detec tor  a t  the ORNL F a s t  

Chopper F a c i  I i ty. 
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F i g .  2. O s c i l l o s c o p e  D i s p l a y  of the TMC 4096-Channel  Two-Dimensional  A n a l y z e r .  T h e  data  represent neutron 
capture i n  iron near 1148 ev; t h e  analyzer  i s  d iv ided into 256 channels  o f  pulse height  by 16 channels  o f  t ime of  

f l ight .  

Considering that  the  resonance  and thermal 
s p e c t r a  a re  produced respect ively by p-wave and 
s-wave capture ,  the  two s p e c t r a  in  F ig .  3 a r e  
surpr is ingly s imilar  in  that  both s p e c t r a  a re  domi- 
nated by a s t rong  7.64-Mev gamma ray going t o  
e i ther  the  57Fe ground s t a t e  or f i r s t  exci ted s t a t e  
a t  0.014 M e V .  However, the s t rong  5.95-Mev l ine  
in  t h e  thermal spectrum d o e s  not show up  in the  
resonance  capture ,  but a s t rong  l ine is observed 
in  resonance  capture  a t  6.36 Mev which d o e s  not 
show up  in the  thermal capture .  In addition, there  
a r e  two weak gamma rays  with energ ies  s l ight ly  

smaller  than  the  binding energy of the  neutron 
a t  7.48 and 7.38 MeV, respect ively,  for resonance  
and thermal capture. 

T h e  relat ive in tens i t ies  of the  three highest-  
energy gamma-ray l ines  were obtained by graphically 
< <  st r ipping” off a l ine  s h a p e  determined by thermal 
neutron capture i n  ‘07Pb. T h e s e  s i n g l e  l ines  
a re  plotted below the  respect ive s p e c t r a  in  Fig. 3. 
T h e  in tens i t ies  of the prominent lower-energy 
gamma rays  were determined by comparing their 
peak heights  with t h e  peak height of the highest-  
energy line. All of t h e s e  relat ive in tens i t ies  
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F ig .  3. Gamma-Ray Pu lse -He ight  Spectra from Thermal  and 1148-ev Resonance-Energy Neutron Capture  in 5 6 F e .  

were then corrected for the relat ive eff ic iency of 
t h e  NaI detector  to different-energy gamma rays. 
(This  re la t ive eff ic iency was  measured by observing 
well-known c a s c a d e s  of gamma rays  in the  thermal 
capture  of neutrons upon C,  B e ,  C a ,  and S.) T h e s e  
relat ive in tens i t ies  for gamma rays  above 4 Mev 
are  l i s ted  in T a b l e  1 along with comparative resu l t s  
from Groshev e t  al.’ and Moore e t  a l .4 ;  for con- 
venience t h e s e  in tens i t ies  have  been normalized 
t o  10@ for the  7.64-Mev gamma ray. A comparison 
of t h e  gamma-ray energ ies  and relat ive in tens i t ies  
for thermal capture  between t h i s  experiment (col- 
umns 5 and 6) and t h e  resu l t s  of Groshev e t  al .  
(columns 7 and 8 )  show that  within the  accuracy 
of th i s  experiment the resu l t s  a re  i n  agreement. 
(For comparison the in tens i t ies  of multiple l ines  
observed by Groshev, as indicated by bracketed 
energ ies  i n  column 7 ,  have been summed in column 
8.) However, a comparison of the gamma-ray 
energies  and relat ive in tens i t ies  for the  1148-ev 
resonance capture  f r o m  t h i s  experiment (columns 

7L. V. Groshev et al., N u c l .  Phys. 58, 465 (1964). 

1 and 2) with those  of Moore e t  al .  (columns 3 
and 4) is not i n  agreement. It must be  pointed 
out tha t  Moore e t  al. used  3-in.-diam x 3-in. NaI 
c r y s t a l s  for their  experiment, and t h e s e  smal l  
c rys ta l s  suffer f r o m  a very poor l ine s h a p e  for 
high-energy gamma rays.  T h u s  the  resu l t s  of 
Moore et al. depended very sens i t ive ly  on t h e  
accuracy of their l ine s h a p e s ,  and a glance a t  the 
observed capture  s p e c t r a  i n  F i g .  2 of their paper 
indicates  t h e  great difficulty they had in  s t r ipping 
off the  highest-energy gamma rays t o  determine 
t h e  in tens i t ies  of the  lower-energy gamma rays.  

In F ig .  3 the  a rea  under the resonance-capture 
spectrum i s  approximately equal  t o  the a rea  under 
the thermal-capture spectrum. Since both spec t ra  
have been normalized t o  unit intensi ty  for the 
7.64-Mev gamma ray, the  fraction of 7.64-Mev 
gamma rays per neutron capture  i s  approximately 
the  same for both thermal and resonance capture .  
T h u s  i t  is poss ib le  t o  normalize t h e  relat ive 
in tens i t ies  i n  t h e  resonance-capture spectrum t o  
the absolu te  in tens i t ies  determined i n  thermal- 
capture  measurements. Groshev e t  al. have 
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Table  1 .  Rela t ive  in tens i t ies  of Gamma Rays  in Thermal  and Resonance Capture 

1148-ev Resonance  Capture  in 56Fe Thermal  Capture  in Fe 

7 
T h i s  Experiment  Moore e t  a l . 4  ' T h i s  Experiment  Groshev et a l .  

Rela t ive  

Y Intensi ty  Intensi ty  Intensi ty  
E y  (MeV) 

Rela t ive  E Rela t ive  Rela t ive  

Intensi ty  
E.,, (MeV) E.,, (MeV) 

7.64 f 0.08 100 7.639 100 9.29 f 0.04a 8 t 1  9.29Sa 7.7a 

8.98 f O.OOga 2.0 It 0.7 l.ga 

7.48 f 0.08 21 * 6  7.273 25  7.64 f 0.08 100 

100 

13 

2.1 

42 

8 

(6.9 < 8) 

6.36 f 0.08 41 + 6  

6.932 

6.440 

35 7.38 t 0.08 

21 6.40 f 0.12 

1 0  f 5  

5 f 3  

7.277 

[::I:] 
6.269 

6.009 /191j 6.018 

[5.920] 

(6.0 49 5.95 f 0.08 35 f 7  

4.9 * 0.1 -7 

4.4 f 0.1 -7 

4.22 f 0.08 13 i.5 4.217 

aCapture  in 54Fe. 

measured the sum of t h e  in tens i t ies  of thermal- 
capture  gamma rays going t o  the ground s t a t e  and 
the 0.014-Mev exci ted s t a t e  of 57Fe t o  be  43%, 
and the  resonance-capture 7.64-Mev gamma-ray 
intensi ty  h a s  been s e t  e q u a l  to  th i s  number. T h e s e  
normalized in tens i t ies  a r e  l is ted in  column 2 of 
Table  2. T h e  to ta l  radiation width of the 1148-ev 
resonance h a s  been determined i n  ref. 5 t o  be  
0.58 e v ,  and thus  t h e  partial radiation widths c a n  
be obtained by multiplying t h e  in tens i t ies  i n  
column 2 by 0.58 e v .  T h e s e  widths are l is ted 
i n  column 3 of Table  2 .  According t o  Bartholomew, 
the  reduced width for the M 1  t ransi t ion,  k,,, is 
equal  t o  q, ( M l ) o b s / ~  3 D ,  where r; (Ml)ob,  is t h e  
partial radiation width i n  e v ,  E is the  gamma-ray 

Table  2. Par t ia l  Radiat ion Widths 

of the 1148-ev Resonance 

. 
Intensi ty  Par t  ia 1 Radiat ion 

E y  (MeV) Width (ev) %la 

7.64 43 0.25 34 

7.48 9 0.05 8 x 

6.36 1 8  0.10 25 x 

4.4 -3 - 0.02 -9 x 

4.9 -3 - 0.02 -9 x 

aIn uni t s  of M ~ v - ~ .  

8G. A. Bartholomew, Ann. Rev. N u c l .  S c i .  1 1 ,  259 
(1 961 ). 
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energy in  MeV, and D i s  the average leve l  s p a c i n g  
in Mev in  t h e  vicinity of the capturing s t a t e  of 
leve ls  of the  s a m e  s p i n  and parity. The average  
s-wave leve l  s p a c i n g  for resonances  in  56Fe i s  
observed t o  be about 25 k e v , g  and assuming the  
(2J + 1) level-spacing law to be val id ,  the  average  
p-wave leve l  s p a c i n g  wil l  be the  order of one t o  
one-half of t h e  average  s-wave spac ing .  T h u s ,  
assuming a p-wave s p a c i n g  of -16 kev,  the  A,, 
for the resonance-capture t ransi t ions have been 
ca lcu la ted  and l i s ted  i n  column 4 of T a b l e  2. 

In the review paper by Bartholomew,' he  f inds 
that for A > 20 the measured va lues  of k,, from 
thermal capture  d o  not e x c e e d  4 0  x lo- '  and that  
the  average va lue  of k w l  is -4 x IO-'.  T h e  
magnitudes of the k,, in  T a b l e  2 fall within the 
range of t h e  thermal-capture k.bll's ,  and thus  t h e  
assignment  of t h e  1148-ev resonance t o  p-wave 
capture  plus  predominant M1 deexci ta t ion d o e s  
not lead to  any anomalously large va lues  of reduced 
radiation widths. On the  other hand,  the assignment  

'Neutron Cross Sect ions,  HNL-325, 2d e d . ,  suppl. 1 

I 

(1960). 

of any of the  t ransi t ions in Table  2 a s  E 2  t ransi-  
t ions leads  t o  very large E 2  st rengths ,  not at a l l  
cons is ten t  with t h e  observat ions of Bartholomew 
for the  E 2  t ransi t ions measured for thermal capture. 

Referring aga in  to the  resonance-capture  spectrum 
in F ig .  3 ,  the  obseivat ion of the gamma ray a t  
7.48 -t 0.08 Mev favors a '4- s p i n  assignment  to 
the  1148-ev resonance.  Since the  compound s t a t e  
i n  57Fe is formed essent ia l ly  a t  an energy of 
7.64 MeV, t h e  (7.48 f O.O8)-Mev gamma ray i s  
interpreted a s  the  transition t o  a (0.16 *0.08)-Mev 
s t a t e  in  57Fe. The  low-lying s t a t e s  of 57Fe 
neares t  0.16 Mev are  the  '$- s t a t e  a t  0.014 Mev, 
the '4- s t a t e  a t  0.136 Mev, and the  '4- s t a t e  a t  

0.366 Mev." If the (7.48 0.08)-Mev gamma ray 
is interpreted a s  a t ransi t ion to the 0.136-Mev 
s t a t e ,  then of the two possible  choices  of a '4-  
or '4- p-wave captur ing s t a t e ,  only the  i- captur- 
ing s t a t e  can  lead to an (Ml t ransi t ion to  the '4- 
s t a t e .  Better spectrum da ta ,  however, wil l  be 
required before a more confident sp in  assignment  
c a n  be made t o  th i s  level .  

....-.I.___ 

"Nuclear Data  Shee ts ,  NRk  61-2-13. 

STUDY OF THE EVEN-EVEN COMPOUND NUCLEI 
AT THE FIRST S-WAVE STRENGTH FUNCTION RESONANCE 

W. M. Good Daniel  P a y a '  Rolf Wagner' 

NUCLEAR REACTIONS. 43Ca ,  4 7 T i ,  49Ti, 53Cr, 57Fe, 63Cu, 65Cu,  measured 3~ ( E ) ,  

4 4 C a ,  48Ti ,  5 0 T i ,  j 4 C r ,  '%e,  64Cu, 66Cur deduced leve ls ,  I', leve l  
T 

E 5 6 0  kev. 

dens i ty ,  r e s o n a n c e s ,  r e sonance  parameters ,  r O/D. Enriched ta rge ts .  

During the pas t  severa l  years ,  a t  least one paper 
on the  s-wave s t rength function h a s  been  published 
e a c h  year.3-" T h e s e  works usual ly  have  as  

their object ive the  f i t t ing of the  s t rength  function 

Commissar ia t  A L'Energie Ato-  
mique ,  Centre  D'Etudes Nuclea i res  d e  Sac lay ,  Sac lay ,  
F rance .  

'Permanent address :  P h y s i k a l i s c h e s  Inst i tut  der  
Universi ta t  R a s e l ,  Rase l ,  Switzer land.  

'Yu. P. Elagin ,  Sovie t  Phys. J E T P  17, 253 (1963). 

4Yu. P. Elagin ,  V. A. Lyul'ka, and P. E. Nemirovskii, 

___I_ 

'Permanent address :  

Soviet  Phys. J E T P  14, 682 (1962). 

i n  the mass  region 85-140, which experiment f inds 
t o  be  anomalously low. T h e  observed s t rength 
funct ions const i tut ing the f i rs t  resonance  a t  about  

'B. Ruck and F. P e r e y ,  Phys.  Rev.  L e t t e r s  8, 444 

6P. A. Moldauer, Phys. Rev. Le t te rs  9, 17 (1962). 

(1 962). 

7T. K. Krueger and B. Margolis, Nucl. Phys. 28, 
578 (1961). 

'H. Fiede ldey  and W. E. Frahn,  Ann. Phys. 16, 387 

'A. Sugie, Phys. Rev.  L e t t e r s  4, 286 (1960). 

(1 96 1 ). 

''A. M. Lane  e t  al., Phys. Rev.  L e t t e r s  2, 424 (1959). 
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mass 51 peak rather too high, compared with theory, 
but th i s  h a s  not been taken as  ser ious ;  the  s t rength 
in the region of masses above 140 c a n  be accounted 
for when deformation is taken into account. 

The  abi l i ty  of theory t o  account  very wel l  for 
the f i rs t  s-wave resonance is a bit surpr is ing 

when considered in the light of two facts :  (1) as  
the f i r s t  resonance i s  spanned ,  the  1 7 / 2  s h e l l  
becomes f i l led,  and the 28- t o  50-neutron s h e l l  
begins to  f i l l ;  (2) many of the nuclei  which had 
been s tudied were even-even targets  whose reso-  
nant leve l  spac ings  were ::40 kev. For s u c h  s p a c -  
ings the condition on I (the energy interval over 
which the reduced width is averaged)  tE.at D << 
I << S/(ds\dE) << h 2 / 2  Ma2 (ref. 11) c a n  scarce ly  be 
met. T h e  even-even compound nuclei  which s p a n  
the  f i r s t  s-wave s t rength function have not been 
systematical ly  invest igated.  T h e s e  nuclei  would 
be expected to  have a t  l e a s t  five t imes the  leve l  
densi ty  of the even-odd compound nuclei. They 
are 43Ca,  4 7 T i ,  4 0 ’ 3  l i ,  j3Cr ,  j 7 F e ,  and 61Ni, which 
have,  respect ively,  -4, -2, 0, -t2, +4, and t6 
neutrons with respec t  to the  c losed  f 7 , , 2  she l l .  
T h e  total  c ross  s e c t i o n s  of t h e s e  nuclei  have  
been measured up to  60 kev with the object ive 
of ascer ta in ing  what, if any,  effect  c losure  of the 
f 7 , 2  s h e l l  h a s  on the s t rength function. 

Figure 1 shows the  s t rength functions of t h e s e  

s8F, and 6 2 N i ;  the odd-odd nuclei  46Si ,  64Cu, 
and 66Cu are a l s o  included a l o n g  :vith the opt ical-  
model prediction a s  given by Buck and Perey .”  
Table  1 i s  a l i s t ing  of individual resonance param- 
e te rs .  

T h e  relatively good agreement between theory 
and the  present  experimental resu l t s  e x p r e s s e s  
the  latter’s disagreement with a m a s s  of ear l ier  
da ta  indicat ing a peak s t rength considerably larger 
than predicted by theory. At l e a s t  one  of the high 
va lues  previously obtained w a s  53Cr, which, as 
shown in F i g .  1, appears  qui te  “normal.” 

Insight into the cause of the discrepancy in  the 
case of 53Cr c a n  be obtained from F i g .  5 and f r o m  
Table  2, where i t  wi l l  be s e e n  that  indeed j3Cr  
h a s  a large s t rength below 15 kev. More generally, 
a super f ic ia l  insight into the relation between t h e  
f 7 , 2  s h e l l  c losure and the s-wave s t rength comes 

even-even compound nuclei “Ca,  4 8 p 5  ‘Ti , 54Cr,  

- ~ ~ -  - 

“A. M. Lane and  R .  G. Thomas,  Rev.  Mod. Phys. 30, 

”B. Huck and F. Perey, Phys.  Rev .  Letters 8 ,  444 

(1962). 

3 09 (1 958). 

from t h e  c r o s s  s e c t i o n s  as shown in F i g s .  2-7. 
T h e  connect ion appears  a s  a “lumping” of the 
s t rength in  place of a more nearly uniform dis t r ibu-  
tion. Of course ,  such  “lumping” is a s t a t i s t i c a l  
possibi l i ty ,  but when it occurs  in so marked a 
fashion compared with 43Cu and 61Ni, in  s u c h  a 
signif icant  region of neutron number, a correlation 
seems implied which is specif ical ly  assumed not 
t o  be the case for the distribution function of t h e  
majority of widths and spac ings .  In view of s u c h  
(‘lumping” it seems a bit more s ignif icant  that  in  
the interval 0 t o  60 kev the “opt ical  s t rength” 
i s  nevertheless  exhibited. 

F ina l ly ,  ’Ti and ’Ti are  particularly interest-  
ing, s i n c e  i n  t h e s e  two cases of 26 and 28 neutrons 
in  the compound nucleus,  the proton number remains 
cons tan t .  A similarity seems to appear  (F igs .  3 
and 4)  between the resonances  of 49Ti + n and the 
f i rs t  s e v e n  resonances  in 47Ti  t n;  the  resemblance 
in  appearance is matched in T a b l e  2 by a matching 
in  the s t rengths  of t h e s e  same resonances.  T h e  
large value for the s t rength of 4 7 T i  -1- n (Fig.  1) 
a r i s e s  from the  large s t rength that  seems to appear  
a t  a n  energy greater than about  30 l e v .  
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Table 1. Resonance Parameters 

Ca 4.36 

5.23 

8.70 

13.80 

18.9 

21 .0  

22.5 

26.9 

2 9.2 

30.6 

36.5 

4 3  

7Ti 2.98 

8.15 

10.4 

11.9 

12.6 

16 .0  

26.6 

29.6 

32 .0  

36.2 

37.1 

39.8 

42.0 

43.2 

45.9 

48.6 

50.9 

52.1 

54.7 

56.9 

'Ti 3.62 

8.08 

18.2 

20.9 

22.1 

26.8 

29.2 

31.2 

35.8 

37.9 

1' I, 

(ev) 

49 

37 

157  

147 

162 

54 

109  

204 

89  

6 0  

2 99 

161 

104 

99 

8 0  

73 

1 6 0  

1168 

220  

84 8 

3 94 

365 

900 

580 

1080 

1125 

4 93 

8 OS 

952 

476 

1438 

162 

145 

183 

95 

716 

462 

173 

1228 

119 

1973 

0.74 

0.51 

1 .68  

1.25 

1.18 

0.37 

0.73 

1.24 

0.52 

0.34 

1.57 

2.95 

1.15 

0.99 

0.73 

0.65 

1.26 

7.16 

1.28 

4.74 

2.07 

1 .90  

4.52 

2.82 

5.21 

5.25 

2.24 

3.58 

4.17 

2.03 

6.01 

2.7 

1.6 

1.36 

0.65 

4.80 

2.82 

1.16 

6.94 

0.63 

10.14 

3.6 

1.2 

5.4 

6.6 

8.0 

10.5 

19 .3  

25.3 

26.4 

28.8 

5 3  
Cr 

j 7 F e  3.87 

6.10 

28.7 

40.5 

45.5 

61Ni  6.97 

7.37 

12.4 

13 .3  

13.7 

16.3 

17.5 

18 .3  

23.8 

28.2 

30.2 

31.6 

32.7 

33 .8  

36.0 

40.0 

42.2 

44 .0  

48.4 

63Cu 2.63 

4.80 

5.31 

5.79 

7.64 

7.98 

157 

445 

212 

357 

1073 

224 

132 

237 

350 

555 

177 

3 96 

3018 

1258 

404 

23 

238 

67.7 

75.9 

13 .0  

41 1 

174 

181 

1 0 0  

236 

423 

392 

1 2 0  

123 

2 94 

243 

133 

1 6 9  

83 

6.9 

8 .8  

28.2 

13.4 

8.5 

69.3 

2.62 

6.86 

2.88 

4.39 

10.7 

2.20 

0.95 

1.49 

2.15 

3.27 

2.85 0 

5.07 1 

17.8 1 

4.95 

1 .60  

0.28 

2.79 

0.61 

0.66 

0.11 

3.21 

1.32 

1.34 

0.64 

1.40 

2.43 

2.20 

0.66 

0.67 

1.55 

1.21 

0.65 

0.80 

0.38 

0.13 

0.13 

0.39 

0.18 

0.10 

0.77 
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Table 1 (continued) 

E O  rn ‘ n o  ( e v )  J 
(kev)  ( e v )  
-- 

63cu 9.21 425 0.44 

9.95 60.8 0.61 

10.9 67.6 0.65 

12.4 13.5 0.12 

13.0 67.2 0.59 

13.7 49.3 0.42 

14.9 34.7 0.28 

15.6 22.1 0.18 

16.1 13.8 0.10 

17.8 195.8 1.47 

19.4 

20.9 302.5 2.09 

22.7 1 4 3  0.95 

24.8 75.5 0.48 

25.6 2 07 1.29 

26.5 121 0.74 

28.2 51.5 0.31 

29.3 242 1.41 

31.2 96 0.54 

33.2 325 1 .78  

36.4 3 08 1.61 

42.2 546 2.66 

65CU 2.5 

3.87 

4.45 

G.45 

7.65 

7.92 

9.85 

13.2 

14.2 

15.2 

15.9 

17.8 

19 .8  

21.8 

24.1 

25.0 

34.9 

39.7 

43.5 

50.8 

54.2 

58  

Table 2. Strength Funct ions 

and Average Level Spacings 

0 
’n  

(1 o.--4) 

4 3 c a  

“Ti  

’Ti 

5 3 c r  

7Fe 

61Ni 

6 3 c u  

6 5 c u  

0-36.5 

0--57 

0-2 7 

27-57 

0-6 0 

0-4 0 

3-1 5 

15-40 

0-55 

0-50 

0-6 0 

0-6 0 

1 .4  + 0.7 

5.8 f 2  

2.79 f 1 

8.1 + 3  

2.64 f 1.5 

5.1 * 2.6 

12.4 f 8  

1.6 f 1 . 3  

3.7 + 2.6 

2.5 + 0.9 

2.7 -t 0.8 

1.5 k 0.5 

13.3 f 0.6 

2.6 * 0.4 

55.6 -t 1.0  

3 . 0  * 0.7 

1 0  + 3  

2.4 * 0.6 

1.2 + 0.2 

1.67 k 0.3 

23.2 

19.7 

15.4 

30 .0  

29.8 

155  

72.4 

51.6 

9.6 

43.9 

2 96 

194 

27.4 

84 

2 56 

324 

249 

224 

70  

132 

32 0 

0.46 

0.32 

0.23 

0.37 

0.34 

1.74 

0.63 

0.43 

0. os 
0.35 

2.22 

1 .37  

0.18 

0.54 

1.62 

1 .73  

1.25 

1.07 

0.31 

0.57 

1.33 
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Fig. 5. T o t a l  Cross Sect ion o f  53Cr. 
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Fig .  7. T o t a l  Cross  Section of 6 1 N ~ .  
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A STUDY OF THE GAMMA-RAY SPECTRA EMITTED IN THE RESONANCE CAPTURE 
OF NEUTRONS BY 19F1 

J .  R. t3ird2 J .  A. Biggerstaff J. 11. Gibbons 12'. M. Good 

< 
NUCLEAR REACTIONS. I9F@,y), measured D(E, E ,  ), E = 80 kev. Y 

re lat jve in tens i t ies ,  )/-reduced widths .  Natural  target .  

' O F ,  deduced  

Gamma-ray spec t ra  have been measured a t  the  other E l ' s  have  s t rengths  that  appear  normal when 

2%-kev (2 and the 49-kev (1-) resonances  of compared with heavier  nuclei i n  which the radiation 
19F(n ,y)*oF.  T h e  E l  t ransi t ion t o  ground is widths  are proportional to level  spac ing .  A 
virtually absent  a t  both resonances,  while the descr ipt ion is given of the two-parameter instru- 
_... ment by means  of which i t  is poss ib le  to  siniul- 

Physical Review. 
and gamma-ray pulse-height spec t ra  for radiat ive 
neutron capture. 

'Abstract  of paper  snbtnitted for publ icat ion in  the 

'Present  address :  Aus t ra l ian  Atomic Energy Com- 

taneously nleasure the neutron energy (flight time) 

mission,  Sutherland, New South Wales, Austral ia .  

A STUDY OF THE RESONANCE STRUCTURE OF THE E V E N  ZIRCONIUM ISOTOPES A T  
BELOW 60-kev NEUTRON ENERGY 

J. A. Biggererstaff W. M. Good H. J. Kim 

NUCLEAR REACTIONS. "Zr, "Zr, 94Zr, 96Zr ,  measured O'.(E), E s 60 kev. 91Zr,  

93Zr, 95Zr,  97Zr ,  dediiced leve ls ,  l eve l  dens i ty ,  r e s o n a n c e s ,  resonance  parameters  
1 

1 1 io, 'D. Enriched targets .  

In the  previous annual report, '  we reported oil an  
invest igat ion into the neutron total  c r o s s  s e c t i o n s  
and s t rength funct ions of t h e  i so topes  of zirconium. 
The  resu l t s  of t h e s e  invest igat ions indicated a 
large average strength (1.5 x compared with 
the  value - 0.3 x exhibited by other nuclei  
of m a s s  greater than 90. Furthermore, the  da ta  
were such  as to leave  i n  doubt t h e  character  of the  
c r o s s  s e c t i o n s  between resonances,  that  i s ,  small  
resonances  were suggested,  but  t h e  s t a t i s t i c s  
were too poor to reveal anything about  their  s i z e  
or densi ty .  

Measureinents were therefore made with in- 
c reased  sample th icknesses  for the  purpose of 
(1) confiirning the  previous resul ts ,  (2) extending 
the  measurements to higher  energy, and (3) im- 

proving between-resonance s t a t i s t i c s  by employing 
thicker  samples ,  espec ia l ly  in the  case of 96Zr. 

~ I i e  cross-sec t ion  resu l t s  for 9 0 , 9 2 * 9 4 , 9 6 ~ r ,  j n -  
c luding both the  1963 and 1964 measurements, are  
shown i n  Figs. 1, 2, 3, and 4. T h e  individual 
resonance parameters are l is ted i n  T a b l e  1, and 
the  s t a t i s t i c a l  parameters a re  shown i n  T a b l e  2. 

Since t h e  report of out measurements on  zirconium 
a year ago, Moskalev e t  31%' have  published re- 
s u l t s  of s imilar  measurements. In T a b l e s  1 and 2 
the various parameters that  they obtained are  given 
for comparison. It will b e  s e e n  tha t  in energy 
ranges  common to the  two experiments, t h e  agree-  
ment i s  good, and furthermore there i s  agreement 
with t h e  resu l t s  quoted a year  ago. However, by 
cont ras t  with the agreements j u s t  descr ibed,  there  

'J. A. Biagerstaff ,  Vi. M. Good, and  H. Kim,  Phys.  
D r v ,  A n n .  Pro@. Rept .  Jan .  3 1 ,  1964, 0RNI.-3582, p. 82. 

' S .  S. Moskalev, 8. V. Muradian, and Yu. V. 
Adarnchuk, Nucf. Phys.  53, 667 (1963). 
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is a l s o  shown i n  T a b l e  2 what appears  to b e  a 
s ignif icant  rise i n  t h e  s t rength a t  higher  energy. 
Since t h e  va lues  quoted a year  ago were for an 
intermediate  range of energy, the dependence on 
energy sugges ted  by Table  2 partly accounts  for 
t h e  somewhat higher value of 1.5 quoted l a s t  year. 
At the  energ ies  extending on up t o  40 to  60 kev, 
t h e  s t rength €or all t h e  zirconium isotopes taken 
together  reaches  the surpr is ingly high va lue  of 
2.5 + 0.3 x a value considerably higher  than 
predicted by t h e  opt ical  models. 

T h e  leve l  s p a c i n g s  obtained from t h e  present  set 
of d a t a  and t h e  l e v e l  s p a c i n g s  obtained by 

Moskalev et sl .  both show a d e c r e a s e  in  leve l  
spac ing  with neutron e x c e s s .  The prec ise  figures 
d o  not agree so well i n  t h i s  c a s e  a s  i n  t h e  strength 
function c a s e ;  however, t h e  average leve l  s p a c i n g s  
are  derived from ent i re ly  different energy in te rva ls  
in t h e  two experiments. It may b e  s ignif icant  i n  
t h e  case of 96Zr tha t  t h e  number of l e v e l s  with 
E 7 Ei v s  Ei cannot b e  fitted by a s ingle  s t ra ight  
l ine,  but c a n  be  fitted rather well by two such  
l ines .  A discuss ion  of t h e s e  resu l t s  c a n  b e  found 
in  a forthcoming publication, now i n  rough draft. 

ORNL-DWG 64 14689 

40 - 

- 

30 - 
m 
L: L -  

O I2 

20 1 

30 40 50 60 70 20 4 5 6 7 8 9 1 0  2 3 
E, (ked 

Fig. 1. Total Cross Section of 90Zr. 

ORNL-DWC 64-41690 

I I 

Fig. 2. Total Cross Section of 92Zr. 
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T a b l e  1. Resonance  Parameters for the E v e n  Isotopes of Zirconium 

T h e  errors  in  the “ P r e s e n t  Experiment’’ c o l u m n s  a r e  representa t ive  errors b a s e d  upon a n a l y s i s  

of th ick  and thin saniplr d a t a  

Isotope P r e s e n t  

Experiment  

9 0 ~ r  3.8 k0.06 

6.9 20.03 

7.9 i 0.05 

13.3 i 0 . l  

17.2 0.1 

34.7 k 0 . l  

40.1 i 0 . l  

41.6 

42.4 50.2 

44.1 k 1  

56 

59 

68 

” 2 ,  2.7 20.06 

4.10 i 0.06 

4.71 iO.05 

6.88 kO.02 

12.1 

14.5 

17.2 

23.1 

27.0 

31.2 

34.3 

39.2 

44.7 

46.8 

52.0 

9 4 ~ r  5.7 i o . l  

6.98 fO.2 

12.7 

15.5 

17.7 

17.95 kO.2 

19.4 kO.5 
20.2 t 0 . 2  

21.7 

23.1 

23.7 

Referencea 

3.91 50.025 

13.67 iO.16 

17.85 k0.25 

2.72 i 0 . 0 2  

4.15 tO.03 

4.66 k0.03 

6.88 i 0.06 

5.87 k0.06 

7.22 t0 .06  

12.80 k 0.16 

19.86 i 0 . 2 7  

P r e s e n t  

E x p e  r inx  n t  

14 A3 

8 f 1  

9 1 1  

69 k 9  
227 k 1 7  

89 

94 

362 

342 

320 

126 

310 

563 

27 + 4  

6 i 3  

21 f 4  

86 k 2 0  

25 

38 

38 

121 

217 

2 08 

186 

607 

22.1 

30.4 

28.6 

13.9 

22.2 

65 * 8  

107 k 9  

85 

50 

43.5 

Referencea 
P r e s e n t  

Experiment  Referencea 

13.6 f 0 . 5  

65 1 1 5  

200 f 7 0  

14 2 2  

3.5 + o s  
10 k 4  

80 f 1 0  

2 7  i 7  

72 k 8  

20 i 7  

125 f 4 0  

0.245 fO.05 

0.093 10.02 

0.10 k0.02 

0.595 f 0 . 0 8  

1.795 10 .2  

0.84 

0.47 

1.79 

1.68 

1.03 

0.54 

1.29 

2.20 

0.517 i O . 1  

0.092 kO.05 

0.321 iO.06 

1.05 i 0 . 3  

0.23 

0.32 

0.30 

0.81 

1.19 

1.07 

0.90 

2.70 

0.2 94 

0.367 

0.27 

0.11 

0.17 

0.487 kO.08 

0.778 k 0.09 

0.61 

0.32 

0.28 

0.22 iO.08 

0.56 i0.13 

1.50 A0.52 

0.28 kO.04 

0.055 f0.008 

0.15 f0 .06  

0.96 t0.11 

0.35 kO.09 

0.85 kO.10 

0.175 ‘0.06 

0.9 i 0.3 

”S. S .  Moskalev, H. V. Muradian, and Yu. V. Adamchuk, N u c l .  P l iys .  53, 667 (1964). 
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Table 1 (continued) 

Isotope P r e s e n t  

Experiment  

P r e s e n t  

Experiment  
Referencea 

P r e s e n t  

Experiment  Reference" Refere  ncea  

94Zr 25.1 

27.0 

29.0 

29.8 

30.2 

31.8 

33.8 

36.3 

40.0 

41.6 

43.7 

962, 

2.68 

3.85 fO.06 

4.11 20.02 

4.61 kO.01 

5.48 f O . l  

5.84 f0 .07  

5.97 

6.80 

8.96 

15.45 

17.51 

22.76 

29.4 

34.5 

36.1 

37.2 

38.9 

10.7 

45.8 

51.6 

54.2 

58.3 

57 

57 

57 

78 

134 

130 

69 

145 

267 

2.38 i 0.015 

12 

3.84 k0.04 7 k1 .1  

4.15 tO.03 14 Z1.1 

10.8 t 3  

5.51 kO.05 15.6 t 3  

4 

4 

22 

86 

4 02 

143 

93 

43 

96 

180 

2 88 

124 

1170 

558 

0.36 

0.34 

0.34 

0.45 

0.75 

0.71 

0.36 

0.73 

1.29 

1.5 i 0.3 0.03 kO.006 

0.24 

4.5 t l  0.12 kO.01 0.07 l0 .016  

12.5 i 2  0.21 kO.01 0.195 k0.032 

0.158 t 0 . 0 2  

16.0 k 8  0.215 + 0.05 0.215 f 0.110 

0.05 

0.05 

0.27 

0.58 

2.39 

0.79 

0.50 

0.23 

0.49 

0.91 

1.36 

0.55 

5.11 

2.35 

S. blOSkaleV, H. V. Muradian, and Yu. V. Adamchuk. Nucl. Phys.  53, 667 (1964). 
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Toblc 2. Strength Funct ions  and Average L e v e l  Spacings o f  the Even Isotopes of Zi rcon ium 

T h e  errors  in the “ P r e s e n t  Experiment” columns a r e  b a s e d  upon Porter-Thomas dis t r ibut ion 

of l e v e l  widths and Wigner Distribution of leve l  s p a c i n g s  

- 
D XI n o  

sno z- 
. . ... . - L A E  (kev) 

.... __ A E  

(kev) P r e s e n t  P r e s e n t  
Isotope 

Referencea 
Experiment riefe renc ea 

Experiment  

9 4 ~ r  

9 6 ~ r  

x 1 0 - ~  x 1 0 - ~  

0-2 8 1.01 f 0 . 7  0.85 1 0 . 6 5  

28-70 2.46 k 1.2 

0-70 1.81 t o . 9  

0-12 1.20 f 0 . 9  

12-52 1.82 -0.9 

0-52 1.75 k0.8 

0-2 1 1.18 11  

21-41 2.84 + 1  

0-44 2.24 F 1  

1.2 k0.8 

1.1 f0 .8  

4.5 + 1 - 6  

5.0 i 1.0 

3.3  L0.7  

1.7 k0.3 

0-5.8 1.28 !c 1 0.9 1 0 . 6  0.750 f 0.2 

5-8-58 2.93 k l  4.12 k0.8 

0-58 2.79 ? 1  

1 .2  f 0 . 4  

2 ,4 kO.9 

1.0 f 0.3 

S. Moskalev, H. V. Muradian, and Yu, V. Adamchuk, N u c l .  Phys.  53, 667 (1964). 

NEUTRON CAPTURE D A T A A T S T E L L A R  TEMPERATURES‘ 

R. L. Macklin J. H. Gibbons 

Neutron capture  CTOSS s e c t i o n s  a re  averaged over  major quant i ta t ive experimental t e s t s  of the  theory. 
Maxwell-Boltzmann neutron dis t r ibut ions for tern- The cross s e c t i o n s  are tabulated a t  convenient  
peratures  pertinent to slow nucleosynthes is  (s in te rva ls  from kT = 5 kev  t o  k T  = 90 k e v  where 
process)  i n  red giant s ta rs .  Such c r o s s  s e c t i o n s ,  d a t a  are avai lable .  In many cases it h a s  been 
together  with i so topic  abundances,  provide the  poss ib le  to  supplement  the often fragmentary ( a s  of 

J u n e  1964) d a t a  with ev idence  from nuclear  
systematics. 

‘Abstract  of publ ished paper: Rev. Mod. Phys. 37, 
166 (1965). 
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RESONANCE NEUTRON CAPTURE AND TRANSMISSION IN SULFUR, IRON, AND LEAD' 

R. L. Macklin P. J. Pasma' J .  H. Gibbons 

NUCLEAR REACTIONS. T a r g e t s  3 2 S ,  56Fe, 206r7 '8Pb,  (n, )/and total), E = 10-80 kev. 

Measuied an,, U,,*. Deduced resonances ,  resonance  parameters ,  I', 1'  , J ,  77, l eve l  

d e n s i t i e s  (for l = 0 ,  1 separately) ,  e f fec t ive  nuc lear  radi i .  Enr iched  and natural  

t a rge ts .  

Y 

Resonances in  both t h e  capture  and total  c r o s s  
s e c t i o n s  for 3 2 S ,  5 6 F e ,  '06Pb,  '07Pb,  and '"Pb 
were invest igated i n  the energy range from 10 to 
80 kev.  Tota l  and radiat ive widths, and i n  some 
cases s p i n s  and/or par i t ies ,  were ass igned ,  and 
i so topic  ident i f icat ions of resonances  were made. 

Previously unknown resonances ,  mostly due  to 

'Abs t rac t  of publ ished paper: Phys.  Rev. 136, 
B695 (19G4). 

'Vis i t ing s c i e n t i s t  from Natuurkundig Laboratorium, 
Rijks-Universi tc i t ,  Groningen, The Nether lands.  

I > 0 neutrons, were found in  all of t h e s e  nuclei .  
T h e  p-wave leve l  densi ty  for '06Pb and ' 0 7 P b  
was found to  be  m o r e  than twice a s  high as  one 
would expect  from t h e  number of observed s 
resonances.  'The to ta l  radiat ive widths  for an 
In = 0 v s  two I n  7 1 resonances  for 2 0 7 P b  ta rge ts  
differed by a factor of 10. T h e  effect ive nuclear  
radius ,  R :  was found t o  be 8.5 i 0.2 fermis 
('06Pb), 9.5 +_ 0.3 fermis ( '07Pb) ,  and 8.4 f 0.3 
fermis  ('08Pb), giving a n  average of 8.8 f 0.3 
fermis, which is in good agreement with a n  opt ical-  
model prediction of 8.7 fermis. 

THE INTERACTION OF 350-key POLARIZED NEUTRONS WITH QRIENTED ' 6 5 H o  NUCLEI' 

R. Wagner2 P. D. Miller 'l'. Tamura 11. Marshak3 

NUCLEAR REACTIONS. 165Ho(n), En : 350 kev: measured  CT (0, n polar izat ion) .  
T 

The interact ion of polarized and unpolarized 
350-kev neutrons with oriented and unoriented 
1 6 5 H ~  nuclei  w a s  invest igated in  order  to s tudy 

t h e  effect of nuclear  deformation and to  search  for 
a possible  spin-spin interaction. T h e  ORNL 3-mv 
pulsed and bunched Van d e  Graaff proton beam w a s  

used  i n  conjunction with a time-of-flight spec-  
trometer. T h e  71,i(p,n) reaction a t  a laboratory 
angle  of 51' provided a source  of 5.5% polarized 
350-kev neutrons. Us ing  t h e  NBS transportable  
3He refrigerator, a s ingle  c rys ta l  of 1 6 5 H ~  metal  
w a s  cooled t o  0.34OK, and a nuclear  polarization of 
approximately 15% w a s  obtained with a super- 

'Abs t rac t  of paper  t o  b e  submit ted to  the Physical 
Review. A preliminary account  h a s  been  publ ished:  
Phys.  Letters 10, 316 (1364). 

2Now a t  Universi ty  of B a s e l ,  Base l ,  Switzerland. 

3National  Bureau of Standards,  Washington, D. C. 

conduct ing sp l i t  solenoid. T h e  different ia l  c r o s s  
sec t ion  for unpolarized 350-kev neutrons, e l a s t i -  
ca l ly  sca t te red  from unoriented ' 65Ho nuclei ,  was 
measured in a cyl indrical  geometry and is i n  good 
agreement with t h e  resu l t s  of a coupled-channel 
calculat ion.  T h e  total  c r o s s  sec t ion  of unoriented 

l 6 j H o  w a s  measured between 300 and 400 kev. A 
coupled-channel calculat ion of t h e  total c r o s s  
sec t ion  u s i n g  the same optical-model parameters 
a s  t h o s e  that  f i t ted the  angular distribution is 
found to  agree very well with t h e s e  data. To 
inves t iga te  the spin-spin interact ion,  measurc-  
ments  were made of the  transmitted in tens i t ies  
with t h e  target nuclei polarized al ternately paral le l  
and ant iparal le l  to the  direction of neutron 

polarization. T h e  observed change i n  intensi ty ,  
(-0.11 + 0.32)%, and the  observed total c r o s s  
sec t ion  of 7.94 barns  imply a change  i n  c r o s s  
sec t ion  of  ( + 3 0  f 85)  mb, where the  p lus  s ign  
corresponds t o  a larger cross sect ion for the 
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paral le l  orientation. Comparison of t h i s  resul t  target. T h e  t ransmission of the  target  decreased  
with that  of t h e  coupled-channel calculat ion by (1.3 f 0.4)% for the  higher orientation value,  
ind ica tes  that i f  t h e  spin-spin interact ion in the which corresponds to  a cross-sect ion i n c r e a s e  of 

350 +_ 100 mb. T h i s  deformation effect  on the total  

c r o s s  sec t ion  is also in  good agreement with that  
optical-model potent ia l  i s  written a s  - V/ss(ffi-I ) 

t imes a Saxon form factor, then vss  lies betVJeen derived from the coupled-cllannel calculat ion.  T h e  

- 130 and i 280 kev. S ince  the l6 'Ho nucleus  i s  deformation parameter, p, used  in t h e  opt ical-  
highly deformed, a t ransmission measurement w a s  model potent ia l  w a s  t 0.3, in agreement with other 
made to determine t h e  change  i n  c r o s s  sec t ion  measurements. 
between a highly oriented and a nearly unoriented 

METHOD FOR OBTAINING BURSTS OF POLARIZED NEUTRONS OF ENERGY 10-700 kev 

J. W. T. Dabbs 

As f i rs t  sugges ted  by Schwinger, fas t  neutrons 

c a n  b e  polarized by sca t te r ing  from helium at 
n-,90" (c.m.) and might b e  moderated while re- 
t a i  n i ng t h e  p o 1 ariz a t ion. 

In consider ing the u s e  of the proposed ORNI, 
e lec t ron .  l inear  accelerator ,  the observat ion w a s  
made tha t  t h e  energy at  which most neutrons will 
be  produced i n  a tungsten or uranium target  agrees  
a lmost  exact ly  with t h e  peak  i n  both polarization 
and c r o s s  sec t ion  for sca t te r ing  of neutrons 
through a l a b  angle  of 90 :- 15" from helium, namely 
-1.2 Mev. The  calculated polar izat ion of s u c h  a 
sca t te red  beam i s  -~50-60%, with only s l igh t  
dependence on angle, and t h e  effect ive in tens i ty  is 
-0.5% of that without t h e  sca t te r ing  (sol id  angle  
factors  included). T h e  scal ter ing requires  .-,1 cm 
thickriess  of liquid helium at 4.2OK with a h e a t  
input expected to evaporate  ? ,d l  l i ter  of liquid 
helium per hour a t  the  expected neutron intensi ty  
from the  proposed l inac.  T h e  median neutron 
energy af ter  a s ingle  90" sca t te r ing  from 'He i s  
approximately 700 kev. 

Such a polarized, sca t te red  beam c a n  be 
moderated t o  lower energ ies  without appreciable  
l o s s  of polarization by a spin-zero moderator 
which h a s  suff ic ient ly  s m a l l  d i f ferences between 
t h e  two p-wave and between the  two d-wave p h a s e  
shif ts .  T h e s e  requirements appear  to b e  met by a 

moderator of I 2 C  in t h e  form of a graphite block 
-I 10 cm on a s ide .  T h e  "slowing-down power" of 
carbon is only about 1/20 tha t  of hydrogen; t h u s  a 
s e v e r e  l o s s  of in tens i ty  o c c u r s  a t  lower energ ies  

J. A. Harvey 

b e c a u s e  of the  high e s c a p e  probability and t h e  
large number of sca t te r ings  required to  reach t h e  
lower energies .  In s p i t e  of th i s ,  t h e  neutron 
intensi ty  appears  usable  down to about 1 0  kev. 

A major problem, that  of wall backsca t te r ing  in to  
t h e  moderator, seems to have  been e s s e n t i a l l y  
so lved  i n  t h e  b a s i c  design of t h e  proposed l i n a c  
accelerator  facility, which h a s  a 10-ft-diam by 
10-fi-high evacuated target  room. With the  addition 
of su i tab le  wall treatment to  increase  the neutron 
absorption, a 10% background appears  feas ib le  on 
the b a s i s  of preliminary es t imates .  It i s  not ex-  
pected that  t h e  method descr ibed here  would b e  
appl icable  t o  acce lera tors  not having  an evacuated  
target  room, but c lever  u s e  of shie!ding might 
permit a reduction in  background to a. usable  
level .  Calculat ions have  not been made on  th i s ,  
however . 

'The est imated in tens i t ies  as  a function of 
neutron energy for both graphite and hydrogen 
moderators a re  given in  T a b l e  1. T h e  N ( E r z >  are  
the numbers of neutrons tha t  e s c a p e  from the 
moderator in  t h e  s t a k d  energy interval  for e a c h  
neutron incident  on the  moderator, and are  b a s e d  
on a Monte Carlo calculat ion which was  performed 
by J. G, Sullivan and A. M. Craig, Jr., of the  DKNL 

Mathematics Division. T h e  values  of L given in  
T a b l e  1 are the averages  over 1000 neutrons of t.he 
time de lay  before e s c a p e ,  converted t o  a length a t  
the  final velocity: that  is, 

- 

f li 

i = 1 vfbq- 
1 , -  E - , 

'J. Schwiriger, Phps. REV. 69, 681 (19463. 
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where l l  i s  the actual  path length assoc ia ted  with 
the  ith trajectory within the  moderator. The 

var iances  i n  the  L values  are  denoted by (\L)& 
In the  tab le ,  ,llJ t h u s  represents  the effect ive 
th ickness  of the moderator and determines the  
limit on resolution due  to the  source us ing  t h i s  
method. Detai led Monte Carlo ca lcu la t ions  of the 
polarization af ter  moderation by 12C are  in progress  
but have  not ye t  been completed. 

Since the inception of th i s  approach, a clear ly  
superior  method in the energy range 0-10 kev h a s  
been demonstrated by  Draghicescu et al. Their  
method would, in  the  l inac c a s e ,  c o n s i s t  of p a s s i n g  
H,-moderated neutrons through a dynamically 
polarized proton target .3  Their method h a s  the 
advantage of higher intensi ty ,  s i n c e  the va lues  in 

'P. Draghjcescu et  a]., P h y s .  L e t t e r s  12,  334 (1964). 

3See, e.g. ,  C. r). Jef f r ies ,  Dynamic Nuc lea r  Po la r i za -  

- 

___- 

tion, In te rsc ience ,  New York, 1963. 

t h e  lower half of Table  1 would apply to the 
intensi ty  incident on t h e  polarizer. The  intensi ty  
l o s s  assoc ia ted  with the liquid helium s ingle  
sca t te r ing  (factor 200) would not apply; a l o s s  of a 

factor of 10  because  of the  small  s i z e  of the 
polarizer4 and a factor of 5 for t ransmission l o s s  
in  the  polarizer g ives  an overal l  factor of - 4  in 
favor of their  method in  addition to t h e  intensi ty  
factors  between the upper and lower ha lves  of 
T a b l e  1. The  polar izat ions expected from t h e  two 
methods are rather comparable. I t  would appear 
that  t h e  two methods are  complementary with 
respec t  to  energy range and that  together they will 
provide means for obtaining bursts  of polarized 
neutrons over the ent i re  range 0-700 kev with only 
s low variat ions of polarization with energy. 

4We wish to  thank A. Michaudon for  pointing this out,  
and for an i l luminating d i scuss ion  regarding polari-  
zat ion l o s s e s  during moderation. 

T a b l e  1. Neutron Moderation; Monte Carlo Ca lcu la t ions  

B a s e d  on 1000 neutrons 

700-100 kev 0.978 5.76 3.7.5 

100.- 1 0  kev 0.021 12.0 4.6 

10-1 kev 0.0009 14.0 3.9 

1-0.1 k e v  0.00002 11.0 5.7 

E o  = 1000 kev; Water  1 0  k 1 0  X 2 c m  

1000-100 k e v  0.8? 2 2.14 0.74 

100-10 kcv  0.087 1 .78  1.51 

10---1 kev 0.01 1 1.33 1.40 

1-0.1 kev  0.01 1 1.37 1.56 

100---10 e v  0.012 1 . 2 7  1 .60  

, 1 e v  0.008 0.95 1.06 

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

a ~ (  \E)  is  fraction of neutrons e s c a p i n g  within I E .  

bL i s  e f fec t ive  source d i s t ance  behind ex i t  face  of moderator. 
- 

11- is  s tandard deviat ion in L. 

13 
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DIFFERENTIAL SCATTERING OF NEUTRONS FR 

C. 13. Johnson J. 1,. Fowler  

~ ........................ ___ ~ .... ~ 

NUCLEAR REACTIONS. 160(n, YI), E := 2.25-4.00 %lev; m e a s u r e d  Cr(0). 1 7 0 ,  deduced 

resonance parameters ,  p h a s e  shifts .  

T h e  recent development of t h e  i d e a  of inter- 
mediate  s t a t e s  h a s  brought a renewed in te res t  i n  
t h e  spectroscopy of s u c h  nuc le i  as  ’ 70, where 
relat ively pure intermediate  s t a t e s  a r e  expected.  
Previously we had measured differential cross 
s e c t i o n s  i n  t h e  3-  to 4-hIev neutron energy region 
by sca t te r ing  T ( p , r ] )  neutrons from beryllium oxide 
and beryllium. Since a preliminary phase-shif t  
a n a l y s i s  of t h i s  d a t a  revealed a 3/2+ resonance  of 

‘C. H. Johnson and J. I,. Fowler ,  Bul l .  Am. Phys .  
Soc. 9,  348 (1964). 

cons iderable  theoret ical  interest ,  i t  was des i rab le  
t o  inves t iga te  th is  region i n  greater d e t a i l  with 
improved accuracy. 

F igure  1 shows the apparatus  for the  improved 
experiment. The sample  i s  liquid oxygen con- 
ta ined in  a I-mil-.wall Dewar flask which was  

designed to minimize badiground scat ter ing.  The 
inner wall was only 1 m i l  thick. The outer wal l ,  
which w a s  under a tmospheric  pressure,  w a s  10 
mils of s t a i n l e s s  s tee l ;  i t  h a s  t o  b e  work-hardened 
t o  withstand the  pressure. An ident ical  Dewar 

ORNL- LR-  OW6 67369RZ 

r LI F LQADED PARAFFIN 

Fig .  1. Apparatus for Measuring the Scotter ing o f  Neutrons from Liquid Oxygen. 
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f lask w a s  rotated into the  neutron beam to eva lua te  
background. We detected T(p,n) neutrons sca t te red  
from the sample with a s t i lbene  c rys ta l  from which 
p u l s e s  due to  gamma rays arc- depressed  by pulse-  
s h a p e  discrimination. Both the s t i lbene crystal  
and t h e  sample can  be rotated by remote control, 
and their  position c a n  be  noted in  the control 
room. Since we cal ibrated the neutron detector  in 
the  0" neutron beam with the sample out ,  the 
measurements allowed u s  t o  ca lcu la te  absolu te  
c r o s s  sec t ions .  

E., = 3.55 f 0.030 Mev 
S 5 y 2 =  -131" 
SPq/?= -60", Sp3/2=+60n 

sd3/2= t773 8d5/2=--130 
r/, = 0 . 0 ~ 5  

Eo= 3.77 

BNL 400 2nd ED1962 

-MARTIN 4ND ZUCKER 

*LIQUID OXYGEN 
0 BeO-Be 
\ 

0.8 D. D. PHILLIPS 
~ f 

Figure 2 s h o w s  our resu l t s  together with d a t a  of 
o thers  up t o  3.55 Mev. Our d a t a  have been 
corrected for multiple sca t te r ing  and angular 
resolution. T h e  sol id  l ine  through t h e  points  is 

t h e  resul t  of a leas t - squares  phase-shif t  fit to  the  
da ta ,  with the  phase  sh i f t s  which give the  fit 
shown on the left-hand s ide.  We took a FORTRAN 
code,  written to  compute differential c r o s s  
s e c t i o n s  for neutron sca t te r ing  from 0-spin nuclei  

J. L. Fowler, J. Agnew, and M. J. hlader, Bull. A m .  2 

Pl iys .  S O C .  8, 519 (1963). 
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Fig.  2. Center-of-Mass D i f f e r e n t i o l  Cross Sections for Scatter ing of 2.25- to 3.55-Mev Neutrons from Oxygen.  
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as a function of p h a s e  sh i f t s ,  and incorporated i t  
into a s e a r c h  routine to obtain a fit to t h e  ex-  
perimental data .  T h e  resul t ing combined code,  
which averages  the  theoret ical  curves  over  the  
energy spread of the  experiment a1 measurements, 
u s e s  matrix operat ions to  ad jus t  severa l  phase  
s h i f t s  s imultaneously in order to arrive a t  a 

minimum in t h e  sum of the  weighted square  of the 
devia t ions  between experimental po in ts  and 

6, = 3.700 i- 0.011 Mev 

aoy2 = -21" 
BS1/, = -. 126" 

ad3h = Jr 138" S& = -2" 
1 S,,3l2 = i 83' 

IT2 = 0.0125 
Sf 512 POT. = 0" i Eo= 3.77 

E, = 3.65 f 0.030 Mev 
4% = -- 130" 
sox = -3" ~ $3/2 = t 760 

= f 135" ~ B& = -5" 

r/, = 0.0125 

Eo= 3.77 

f,, = 3.564 i 0.014 Mev 
8"s =-118" 
spyz = -27" , Sp"= f42'  

= 1-112" I Sdyz=-8" 

€0 = 3.77 

theoret ical  values .  The 3.55-Mev curve i l lus t ra tes  
a difficulty of phase-shif t  analysis .  Another s e t  
of p h a s e  s h i f t s  appear  in  Fig. 4 and give practi- 
c a l l y  a n  ident ical  fit but a re  much more cons is ten t  
with t h e  neighboring phase  shif ts .  

F igure  3 s h o w s  an extension of the  d a t a  to 
3.77 M e V .  As c a n  be s e e n  by taking the  3.77->lev 
resonance  as f _  and al lowing for a d S l 2  potent ia l  
p h a s e  shif t ,  we get an exce l len t  fit to the  da ta ,  

5 / 2  
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5 

- 
> w 

4 2  
I; 
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3 

Fig. 3. Center-of-Mass D i f f e r e n t i a l  Cross Sect ions for Scottering of 3.564- to 3.77-Mev Neutrons from Oxygen. 
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E,  (MeV) 

Fig. 4. R e s u l t s  o f  Phose-Shift  A n a l y s i s  o f  Di f ferent ia l  Scat ter ing o f  Neutrons from l 6 0 .  

Since l60 proton sca t te r ing  d a t a  have a resonance  
corresponding t o  an f7,2 level  a t  about th i s  
exci ta t ion energy in the  mirror n ~ c l e u s , ~  we have  
recently measured the to ta l  neutron cross sec t ion  
of l60 i n  t h i s  energy region with 5-kev resolution. 
We find the 3.77-Mev resonance is indeed a 5 / 2  
resonance  in  agreement with the resu l t s  of F o s s a n  
et ZIZ.,~ but we obtained a width of 20 kev,  s l ight ly  
less than the 22-kev' and t h e  25-kev' widths  re 
ported in the  l i terature  for this  resonance. 

F igure  4 s h o w s  t h e  phase  s h i f t s  a s  a function 
of neutron energy and inc ludes  resu l t s  a t  lower 
energy from a previous ana lys i s .6  For  an es t imate  
of the  uncertaint ies  in t h e s e  phase   shift^,^ we 
take cross-sect ion va lues  from a theoret ical  curve 
given by the s e t  of phase s h i f t s  shown on the lef t  
of the  figure and al ter  t h e s e  va lues  by errors  
se lec ted  i n  a random fashion but with the same 
standard deviat ion a s  t h e  experimental errors. 

Thus  we obtain a s e t  of points  to  be fitted with 
the  original code.  We repeat  th i s  procedure a 
number of t imes  and ca lcu la te  t h e  s tandard 

deviat ion of the  resul t ing phase  shif ts .  At 3 Mev 
the  uncertaint ies  in  the p h a s e  s h i f t s  range from 
1.5 t o  3.0'. Other typical phase-shif t  uncertaint ies  
are shown. 

T h i s  ana lys i s  shows a d3 ,2  resonance a t  3.40 
Mev approximately 500 kev wide, another d3, ,2  
resonance a t  3.82 Mev 50 kev  wide, and a p 3 1 2  

resonance at  3.75 Mev about 500 kev wide. The 
broad d 3 , 2  resonance corresponds to of the  
s ingle-par t ic le  limit. There i s ,  of course,  already 
a d3,* resonance with a very large fraction of the  
s ingle-par t ic le  limit a t  1 M e V .  T h e  p 3 , 2  resonance  
a t  3.75 Mev i s  about ?5 of t h e  s ingle-par t ic le  limit, 
and the  f5,2 resonance a t  3.77 Mev i s  about :io of 
th i s  limit. 

3S. R. Salisbury and H. T. Kichards,  Phys .  Rev. 126, 

4D. B. F o s s a n  e t  at . ,  P h y s .  Rev. 123. 209 (1961). 

2147 (1962). 

'R. B. Walton. J. D. Clement ,  and F. Boreli,  Phys .  
Rev. 107, 1065 (1957). 

6J. I,. Fowler  and  H. 0. Cohn, Phys .  Rev.  109, 89  
(1958). 

7 S .  T. Thornton, C. H. Johnson, and J. L. Fowler, 
Bull. Southeastern Sect. A m .  Phys .  SOC. (1964). 
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RESONANCE PARAMETERS FOR NEUTRON SCATTERING FROM 20aPb 

J. I,. Fowler  

NUCLEAR KEACTIONS. 2"8Pb(n), enriched target,  En - 0,7-1.9 MeV, measured 

U(E,  0). 209Pb, deduced  resonance parameters ,  p h a s r  shifts .  

T h e  resonance  s t a t e s  observed by sca t te r ing  
neutrons from 2 0 8 P b ,  as  shown i n  F ig .  1 ,  were 
among t h e  f i r s t  to be  compared with theoret ical  
expec ta t ions  for intermediate s t a t e s .  Here is 
plot ted t h e  to ta l  cross s e c t i o n  of 2 0 8 P b  as 
measured with -3-kev energy resolution. '  Of the  
s o m e  85 resonances  that  occur  between 0.7 and 1.9 
MeV, about one-third a re  suff ic ient ly  i so la ted  and 
a r e  resolved so that  one  can  a s s i g n  v a l u e s  of total  
angular  momentum. Shakin, in  1963, compared t h e  
widths  of the J = '4 resonances  a t  1.204, 1.318, 
1.354, 1.632, 1.715, and 1.872 with t h e  widths  h e  
had ca lcu la ted  for '4' resonances  under the 
assumption t h a t  t h e s e  a r i se  from two-particle- 
one-hole  exc i ta t ions  of  '"'Pb. H e  found order of  
magnitude agreement. Of course ,  from to ta l  c r o s s  
sec t ion  da ta ,  one in  general  only d e d u c e s  J values .  
Angular dis t r ibut ions a re  n e c e s s a r y  t o  a s s i g n  
I v a l u e s  and par i t ies .  Accordingly, the angular 
dis t r ibut ions of sca t te red  neutrons have been 
measured at most  of t h e  prominent i so la ted  
resonances  up to 1.76 Mev." 

Before e a c h  angular  dis t r ibut ion measurement, 
t h e  resonances  had to b e  relocated. F igure  1 in 
t h e  previous paper s h o w s  a drawing of the  shielded 
region in  which t h e  neutron sca t te r ing  experiment 
was carr ied out. Neutrons were produced by the  
Li(p,n) react ion i n  a thin evaporated lithium ta rge t  
i n s t e a d  of the T(p,n) g a s  c e l l  indicated i n  the 
figure. T h e  s t i l b e n e  c rys ta l  rotated to  0" served  
a s  the neutron detector  for measuririg the t rans-  
mission of a 72% 2 * 8 P b  sample  loca ted  between 
t h e  source  arid the front of the paraffin shield.  
'This  gave  the  peak of the  resonance.  For the 
angular  dis t r ibut ions,  the  72% sample  w a s  removed 
and a separa ied  99.75% '"'Pb cyl inder  w a s  
supported in the center  of the sh ie lded  s c a t t e r i n g  

region. Neutrons were de tec ted  at var ious angles  
with t h e  s t i l b e n e  c rys ta l ,  from which gamma-ray 

'Carl  Shakin, Ann. Phys. 22, 3 7 3  (1963). 
2 J, L. Fowler arid E. C. Campbell ,  Phys .  Xr-v. 127, 

2192 (1962). 

'J. Id. Fowler,  Bull. Am. Phys. SOC. 10, 12 (1965). 

p u l s e s  were suppressed  by pulse-shape discr imi-  
nation. S ince  the neutron flux incident  upon the  
sample w a s  de tec ted  with the  s t i lbene  c rys ta l  
rotated to  Oo, t h e  differential c r o s s  s e c t i o n s  a re  
absolu te .  

Figure 2 s h o w s  a s e t  of different ia l  c r o s s  
s e c t i o n s  plot ted as a function of the center-of- 
m a s s  angle. The d a t a  h a v e  been  corrected for 
the  e f f e c t s  of angular resolution, multiple s c a t -  
ter ing,  and t h e  second group of neutrons from the 
Li(p,n)  reaction. The arrows indica te  t h e  energy 
posi t ions a t  which measurements were made as 
they are related to t h e  total cross sec t ion  plotted 
on the right-hand s ide .  

A s e t  of nieasurements made a t  the beginning of 
th i s  experiment a t  1.646 Mev i s  shown a s  open 
points. Another run a t  t h i s  energy made months 
l a t e r  a t  the  end of the experiment i s  shown a s  the 
c l o s e d  points. There  i s  agreement within the 
accuracy of the  measurements. T h e  phase  s h i f t s  
and resonance parameters l i s ted  bes ide  e a c h  curve  
yield t h e  sol id  curves .  T h e s e  resul t  f rom a leas t -  
s q u a r e s  fit to t h e  experimental p o i n t s 4  One s t a r t s  
with a s e t  of trial p h a s e  sh i f t s  extrapolated from 
lower energ ies .  T h e s e  phase s h i f t s  were ad jus ted  
by a nonlinear leas t - squares  f i t t ing code ,  which 
averages  t h e  Rreit-Wigner resonance over the 
energy spread of the measurements to give the f i t s  
as shown. In t h i s  energy region, one sees a d 
resonance at 1.600 Mev and a p resonance a t  
1.620 M e V .  T h e  peak  a t  1.632 Mev i s  a p 

1 i .2  
resonance.  One looks  for a leas t - squares  fit 
which, within the  fitting errors, g ives  the non- 
resonant  p h a s e  s h i f t s  a s  a sat isfactory extrap- 
olat ion from t h e  v a l u e s  at lower energies .  

F igure  3 s h o w s  the  resu l t s  up to  1.761 Mev. 
T h i s  covers  t h e  highest-angular-momentum reso-  
n a n c e s  observed u p  to  1.9 M e V :  J := '4 at 1.749 and 
1.761 M e V .  T h e s e  turn out  t o  b e  both f 7 / 2  reso-  
nances.  Attempts to  f i t  them (particularly the  
1.761-Mev peak)  as g resonances  were without 

3 / 2  

n / 2  

7 / 2  

4J. L. Fowle r ,  John Agnew, and Mary J. Mader, B u l l .  
Am. Phys.  Soz. 8 ,  519 (1963). 
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s u c c e s s .  T h e  difference i n  their appearance  

a r i s e s  from the rapidly changing s phase  shif t ,  

T h i s  ind ica tes  the broad peak  centered around 
1.72 Mev i s  an resonance. At 1.701 Mev there 
is a n  f 

Figure  1 a l s o  summarizes  t h e  parity ass ignments .  
The numbers over the prominent i so la ted  resonances  
give the J value ,  parity, and reduced widths  in  
s ingle-par t ic le  units. There is only one b 

1 / 2  
resonance i n  this region- a t  1.715 Mev - to be 

compared with Shakin 's  ca lcu la t ions  of widths of 
one-hole-two-particle s t a t e s .  There is, however, 

which is going through a resonance 1 / . 2  i n  t h i s  region. 

3-12 resonance. 

' 6  L E, =1646 _+ 00025  MeV 

8p1/2 FROM 1632 MeV 
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0.8 

0.4 

0 

an s resonance of -5% of t h e  s ingle-par t ic le  

resonances  including three f resonances  with 

rather large reduced widths. Since most  of the 
shell-model ho le  s t a t e s  have odd parity and most 
of the par t ic les  s t a t e s  have even parity, "Doorway" 
s t a t e s ,  t h a t  is, one-hole-two-particle s t a t e s ,  of 
odd par i t ies  should be  plentiful. Also,  the 
coupling of par t ic le  s t a t e s  with the 3 -  col lec t ive  
s t a t e  of the  "'Pb core  would lead to odd-panty 
s t a t e s .  The  spectrum of '08Pb p lus  a neutron 
shows a number of candida tes  for intermediate 
s t a t e s .  

width 1 a t  / 2  500 kev. There are  a number of odd-parity 

ORNL-DWG 63-!448R 
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Fig. 2. Differentiol Cross Sections of 208Pb N e u t r o n  Scatter ing i n  Center-of-Moss System from 1.586 to 1.646 
Mev. 
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EXCITATION OF COLLECTIVE STATES B Y  THE IN ELASTlC SCATTERING OF 
imev NEUTRONS~ 

P. H. Stelson R. X.,. Robinson H. J. Kim 
J. Rapaport '  G. Re Satchler 

___ - -.___I_.- 

NUCLEAR REACTIONS. (11 ,  t i ) ,  ( t i ,  11 '); Ui, Pb, Sb, Sn,  Cd, Zn, Ni, Cr, S, P, Si, Al, 

Mg; En = 14  Mrv, absolu te  ?r(O), i! , 19,. 
2 

Differential c r o s s  s e c t i o n s  for the i n e l a s t i c  
sca t te r ing  of 14-Mev neutrons to low-lying col- 
l ec t ive  s t a t e s  have  been measured for t h e  13 
e lements  RI ,  Pb, Sb, Sn, Cd, Zn, N i ,  Cr ,  S, P, 
Si, Al,  and Mg. The  ine las t ica l ly  sca t te red  
neutrons were separa ted  from the  e las t ica l ly  
sca t te red  neutrons by  a time-of-flight s y s t e m  
which had a n  energy resolution of 450 kev  for 

'Abstract  of paper  submit ted for publ icat ion in 

2Present address :  Ins t i tu to  de  C i e n c i a s ,  Universidad 

N u c l e a r  Physics .  

d e  Chile. 

14-Mev neutrons. T h e  absolute cross s e c t i o n s  
were determined to an accuracy of 20% over the 
angular range 20 to 130". 'The cross s e c t i o n s  ob- 
tained for exci ta t ion of co l lec t ive  quadrupole and 
octupole  s t a t e s  a re  compared to the distorted-wave 
theory for d i rec t  interact ions,  It i s  found that the  
experimental s h a p e s  of the different ia l  c r o s s  
s e c t i o n s  are i n  reasonable  agreement i n  most 
c a s e s  with those  predicted by theory, T h e  nuclear  
deformation parameters ,  /3,b are extracted,  and 
t h e s e  a r e  compared both to the  avai lable  e lectro-  
magnetic /IA values  and to /?A v a l u e s  obtained from 
other direct-interaction experiments. 

ELASTIC SCATTERING OF 17- TO 21-Mev NEUTRONS FROM 12C 

M. V. Harlow, Jr.' R. L. Robinson B. B. Kinsey, 

I__- 

NUCLEAR REACTIONS. "C(n ,r i ) ,  Et,  : 17-21 Mev; measured  0, r (E) ,  (T(E, a). I 3 C , I  

deduced  level. 

A s e a r c h  for a resonance in t h e  yield of 
e las t ica l ly  sca t te red  17- to  21-Pilev neutrons from 
" C  h a s  been made. T h e  different ia l  c r o s s  s e c t i o n  
h a s  been measured for laboratory a n g l e s  of 36, 51, 
60, 86, 123.5, and 139'. T h e  to ta l  c r o s s  s e c t i o n  
w a s  a l s o  measured for the samc range of neutron 
energ ies .  In the  different ia l  cross s e c t i o n s  which 
were measured a t  36, 51, and 60°, a broad peak w a s  
present  a t  a laboratory neutron energy of 19.5 i 

'Abstract  of paper  submi t ted  for publ icat ion in 

2Present address :  Rutherford Laboratory,  Harwell, 

3Universi ty  of T e x a s ,  Austin. 

Nuc 1 e a r PI1 y s i c' s , 

England. 

0.2 M e V .  Its total  width at  half maximum was  
approximately 1.1 Mev and i t s  height w a s  between 
14 and 21% of the  value oE the continuum. Within 
the 4.5% s t a t i s t i c a l  error of our measurements, the  
peak  d o e s  not appear  at 86". At 123.5 and 139q 
the  c r o s s  sec t ion  d e c r e a s e s  monotonically by a 
factor  of 3 between 17.5 and 20.5 M e V .  T h e  total- 
c ross -sec t ion  da ta ,  which exhibit a weak resonance 
at 19.6 t- 0.2 Mev having  a to ta l  width a t  half 
maximum of about 1.2 MeV, are cons is ten t  with the  
different ia l -cross-sect ion resul ts .  ?'he resonance ,  
which presumably resu l t s  from a s t a t e  or  states i n  
the  compound nucleus 13C, appears  s imilar  t o  the 
known resonance  in  the yield o€ e las t ica l ly  
sca t te red  2 2 . S - ~ e v  protons from 2 ~ .  



94 

_____ 

NUCL.EAK REACTIONS. 'H(n, n),  *C(n, n) ,  polyethylene and graphite samples ,  En = 

19.58-30.46 Mev, measured ',rt (E ) .  
~ ...... _ _ ~  ....... __ ...... ~~ ...... ..... ~~~~ ...... ~_ . _ _ _ _ _ . ~ . . .  

TOTAL NEUTRON CROSS SECTIONS OF HYDROGEN AND CARBON IN THE 
20-30 Mev REGION 

M. L. West 11' C. M. J o n e s  1-1. 13. Willard 

P r e c i s e  n-p  sca t te r ing  and polarization measure- 
ments  in t h e  0-42 Mev region are  needed a s  an  aid 
t o  theoret ical  interpretation of the  nucleon- 
nucleon interaction, s i n c e  theoret ical  f i ts  to t h e  
present  d a t a  arc  not suff ic ient  t o  descr ibe  
unambiguously the interact ion.  Measurements of 
t h e  77-p differential sca t te r ing  c r o s s  sec t ion  in the 
20-30 Mev region are  now in progress a t  th i s  
Laboratory. 'The total n-p c r o s s  sect ion h a s  been 
measured and will be used  t o  normalize the n-p 
angular distributions. 

T h e  t ransmissions of polyethylene and carbon 
were measured to determine their respect ive total  
c r o s s  s e c t i o n s ,  and a difference technique w a s  used  
to extract  the hydrogen c r o s s  sec t ion .  Neutrons of 
t h e  des i red  energy were produced hy bombarding a 

tritium-zirconium target  with deuterons f r o m  thc 
ORNL 5.5-Mv Van d e  Graaff and Tandem acceler-  

St i lbene sc in t i l l a tors  served f o r  both the neutron 
monitor and detector .  T h e  detector  w a s  located a t  
0" and 25 in. from the target. Backgrounds 
measured with zirconium blank were a lways  l e s s  
than 0.5%, while the background from room 
sca t te r ing  w a s  l e s s  than 0.6% for a l l  runs. T h e  
geometry of t h i s  experiment w a s  chosen so that 
sample alignment w a s  not critical. In a l l  cases 

correct ions for in-scat ter ing were l e s s  than 2%. 
Preliminary r e s u l t s  are  presented in 'Table 1. 

Correct ions have  been made for background and in- 
sca t te r ing  effects .  Neutron energies  are known to 
bet ter  than 0.2%. T h e  probable e r r o r s  have been 
increased  f r o m  the s t a t i s t i c a l  error to include 
est imated maximum values  of sys temat ic  errors. 
More exac t  ca lcu la t ions  of t h e s e  errors and 
correct ions are in progress. 

a tors .  T h e  deuteron energy calibration w a s  o b  
ta ined relat ive to the 'I,i@.n)?Be threshold on the 
5.5-Mv accelerator  and relat ive to the * 7Al(p,n)2 'Si 
threshold on the Tandem accelerator .  

T h e  polyethylene sample w a s  chemically 
analyzed at  ORNL and found to have  a hydrogen- 
to-carbon ratio of (2.038 I 0.020):l with no 
s ignif icant  impurities. l h e  carbon sample  w a s  
fabricated from CGB-grade graphite. T h i s  is a n  

99.98% pure. T h e  sca t te re rs  were checked by 
x-ray photography to ensure  t h e  a b s e n c e  of voids  
and other inhomogeneities. T h e s e  samples  were 
machined in  t h e  s h a p e  of right cyl inders  with a 
diameter of 1 in. Sample length and densi ty  were 
measured to within 0.1%. 

experimental-grade graphi te  and i s  specif ied t o  be 
. ~- 

Table  1. The Total  N e u t r o n  Cross Sections of  

Hydrogen  and Carbon 

E Hydrogen Carbon 

(Mev) (barns)  (barns)  

1.51 k 0 . 0 4  19.58 0.498 iO .012  

20.81 0.467 k0.012 1.43 kO.01 

21.93 0.132 t 0 . 0 1 1  1.34 10.03 

26.32 0.329 10 .012  1.32 5 0 . 0 5  

30.46 
'Oak Ridge  Graduate Fe l low f r o m  the University of 

T e x a s ,  Austin.  __~ ~~.~ 

0.287 k 0.01 1 1.32 5 0 . 0 5  
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A STUDY OF FLUCTUATING LOW-ENERGY (p,n) REACTION CROSS SECTION’ 

H. J. Kim 

NUCLEAR REACTIONS. “Cr(p, t1)~~111n, 2.3 < E  <3.1 Mev, measured  (T(En). I 
The f luctuat ions i n  53Cr(p,t~)53Mn react ion 

c r o s s  s e c t i o n s  were invest igated for t h e  incident  
energy ranges  2.3-2.6 Mev and 2.8-3.1 Xev. T h e  
exc i ta t ion  function of the total  neutron y ie ld  
measured with 1-kev energy s t e p s  by us ing  a thin 
target  (30 pg/cm2), t h e  f la t - response graphi te  b a l l  
neutron detector ,  and the 5-Mv Van d e  Graaff 
shows very rapid f luctuat ions of t h e  y ie lds  with 
energy. B e s i d e s  t h e s e  f luctuat ions,  no v is ib le  
sys temat ic  energy dependence  of t h e  y ie lds  is 
s e e n  within t h e  above energy ranges.  Assuming 
t h e  (p,n) react ion cross s e c t i o n  to represent  t h e  
ent i re  compound-nucleus c r o s s  sec t ion  (i.e.,  

,, I n  - I total) and ignoring 
energy dependence of t h e  
f luctuat ions a re  analyzed i n  
a t ions  of t h e  proton reduced 

‘Abstract  of publ i shed  paper: 
(1965). 

poss ib le  sys temat ic  
cross sec t ion ,  the 
terms of t h e  fluctu- 
width and t h e  reso- 

Phys. Letters 14, 51 

nance  spacing.  T h e  interval c r o s s  s e c t i o n s  
a(w)’s, where 

E + ( W / Z )  
a(w) - CJ d E ’ ,  S E - ( w/ 2 ) P I n  

have  a x2 probability dis t r ibut ion,  and t h e  
probability distribution approaches that  of a normal 
dis t r ibut ion as the internal  w increases .  T h e  
var iances  of CL(W)’S are linearly dependent  on 
l / w ,  and t h i s  l inear  dependence implies that t h e  
a(w)’s a r e  members of a s t a t i s t i c a l  distribution. 
T h e  information concerning t h e  parameters  of t h e  
probability dis t r ibut ions of t h e  proton width and 
t h e  spac ing  a r e  extracted from t h e  s t a t i s t i c a l  
nature  of fL(w)’s. 

.-_ 
2A. M. L a n e  and J. E. Lynn,  AEKE-TR-2210 (1957). 

CROSS SECTIONS FOR (p,n) REACTIONS IN FIVE ISOTOPES OF TIN 

R. L. Kernell’ C. H. Johnson 

This report is a n  ex tens ion  of (p,n) c r o s s -  in t h e  range 2.5 to 5.5 Mev impinged on t h e  target. 
sec t ion  measurements  ini t ia ted to inves t iga te  Neutrons resul t ing from (p,n) reac t ions  were 
proton s t rength funct ions,  i so tope  e f f e c t s  on c r o s s  counted by a 411 f la t - response graphite-sphere 
s c c t i o n s ,  and (p,n) thresholds .  Pro tons  that  detector .  
were acce lera ted  by a Van d e  Graaff to energ ies  Thin  ta rge ts  were Dreoared bv evaporatiiiE .> . .  - 

isotopical ly  enr iched samples  onto 10-mil p la t i -  
num backings.  T a b l e  1 l i s t s  the f ive i so topes ,  

‘Graduate s tudent ,  Universi ty  of T e n n e s s e e .  

‘C. €1. Tohnson. A. Galonskv. and C. N. Inskeeo. 
Pbys. Dzvy Anrz. Pro&. R e p t .  25, 1960, ORNL: 
2910, p. 25. 3R. L. Macklin, N u c l .  Instr. 1, 335 (1957). 
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T a b l e  1. Propert ies o f  Targets 

- 

Targe t  T h i c k n e s s  

a t  3 bleb Abundance 

(at. mo) 

Target Nucleus  

W v )  

' 17Sn 85.4 265 

' " ~ n  89.8 188 

"OSn 98.39 2 05 

1 2 2 s n  90.8 196 

' 2 4 ~ n  92.8 173 

their  percentage abundances i n  the ta rge ts ,  and 
the  target  t h i c k n e s s e s  a t  3 Mev. Target  thick- 
n e s s e s  were chosen t o  be many t imes  the leve l  
s p a c i n g s  i n  the compound nuclei  but considerably 
l e s s  than the  range of proton energ ies  used i n  the 
invest igat ion.  Hence the  observed neutron y ie lds  
are averaged over resonances.  

Figure 1 shows the  c r o s s  sec t ion  for ' 2 4 S n ,  the  
heavies t  of the five i so topes  s tudied.  T h e  c r o s s  
sec t ion  i n c r e a s e s  from a few thousandths  of  a 

millibarn near 2 Mev to 42 mb a t  5.5 M e V .  Us ing  
v a l u e s  of the I Z 4 S n  c r o s s  sect ion read from the  
smooth curve shown in Fig.  1, the c r o s s  s e c t i o n s  
of the  other i so topes  relat ive t o  1 2 4 S n  were de te r -  
mined. T h e  resu l t s  are presented in Fig. 2. 
Values  below approximately 3 Mev are  uncertain 
b e c a u s e  of relatively high y ie lds  f r o m  target  
contaminants. Further work i s  being conducted 
with new ta rge ts  t o  obtain m o r e  accura te  c r o s s  
s e c t i o n s  a t  the lower energies .  The p e a k s  a t  
4.5 Mev on  the  '17Sn curve and a t  4.6 Mev on the  

"Sn curve resul t  from isobar ic  analog s t a t e s  in  
t h e  compound nucle i .  A detai led invest igat ion of 
t h e s e  resonances  using thin (10 kev)  ta rge ts  i s  
reported e l sewhere  in t h i s  report. 

T h e  threshold for * OSn(p,n)' 'Sb w a s  deter-  
mined t o  be  3494 i 7 kev. T h i s  corresponds to 
Q - - -3165 2 7 kev,  in good agreement with the  
value Q = -3462.9 i 7.1 kev reported by Okano 
and Nishimura. 

Fig .  1. 
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Cross Sections for the  (p,n) React ion  i n  124Sn. 

ORNL-DWG 54-10052 
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4C. 13. Johnson and K. L,. Keinel l ,  "Isobaric Analog 

Sta tes  in "Zr, '16Sb, "'Sb, and 120Sb.J' 

'K. Okano and K. N i sh imura ,  J .  Phys .  S O C .  J a p a n  18, 
1563 (1963). 

Fig .  2. Cross Sect ions for the (p ,n )  React ion  in 

'17Sn,  l2'Sn, and 122Sn R e l a t i v e  t o  the 

24Sn(p,n)124Sb C r o s s  Section, 
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An attempt h a s  been  made to re la te  the  experi-  u s i n g  t h e  optical-model parameters of Perey .6  A 
mental (p,n) c r o s s  sec t ion  to that  predicted by a n  preliminary a n a l y s i s  ind ica tes  that  t h e  observed 
opt ica l  model. Since t h e  protons have energ ies  c r o s s  s e c t i o n s  show a larger  i n c r e a s e  with atomic 
considerably below t h e  Coulomb barrier for t in ,  number than is predicted by the  opt ica l  model 
the  (p,n) c r o s s  sec t ion  i s  expec ted  l o  b e  e s s e n t i a l l y  
equal  t o  the c r o s s  s e c t i o n  for formation of t h e  
compound nucleus.  T h e  la t ter  w a s  ca lcu la ted  I;. G. Perey ,  Ptryb. Rev. 131, 715 (1963). 

based  on t h e s e  parameters. 

ISOBARIC ANALOG STATES IN 90Zr, 16Sb, '18Sb, and 12'Sb 

C. H. Johnson K. L. Kernell '  

1 1 5  1 1 9  NUCLEAR REACTIONS. R9Y@,n), Sn(p,n), 17Sn(p,n), Sn(p,n), E 3.6 to 5.1 

'OZr, '16Sb, "%b, lZoSb, deduced levels, 1, r. Enrichrd M e V ;  measured T ( E ) ,  Q. 

targets .  

Recent ly  i sobar ic  analog s t a t e s  have  been  d i s -  
covered' in  highly exc i ted  compound nuclei. If a 
target nuc leus  (A', 2) i s  bombarded by protons, t h e  
compound n u c l e u s  will have  many normal s t a t e s  
whose i sobar ic  sp in  T o  = (8 - 2 ) / 2  - '4 h a s  the  
same magnitude as the  z component. T h e  i sobar ic  
ana log  s t a t e s  h a v e  T 7 T o  + 1 and have  l a r g e  
energy s p a c i n g s  s imilar  to  the low-lying l e v e l s  
formed with T - T + 1 by t h e  ta rge t  nuc leus  p l u s  
a neutron. T h e  Coulomb interact ion of the  proton 
with the res t  of the nucleus is responsible  for 
displacing the ana log  states to high exc i ta t ions  in  
t h e  compound nucleus.  The fact  that  resonances  
due t o  t h e s e  s t a t e s  a r e  observed not only i n  proton 
sca t te r ing  but a l s o  in  (p,n) reac t ions  shows t h a t  
they have  impure i sobar ic  spin,  and the  nature  of 
t h i s  mixing with t h e  normal states is of con- 
s iderable  interest .  If the (p ,n>  reaction channel  is 
open,  both the sca t te r ing  and  reaction c r o s s  
s e c t i o n s  must  be  measured i n  order  to determine 
the  par t ia l  widths ,  including the  mixing width. 

T h i s  report is concerned wit.h t h e  measurement  
of to ta l  ( p , n )  reaction cross sec t ions .  Pro tons  

0 

.-... 
'Graduate  s tudent ,  Universi ty  of T e n n e s s e e .  
2 J. D. FOX, G. F. Moore ,  and D. Robson, Phys. Rev. 

Letters 12, 198 (1964). 

from t h e  5.5-Mv Van d e  Graaff bombarded tar- 
g e t s  of separa ted  i so topes  which had been evap- 
orated onto platinum blanks.  Neutrons were 

de tec tcd  with Macklin's3 f la t - response 4ii  counter. 
Since measurements  were restr ic ted to the  (p,n) 
react ion c r o s s  sec t ion ,  only t h e  resonance  
energ ies  and total  widths  can  b e  extracted from 
t h e  data;  however, t h e  s h a p e s  and peak he ights  of 
t h e  resonances  allow some further qual i ta t ive 
conclusions.  

Figure 1 shows the c r o s s  sec t ion  for 89Y(p,iz)s3Zr.  
T h e  smooth curve,  l abe led  4 ,  i s  t h e  compound- 
nuc leus  c r o s s  sec t ion  ca lcu la ted  with P e r e y ' s 4  
optical-model parameters  but normalized with a 
mult ipl icat ive factor  of 0.48 in  order to f i t  the 
observed (p,n) c r o s s  sec t ion  i n  the  smooth region 
near 4.9 M e V .  T h e  reason for t h e  normalization i s  
thdt the (p,n) c r o s s  sec t ion  is expec ted '  t o  be 
near ly  equal  to o6 providing that  severa l  neutron 
channels  are open and that  the proton energy is 
well below t h e  top of the Coulomb barrier. It 
s e e m s  reasonable  tha t  minor adjustments  in the  

3R. I.,. Macklin, Nuc2. Ins t r .  1, 335  (1957). 

4F. G. Perey ,  Plzys. Rev. 131, 745 (1963). 
5 C. H. Johnson, A. Galonsky,  and J. P. Ulrich, 

Phys.  Rev.  109, 1243 (1958). 
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F i g .  1 .  The 8 9 Y ( p , n ) 8 9 Z r  Cross Sect ion Measured 

w i t h  a Target  Which w a s  6 k e v  th ick  o t  5 MeV. Thresh-  

o l d s  indicoted at  G. S., E,, and E correspond to neutron 

emiss ion  to the  ground state  and to the  f i r s t  two exc i ted  

states of 89Zr .  T h e  curve labe led  ,TC i s  the compound- 

nucleus cross sect ion co lcu la ted  w i t h  a n  o p t i c a l  model  

and nori i ial ized to f i t  the  data near 4.9 Mev. 

2 

model parameters  can account for t h e  required 
normalization. 

T h e  three thresholds  i n  Fig. 1 are of in te res t  
apar t  from the  main topic on analog s t a t e s .  
Thresholds  G. S. and E l  to  t h e  ground and f i rs t  
exci ted s t a t e s  of 89Zr  have  appeared i n  the 
l i t e ra ture ;6 '7  however, t h e  threshold E 2  at  4751 t 7 
kev  h a s  not been  reported. Subtraction of t h e  
ground-state threshold resu l t s  in  an energy of 
1084 i 8 kev  for the second exc i ted  s t a t e  i n  "Zr. 
T h i s  agrees  with other  r n e a s ~ r e r n e n t s ~ * ~  by 
different methods. The  shape  of t h e  exci ta t ion 
function near  t h e  thresholds  is a l s o  of interest .  
T h e  curve above G. S. and E l  is qual i ta t ively (and 
perhaps  quant i ta t ively)  i n  agreement with Hauser- 

6C. H. Johnson, C. C. Trail ,  and A. Galonsky, Phys .  

7K. Okano and K. Nishimura,  J .  Phys .  S O C .  Japan 18, 

8D. B. Lightbody, G. E. Mitchell, and A. Sapres ,  

'C. D. Goodman et a]., Elecdronuclear  Div. Ann. 

Rev. 136, B1719 (1964). 

1563 (1963). 

Bull. Am. Phys .  SOC.  9 ,  651 (1963). 

Progr.  Rept.  D e c .  31, 1963, ORNL-3630, p. 21. 

Feshbach '  predict ions for t ransi t ions to  the 
4;' ground s t a t e  and '6- exci ted s t a t e  of "Zr. 
Now consider  t h e  condi t ions j u s t  below the E L  
threshold. All s t a t e s  formed by s -  or p-wave 
protons can  decay  to the :/ - s t a t e  by emiss ion  of 
s -  or p-wave neutrons, and 3 -  s t a t e s  formed by d- 
wave protons c a n  decay by p-wave neutrons to the 
2' ground s ta te .  In e a c h  case the neutron t rans-  
mission fac tors  are much,.&- than the proton fac-  
to rs ,  so that  t h e  (p ,n)  c r o s s  s e c t i o n s  for t h e s e  chan-  
n e l s  are  nearly equal  to  the compound-nucleus c r o s s  

sec t ions .  However, 2 -  s t a t e s  formed by d-wave 
protons c a n  emit neutrons only if l n  -i 2; h e n c e  the  
(p,n) cross sec t ion  should be somewhat l e s s  than 
t h e  compound-nucleus c r o s s  sec t ion .  T h e  fact  
that the  E ,  threshold i s  observed ind ica tes  tha t  
j u s t  above the threshold, compound 2- s t a t e s  can  
emit neutrons with I n  <: 2. Goodrrian et 31.' found 
from t h e  "Zr(p, d)89Zr pickup angular dis t r ibut ions 
that the  new s t a t e  is ei ther  ' 4 -  or %-. If i t  were 
'5- then a sharp r i se  in neutron yield would not be  
expected,  but if i t  is 3;- a r i s e  would resul t  be- 
c a u s e  2- s t a t e s  can  decay with s -wave  neutrons. 
T h e  above arguments, based on t h e  very fact  tha t  
the  threshold is observed, indicate  that  .?;- is the  
correct  choice.  Goodman et al. ' made theoret ical  
arguments to  show that  '6- is t h e  correct  a s -  
s i  gnm e n  t. 

In Fig.  1 t h e  resonances  a t  4804 i 6 and 5007 -t 6 
kev are  the  2-  and 3- analog s t a t e s  which Fox 
et al. discovered.  T h e  shape  of these  resonances  
is sho?r/il m o r e  c lear ly  in  Fig. 2, which gives  t h e  
ratio of the observed c r o s s  sect ion to the noimal- 
ized  theoret ical  u-,. T h i s  ratjo h a s  the effect  of 
reinoving t h e  energy dependence of t h e  Coulomb 
penetrability and of the geometric factor : ; A 2 .  
A sl ight ly  be t te r  procedure near t h e  resonances  
would be to u s e  a particular proton par t ia l  wave for 
finding the  energy dependence of the  resonance 
ratio; however, s i n c e  t h e  penetrabi l i t ies  for a l l  
partial waves  have  nearly the  s a m e  energy 
dependence,  t h e  ratio shown is a good approxi- 
mation. T h e  resonances  a re  each  about 25 k e v  
wide, considerably broader than the target  thick- 
n e s s  of 6 kev. Fox et a1.' reported widths  of about 
10 kev, and t h e  reason for t h i s  discrepancy is not 
c lear .  In Fig.  2 curves  are shown for Lorentz 
s h a p e s  of the  indicated widths  averaged over the  
target  th icknesses .  Clear ly  t h e  c r o s s  sec t ion  

'OW. Hauser  and H. Feshbach ,  Phys.  R E V .  87, 366 

2 

Y Y 7  6 ,'@ 

-~ 
(1952). 
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F i g .  2. The 89Y(p,n) Cross S e c t i o n  P l o t t e d  in a 

Manner Which  Removes t he  E n e r g y  Dependence on 

C o u l o m b  P e n e t r a b i l i t y  and on nX2. T h e  o r d i n a t e  i s  t h e  

r a t i o  o f  t h e  89Y(p ,~1 )89Zr  reac t i on  c r o s s  s e c t i o n  to  the  

c r o s s  s e c t i o n  l a b e l e d  u i n  F i g .  1 .  T h e  t w o  resonances  

a r i se  f rom a 2- and o 3 -  s ta te  w h i c h  are  i s o b a r i c  

ana logs  t o  low l e v e l s  in  9 0 ~ .  L o r e n t a  c u r v e s  o f  the  

i n d i c a t e d  w i d t h s  have been averaged over  t h e  ta rge t  

t h i c k n e s s  and p l o t t e d  a t  t h e  t w o  resonances .  I n  t h e  

l o w e r  pa r t  o f  t he  f i gu re  are i n d i c a t e d  t h e  energy  cross 

s e c t i o n s  p r e d i c t e d  b y  t h e  o p t i c a l  mode l  for p r o d u c t i o n  

5/2 of 2- s ta tes  b y  d3p,2 pro tons  and fo r  3- s t a i e s  by  d 

p r o t o n s  in t h e  a b s e n c e  of t h e  resonances .  

d o e s  not follow t h e  Lorentz  s h a p e ,  and t h i s  may b e  
related to  the  f ine s t ructure  observed" at  other 
analog s t a t e s  in  t h i s  m a s s  region. In the  lower 
par t  of the figure, below each  resonance,  a re  
indicated t h e  cross s e c t i o n s  that  a r e  predicted by 
t h e  opt ica l  model f o r  the par t ia l  waves  that  give 
r i se  to the  resonances.  The  resonances  r ise  to  1 0  
to 25  t imes  th i s  "background. " 

Figure 3 s h o w s  resonances  i n  (p,n> react ions in 
t h e  three  odd i s o t o p e s  of tin. T h e  percentage 
i so topic  abundances for ' '~n, 7Sn, and " ~ n  
were 11.8, 89.2, and 89.8 respect ively.  Un- 
cerlainties i n  t h e  c r o s s  s e c t i o n s  are about  !:lo% 
for the  two heavier  isotopes but. about ?-.25% for 

"Sn, which had  such  poor enrichment. The 
smooth c u r v e s  a r e  opt ical-model4 compound- 
nuc leus  c r o s s  s e c t i o n s  normalized by multiplying 
by 0.70, 0.83, and 0.91 for i so topes  115,  117, and 
119 respect ively.  

Richard e t  a!., P h y s .  Rev. Lcttrrs 13, 343a 
(I 964). 

CRNL-DWC 65-472 

PROTON ENERGY (MeV) 

Fig. 3. T h e  (p,n) Crass S e c t i o n s  for t he  Odd Isotopes 

of Tin. T h e  ta rge t  t h i c k n e s s e s  were  abou t  10 kav, 
somewhat  nar rower  than the  i sobar i c  a n a l o g  resonances. 

T h e  smooth curves  are  compound-nuc leus  c m s s  s e c t i o n s  

c a l c u l a t e d  from a n  o p t i c a l  mode l  and n o r m a l i z e d  t o  f i t  

t h e  o f f - resonance c r o s s  sec t i ons .  

Figure 4 g i v e s  t h e  ratios of the ( p , n )  c r o s s  
s e c t i o n  to t h e  normalized compound-nucleus 
values .  As s ta ted  above, the plot of the ratios i s  
cmveniet i t  for s tudying t h e  s h a p e s  of the resn-  

nances.  T h e  resonant energies for isotopes 11.5, 
117,  and 119 are 11330 -i 1.5, 4491. rt 6, and 4642 -i 6 
k e v  respect ively,  and t h e  corresponding Coulomb 
displaceaient  energ ies  based on recent '  neutron 
separat ion energ ies  are  13.862 3: 0.018, 13.77% :i- 
0.015, and 13.707 :t (3.015 M ~ Y .  T h e s e  va lues  are 
in agreement with (although they are about 2% 
lower than)  those reported' for the even i so topes .  
 lies st. energ ies  ind ica te  that  the  s t a t e s  are t h e  o + 

analogs  t o  the ground stater; of "Sn, "Sn, and 
'Sn. 

The resonarices f o r  " 7 S ~ a  and ' "Ssn arc e a c h  
beautifully symmetric and somewhat broader than 

"R. A. Damerow, R. R. Ries, and W. H, Johnson,  Jr., 

J. A. B e c k r r  et al . ,  H u l l .  Am. Phys.  SOC, 9 ,  107 13  

Phyt:. Rev. 132, 1673 (1963). 

(1 964). 
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t h e  experimental 10-kev energy resolution. Curves 

of  the Lorentz  shape  for 1' -~ 30 kev  were averaged 
over the  experimental resolution and plot ted in the 
figure. T h e  fact that  t h e  experimentally observed 

resonances  have  nearly a Lorentz  s h a p e  ind ica tes  
tha t  t h e  ana log  s t a t e  is mixed with a large number 
of normal s t a t e s .  Off resonances,  t h e  ra t ios  are 
nearly unity, which simply means  that  t h e  calcu-  
la ted 3, h a s  about the  right energy dependence and 
that  the  normalization factor was  well chosen.  

for forming t h e  0' s t a t e  by s-wave protons in the 
a b s e n c e  of the  resonance. If one cons iders  the 

resonance  t o  be  of t h e  giant-resonance type,  then 
t h e  s -wave  proton strength function must increase  
by a factor of 40 t o  60 at  resonance.  

L i t t l e  can  b e  sa id  about the weak resonance in 
l 1  'Sn. T h e  curve shown is simply an experimental 
one. T h e  peak is only about 20% above back- 
ground, and t h i s  is cons is ten t  with t h e  fact  that  
the  neutrons emitted are probably d-wave with 

T h e  l i n e s  labe led  (0 +, s l ,  *)  in  the lower par t  of 
the  figure indicate  t h e  optical-model predict ions 

only 500 kev energy. 

~ _ _ _ _ ~  ......... 

117 Sn (p.n) 'I7Sb 
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Fig.  4, T h e  Cross  Sec t ions  for the T i n  I so topes  A r e  P l o t t e d  in a Manner Which Removes  t h e  Energy  Dependence  

o n  t h e  Coulomb P e n e t r a b i l i t y  a n d  a n  :!Ax2.  T h e  o rd ina te  i s  t he  obse rved  ( p . n )  c ross  s e c t i o n  d i v i d e d  b y  t h e  nor-  

m a l i z e d  compound-nucleus c r o s s  s e c t i o n  i n  F ig .  3. Curves  o f  t h e  L o r e n t z  shape ave raged  ove r  the  ta rge t  t h i c k -  

nesses  are shown for t he  t w o  heav ie r  i so topes .  T h e  c u r v e  through t h e  '15Sn data i s  s i m p l y  a n  exper imen ta l  one. 

T h e  l i n e s  l abe led  (O', S ,  ,2)  are the  average c ross  s e c t i o n s  for  p roduc ing  0' s t a t e s  b y  s - w a v e  p ro tons  os p r e d i c t e d  

by on o p t i c a l  model  i n  the  absence  of  t h e  resonance.  
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ELASTIC AND INELASTIC SCATTERlNG OF 12- AND 13-Mev ~~~~~~S FROM ’ 0 6 P d  AND 08Pd 

J .  L.. C.  Ford,  J r .  P. H .  Ste ison  G. K. Satchler R.  L. Robinson 

’ 06” 08Pd(p,p’), enriched targets, E = 12, 1 3  Mev; measured  

O-(Q). O 6 ’ *  n8Pd, deduced l eve ls ,  !?2, 13,~. 

T h e  distorted-wave theory for direct  nuclear  
interact ions has  enjoyed considerable  s u c c e s s  in  
explaining proton sca t te r ing  d a t a  for protons with 
energ ies  greater than 4 Mev above t h e  (p ,n)  thresh- 
old. F r o m  a comparison of the  predictions of 
th i s  theory and experimental resu l t s ,  one c a n  
deduce spectroscopy factors of t h e  target  nuclei  
and information about  the  nuclear  react ion mech- 
anism. T h i s  h a s  led u s  t o  undertake a study in  
which the differential c r o s s  s e c t i o n s  of protons 
e las t ica l ly  and inelast ical ly  sca t te red  f rom medium- 
weight nuclei  are measured. T h e  resu l t s  for t h e  
two nuclei  ’ “Pd and 

Protons from the  Tandem Van d e  Graaff acce le-  
rator were sca t te red  from self-supporting, ‘u 1 mg/ 
crn2 foi ls  of the enriched isotopes.  T h e  sca t te red  
protons were detected by two semiconductor par t ic le  
detectors  which were placed 7 in. from the target  
and subtended a solid angle  of 2 .75 x s t e r a -  
dian.  T h e s e  de tec tors  were suspended  from t h e  

“Pd a r e  reported here .  

top of a n  18-in.-diarn sca t te r ing  chamber. The 
angle  between the  incident proton beam and the 
de tec tors  was  varied by rotating the  top. Data  
were norinalized to !.he nuinber of e las t ica l ly  
sca t te red  protons observed by a detector  fixed at 
90” relat ive to the  incident beam. 

T h e  different ia l  c r o s s  sec t ions  for 13-Mev 
protons sca t te red  from ‘06Pd and 12- and 13-Mev 
protons sca t te red  from 08Pd have been measured. 
Representat ive proton s p e c t r a  are shown in Figs. 
1 and 2.  For e a c h  target, proton groups were 
observed which correspond t o  exci ta t ion of the  
f i r s t  2’ s t a t e ,  t h e  two phonon s t a t e s ,  and the 
octupole s t a t e .  T h e s e  s t a t e s  are  identified in  the 
figures by s p i n  ass ignments .  Energies  determined 
for t h e  octupole  s t a t e s  a re  2.08 rl 0.02 Mev in  

“Pd and 2.04 1 0 . 0 2  Mev i n  l oePd .  There  w a s  
also evidence  for s e v e r a l  weakly exci ted leve ls  
between 2 and 2.5 Mev in  both nuclei. 

F i g .  1. Spectra of 13-Mev Protons Scattered from a ’ 0 6 P d  T a r g e t  Through on Angle  of 115”. 
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Fig. 2. Spectra of  13-Mev Protons Scattered from a 'OBPd T a r g e t  Through an  Angle  o f  909 

The e l a s t i c  differential c r o s s  s e c t i o n s  divided 

by the Rutherford c r o s s  sec t ion  a r e  illustrated in 
F ig .  3. T h e  predictions of the  distorted-wave 
theory arc  given by the curves in  this  figure. To 
obtain the  bes t  agreement between the  theory and 
experimental resu l t s  I the optical-model parameters ' 
V and W and the magnitude of the c ross  s e c t i o n s  
were treated as free parameters. Values  deduced 
for I.' and iV are l is ted in F ig .  3. The  normalization 
factors  used for the magnitude of the c r o s s  sec t ions  
were a l s o  applied to  the ine las t ic  differential 
c r o s s  sec t ions .  The  other parameters in the  
optical-model potential were taken as r O  .: 1 . 2  
fermis, r i  1.25 fermis, a = 0.7 fermi, a '  : 0.65 
fermi, and V s o  2 6 M e V .  Equal ly  good f i t s  of the 
theory t o  the  e l a s t i c  differential c r o s s  sec t ions  
were obtained if r;l w a s  increased t o  1.3 fermis. 
However, the data  were poorly €itted for r i  = rO.  

The  differential cross sec t ions  for the inelast ic-  
a l ly  scat tered proton groups for E - 13 Mev are 
given in F ig .  4 for ' 06Pd and in  F ig .  5 for ' OePd. 
Comparison of the da ta  for exci ta t ion of the f i rs t  
2' s t a t e s  with the theoret ical  prediction g ives  
values  for the  quadrupole deformation parameter 
/?I, of 0.25 1 0 . 0 2  for l o 6 P d  and 0.23 i 0.02 for 

P 

'O'Pd. T h e s e  are compatible with the  p, values  
of 0.226 T 0.008 and 0.244 t 0.009 obtained for 
' 06Pd and ' O'Pd, respect ively,  from Coulomb 
exci ta t ion s t u d i e s . '  From t h e  c r o s s  sec t ion  for 
exci ta t ion of the  octupole s t a t e s ,  P 3 ' s  a r e  e s t i -  
mated to  be 0.15 i 0.02 in I o 6 P d  and 0.14 0.02 
in ' "Pd. T h e s e  correspond to  enhancements over 
the  s ingle-par t ic le  es t imate  of 20 and 17  f o r  the 
E 3  t ransi t ions f r o m  the octupole s t a t e s  t o  the  
ground s t a t e s  in '"Pd and l o a P d .  

For the theoret ical  curves  shown in F i g s .  4 and 
5, both t h e  r e a l  and the imaginary parts of the 
optical-model potential were taken  as nonspherical. 
This assumption gave noticeably better f i t s  t o  the 
differential cross s e c t i o n s  for exci ta t ion of the 
octupole s t a t e s  than i f  only the real  part of the 
potential was  taken as  nonspherical. T h e  theoreti- 
c a l  curves  i n  F i g s .  4 and 5 a l s o  include contribu- 
t ions  due to  Coulomb exci ta t ion.  

Since exci ta t ion of the two phonon leve ls  cannot  
be t reated by the first-order distorted-wave approxi- 
mation, no effort has yet been made t o  f i t  their 
differential c r o s s  sec t ions .  T h e  curves shown 
with t h e s e  cross s e c t i o n s  i n  F i g s .  4 and 5 are 
only v i s u a l  f i t s  of the  experimental points and 
have no theoret ical  s ignif icance.  

~ 

'Definition of the parameters  m the optical-model 
potent ia l  can  be  found in the paper:  F. G. Percy, P. H. S te l son  and F. K. McGowan, Phys .  R e v .  110, 
Phys .  Rev. 131, 745 (1963). 489 (1 958). 
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Fig. 3. Differential Cross Sect ions Div ided by the 
Rutherford Cross Section for 13-Mev Protons E las t ica l l y  

Scattered from l o 6 P d  and 12- and 13-Mev Protons 
Scattered from "Pd. 

ORNL DWG 64-11842R 
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Fig .  4. Differential Cross Sections far Exc i ta t ion of Fig. 5. Differential Cross Sections for Exc i ta t ion of 
the 0.433 Quadrupole State, the 0.942 (2') and 1.05 
(0' and 4 ) TWO Phonon States, and the 2.04-Mev 
Octupole State in l o 8 P d  b y  the Ine las t ic  Scattering of 

the 0.512 Quadrupole State, the 1.13 (2'and 0') and 
1.23 (dT) Two Phonon States, and the 2.08-Mcv Octupale 
State i n  l o a P d  b y  the I n e l a s t i c  Scattering of 13-Mev 
Protons. 13-Mev Protons, 

i 
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SEQUENTIAL EMMION IN THE REACTION 7 ~ i ( d , ~ ) 2 ~ 1  

C .  M.  Jones  
J .  K. Dair 

C. H.  Johnson 
H. 13. Willard 

Mark R e e v e s  111' 
......... ___.~~ _~ -~ ..... 

1 NUCLEAR REACTIONS. 71,i(d,2'IL); measured J ( E ;  E , x l ,  E %  , , B a  , ($a , da ). 
Deduced react ion mechanism. Enriched target.  

...... ........ ...____ ...... 

T h e  reaction 7LAi(d,n)2a h a s  been s tudied by c idence .  A number of three-dimensional correlation 
spec t ra  have been measured at deuteron bombarding observing t h e  two emitted a lpha  par t ic les  in coin- 

......... .- 
energies  between 2.0 and 7 Mev. 'The s t ructure  

on correlations of particles in ~~~l~~~ R ~ ~ ~ -  observed in  t h e s e  spec t ra  is cons is ten t  with the 
t ions ,  Gatlinburg, Tenn. ,  October 15-17, 1964. (Pro- assumption that  the  reaction proceeds primarily 

of Modem P h v s i c s . )  through a sequent ia l  mechanism via the inter- 

'Abstract  of paper presented a t  Top ica l  Conference 

c e e d i n e s  of confe rence  wi l l  be publ ished in  R e v i e w s  

*Now a graduate fe l low a t  the University of T e n n e s s e e ,  511e and 
Knoxville. 

Q VALUES OF THREE-BODY NUCLEAR REACTIONS' 

Mark Reeves  111' 

T h e  Q values  for nuclear react ions having three program from which t h e s e  va lues  were ca lcu la ted  

par t ic les  i n  the  f i n a l  s t a t e  and the FORTRAN are  presented. Protons,  deuterons,  3He ions ,  and 

'Abstract  of ORNL-TW-93 8. s t a b l e  nucl ides  for which 3 T Z i 20 are  used 
'Now a graduate  fe l low a t  the Universi ty  of T e n n e s s e e ,  

~. ........ ........ ____ 4He ions a re  considered a s  project i les ,  and a l l  

as  targets .  
Knoxville. 

' 5N(3He,p)' 7O AND ' 5N(3He,d)'60 REACTIONS AND INTERMEDIATE RESONANCES 

K .  K. Seth '  G. Walter' P. D. Miller 
J .  A. Biggerstaff G.  R .  Satchler  

___. ........ ........ ~ .... 

........ ........ _~ - 

NUCLEAR REACTIONS. ' 5N(31-ie,d)' 60, ' sN(3€Ie,p)' 7O react ions.  Angular dis t r ibut ion 

a t  E = 6.41 Mev. Deduced cha rac t e r  of s t a t e s  in r e s idua l  nuclei .  
3 H e  

.- 

One of the most intriguing a s p e c t s  of  the  nuclear interaction. Recent ly ,  Block and Feshbach '  pro- 
react ion mechanism problem i s  t h e  t ransi t ion from posed the concept  that three quasi-par t ic le  inter- 
t h e  relatively straightforward mechanism, usually mediate s t a t e s  in t h e  reaction play the dominant 
referred t o  a s  t h e  direct  interaction, to the chaot ic  role of being t h e  doorways t o  compound-nucleus 
s i tuat ion represented by the  compound-nucleus formation. They ca l led  t h e s e  s t a t e s  doorway 

._. 
2E. Block and  H. F e s h b a c h ,  Ann.  P h y s .  ( N . Y . )  23, 

'Northwestern Universi ty ,  Evans ton ,  111. 47 (1963). 
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s t a t e s .  Lemmer,3 Shakin,4 and a number of other 

workers a t  MIT, notably Kerman, Rodberg, and 
Young5 have  made s ignif icant  contributions t o  
the  development of th i s  idea .  

The intermediate s t a t e  comes about as  fol lows.  
In the  s imples t  interact ion between a n  incoming 
particle and the  ta rge t  nucleus,  the  par t ic le  sees 
what i s  e s s e n t i a l l y  t h e  t e a l  nuclear  potential. 
T h e  next s t a g e  of involvement c o n s i s t s  of a two- 
body interaction between the  incident par t ic le  and 
a nucleon of t h e  target  nucleus.  T h e  interact ing 
particle is raised to a higher leve l  and l e a v e s  a 

hole behind. T h i s  t hree-quas i -part i c l e  s t ructure  
subsequent ly  e i ther  l e a d s  t o  m o r e  complicated 
f ivequas i -par t ic le  exc i ta t ions ,  seven-quasi-par t ic le  
exc i ta t ions ,  and so on until the  compound-nucleus 
limit i s  reached,  or else i t  may d i s s o l v e  back to  
the s ing le  par t ic le  in  a potent ia l  wel l  with the  
particle escaping.  There is no doubt that  a process  
somewhat s imilar  t o  t h i s  t a k e s  place.  However, 
t h e  s ignif icant  quest ion is: How important is the 
doorway s t e p ?  In c learer  terms, does  the  doorway 
s t a t e  l ive  long enough t o  give r i s e  t.0 a '*narrow- 
enough-to-be-observed" s t ructure ,  or is t h e  life- 
time so s m a l l  and t h e  width consequent ly  so  large 
that  the s t ructure  is wiped out?  

Indirect proofs of t h e  e x i s t e n c e  of intermediate 
resonances  have  been provided by t h e  work of 
Glasgow and F o s t e r 6  (FJ,  Langsdorf e t  31.' 

[ ~ 1 - ~ ~ ( 0 ) ] ,  and Seth '  (St). A more direct  confirma- 
tion of t h e  idea  i s ,  however, sorely needed. 

For  l ight  nuclei ,  t h i s  e lucidat ion would c o n s i s t  
of t h e  observat ion of individual s t a t e s  which could 
be ascr ibed to  a two-particle-one-hole nature. With 
t h i s  in  mind, Lemmer sugges ted  the 15N( 'He,p)' ' 0  
experiment t o  u s .  It i s  t o  be  expected tha t  in th i s  
reaction s t rong  enhancement of two-particle-one- 
hole s t a t e s  wi l l  be observed,  s i n c e  t h e  I5N ground- 
s t a t e  (GS) configuration is [pl,*)- ' ,  and the  reac-  
tion is a two-particle transfer reaction. 

Doubly charged 3He ions  of about 6.4 Mev were 
incident  on an isotopical ly  pure 15N gas  target 

3R. H. L e m m e r ,  Phys .  L e t t e r s  4,  205 (1963). 

'R. 1-1. Lemmer and C. M. Shakin, Ann. Phys .  (N.Y.) 

A.  K .  Kerman, L. S. Rodberg, and J. E. Young, Phys.  5 

'D. W. Glasgow and D. G. Foster,  Bull.  Am. Phys .  

'A. Langsdorf ,  R. 0. Lane, and J. E. Monahan, Phys .  

*K. K. Seth, t o  be published in Phys ics  Let ters .  

27, 1 3  (1964). 

Rev .  Let ters  11, 422 (1963). 

Soc .  8, 321 (1963). 

Rev,  107, 1077 (1957). 

confined i n  a sinal1 s c a t t e r i n g  chamber. Solid- 
s t a t e  de tec tors  were employed. A typical  pulse- 
height  spectrum is i l lustrated in F ig .  1. It may be 
noted that  groups from the react ions ' 5N(3He, a)I4N 
and '"N(3He,d)160 a r e  a l s o  observed. To be 
particularly noted a r e  t h e  s t rong  proton groups 
corresponding t o  exc i ta t ions  of the 8th,  18th,  and 
-35th exci ted s t a t e s  o f  70. T h e  e las t ic -sca t te r ing  
angular dis t r ibut ion is shown in Fig.  2. T h e  
ordinate scale is based  on the observation that 
i.(0)/crr(O> nd 0.66 i 0.02 a t  lIc.m. - 36" for all 
reasonable  choices  of a n  opt ical  potential for 3He. 
Once th i s  is accepted,  al l  of our re la t ive  angular 
dis t r ibut ions acquire  absolu te  cross-sect ion s c a l e s .  
T h e  optical-model f i t  to  t h e  e las t ic -sca t te r ing  d a t a  
is ent i re ly  sa t i s fac tory ,  consider ing t h e  s t a t i s t i c a l  
accuracy of the data .  

A number of s ignif icant  observat ions c a n  be made 
about  t h i s  react ion.  

While a weak ground-state t ransi t ion (to Of) 
was observed,  t ransi t ions t o  the  second 0' 
and the 2' exci ted s t a t e s  were not observed,  
and a n  upper limit of 5% of the yield of the 
6.14-Mev ( 3 7  s t a t e  c a n  be placed for them. 

Strong t ransi t ions to  a l l  three negat ive parity 
s t a t e s ,  6 .14 Mev ( 3 7 ,  7.12 Mev (1-), and 
8.88 Mev (2-3, were observed.  T h e s e  a re  a l l  
about 20 t o  30 times s t ronger  than the  ground- 
s t a t e  t ransi t ion.  T h e s e  two observat ions con-  
c lus ive ly  prove tha t  t h e s e  negat ive parity 
s t a t e s  have  large parentage i n  the  ( p ,  ,2)-1 

ground s t a t e  of "N. It h a s  long been thought 
that  t h e  negat ive parity s t a t e s  of l 6 O  are  one- 
particle-one-hole s t a t e s .  E l l io t t  and Flowers , '  
and more recent ly  Brown e t  al." and Gillet," 
have  developed th i s  picture  in  de ta i l .  A st r iking 
confirmation of t h i s  interpretation is provided 
in  Fig. 3 .  Here,  a long with t h e  observed 
angulai  dis t r ibut ions,  a r e  shown resu l t s  of 
distorted-wave Born approximation (DWBA) 
ca lcu la t ions ,  us ing  the particle-hole wave 
functions of Gil le t ,  

'J. P.Elliott arid B. Flowers, Proc. Roy .  S O C .  (London) 

'OG. E. Brown, J. A. E v a n s ,  and D. J. T h o u l e s s ,  Nucl .  

A229, 536 (1955). 

Phys.  45, 164 (1963). 
"V. Gillet and N. Vinh Mau, Nucl.  Pliy.~. 54 ,  321 (1964). 
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Notice that  for all three negat ive parity s t a t e s  
the predicted angular dis t r ibut ions a r e  in  good 
agreement with t h e  d a t a  both qual i ta t ively and 
quantitatively. It is worth not ing t h a t  these  curves  
were obtained without any attempt a t  fitting the  
da ta ;  tha t  i s ,  Gillet’s spec t roscopic  factors  were 
used with the  DWBA code .  It i s  also noteworthy 
that both t h e  ca lcu la ted  and the  experimental  c r o s s  
s e c t i o n s  are  absolute .  Finite-range and nonlocality 

effects  have  not been included i n  t h e s e  ca lcu la t ions ,  
but t h e  insensi t ivi ty  of the  resu l t s  t o  u s e  of a 

radial  cutoff s u g g e s t s  tha t  t h e s e  e f f e c t s  are smal l .  
Spin-orbit coupl ing is expected to have l i t t l e  e f fec t  
also. T h e  spec t roscopic  fac tors  obtained from 
the  wave funct ions of Gillet’s random phase  
approximation-number one (RPAI) were: 

0 
0 40 80 i20 160 0 40 80 120 160 

Fig. 3. 15N(3He,d)160 Angular Distr ibut ions to the 

Ground Sta te  and N e g a t i v e  P a r i t y  E x c i t e d  Sta tes  of 160. 
Dis tor ted-wave  Born approximation predict ions a s  d i s -  
c u s s e d  i n  the text are shown. 

where other configurations d o  not contr ibute  if “N 
is in a pure pl / , -hole  s t a t e .  

F igures  4 and 5 show our observed angular dis-  
tributions. Unfortunately, w e  have  neither spectro-  
scopic  factors  nor resu l t s  o€ DWBA ca lcu la t ions  
to report here. 

As i l lust rated in  T a b l e  1, the  following observa- 
t ions c a n ,  however, be  made: 

1. The relat ive c r o s s  s e c t i o n s  reduced by [ ( 2 j  + 
1)o- ]I1 for the  three posi t ive parity s t a t e s  
are  1.00, 1.4, and 0.69, while those  €or the 
negat ive parity s t a t e s  a r e  2.4, 1.4, 1.4, 1.9, 
and 2.2. Thus the average of the reduced 

y ie lds  of the negat ive parity s t a t e s  is approxi- 
mately twice as  large as  t h a t  of the positive 
parity s t a t e s ,  s t rcngly indicat ing the  al together  
different parentage of the  negative parity s t a t e s ,  

Q S  

2. T h e  reduced yield:; of the f ive adjoining negative 
parity s t a t e s  a re  2.4 ( k - ) ,  1.4 (t-), 1.4 <%--I, 1.9 
(%-), and 2.2 ( I - ) .  Their  approximate equal i ty  
strongly s u g g e s t s  ;I common parentsge for them 
and is strongly reminiscent of the near equal i ty  
of t h e  E 2  t ransi t ion s t rengths  in the l e v e l s  of 
the  same vibrat ional  band. T h e s e  observai ions 
s u g g e s t  a n  even  simpler picture than the (two- 
particle-one-hole) s t a t e s  we s ta r ted  to look 
for. One wonders if indeed t h e s e  s t a t e s  do not 
represent  (vibration i one part ic le)  s t a t e s  with 
t h e  par t ic le  being i n  a d5,2 or s , , ~  s t a t e  and 

the vibration being one  of the 3-- ,  I-, or 2 -  
s t a t e s  i l l  1 % .  

Indeed, some time ago ,  Brown, Evans,  and 
‘l‘houless sugges ted  precisely th i s  nature for 
the  I 7 O  s t a t e s ,  T h e  three s t ronges t  groups (all 
about four t imes as s t rong  as  the posi t ive parity 
l e v e l s )  are  E 8  (5.70 MeV, t-j, (7.37 :ffev, 

We tentat ively 
regard t h e s e  a s  the  “center  of gravity” of the s e t  
of leve ls  having dif€erent J but a l i  cons is t ing  of 
t h e  s a m e  vibration and the same part ic le .  T h e  
resu l t s  of t h i s  picture are displayed i n  Table 2. 
In t h e  f i rs t  column the  vibrational exci ta t ion of 
“ 0  is given. In the second column the assumed 

5 -  /2 ) I  and E j s  (9.16 MeV, . . .). 
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T a b l e  1. Experimental  Cross  Sections and Reduced Y i e l d s  for Formot ion of Stotes in 170 

States GS 1 2 3 4 5 6 7 8 9 10 1 8  35 

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

-_..___-- __- 
* 

Erie r gie s 0 0.87 3.06 3.85 4.56 5.08 5.22 5 .38  5 .70  5.73 5.87 7.38 Q.16 

(Rlev) 

2J + 1 6 2 2 6 4 4 4 a 2 4  6 

u ( ~ I J ~ , P )  5.17 2.43 1.20 7.21 4.86 2.39 4.18 6.66 15.5 5.06 20.7 (23.9j 

(mb) 

1.9 2.2 5 1 . 5  4.0 - -  1.00 1.4 2.4 1.4 1.4 0.69 - - -  - I _ _  

G/(2J i 1) 
( re lat ive)  

s ingle-par t ic le  configuration is given wi th  the  
exci ta t ion energy relat ive to t h e  ground s t a t e  of 
170. T h e  third column i s  s imply the  s u m  of the 
f i r s t  two, and t h e  fourth column is the observed 
exci ta t ion energy. T h e  defect  (difference between 
third and fourth columns) represents  the difference 
between the  coupl ing s t rength of a n  odd neutron 
to the ground s t a t e  of “ 0  and t h e  coupling s t rength 
of a n  odd neutron to a vibrational s t a t e  of I % .  

All energy v a l u e s  a r e  in  M e V .  

T h e  defec t  appears  t o  be relat ively s m a l l  and 
constant .  While we d o  not c la im that  th i s  is a 
complete a n a l y s i s ,  it never the less  s u g g e s t s  a self- 
cons is ten t  picture of s t rong  vibrat ional  exc i ta t ions  
which are modified but l i t t l e  by the  odd-particle 
coupling. 

It is interest ing to compare t h e s e  d a t a  with those  
of Cerny” on the  1’N(a,d)’70 react ion.  T h e  
experiment is qual i ta t ively comparable t o  ours 

even though i t  w a s  done  at 45 Mev. As Fig. 6 
i l lus t ra tes ,  the s p e c t r a  are remarkably s imilar .  
Cerny observed what h e  c a l l e d  three s t rong  groups 
a t  5.7, 7.G, and 9.0 Mev exci ta t ion i n  1 7 0 ~  T h i s  
resul t  is exac t ly  the  s a m e  a s  ours ,  except  that  
with 400-kev resolut ion he actual ly  s a w  the “center  

Toble  2. C a m p a r i s o n  of Observed Exc i ta t ion  Energies 

in 170 wi th  the Predict ion 

of the (Vibrat ion + One Por t ic le )  Model 

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

Vibration Particle Predicted m s e r v e d  Defect  

1: * E* 

3 -  (6.14) (0) 6.14 5.70 0.44 

1- (7.12) s1,2 (0.87) 7.99 7.37 0.62 

2- (8.88) s l I 2  (0.87) 9.75 9.16 0.59 

of gravity” of a group of l e v e l s  that  we resolve.  
(Incidentally, th i s  ver i f ies  our center  locat ions.)  
Unfortunately, Gerny proposed a (ds ,2 )2  explanat ion 
for two of t h e s e  s t a t e s ,  which does  not agree with 
our conclus ions .  

l 2  J. Cerny 111, Two-Nucleon Trans fer  Reactions iri the 
L i g h t  klernenfs (Thes is ) ,  1961, UCKI,-9714. 
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TOTAL CROSS SECTION FOR ’Be(cr-,n)’ 

J .  H. Gibbons R.  L. Macklin 

N U C L E A R  REAC’I’IONS. gBe(tl ,n),  E = 1.7-10.5 M e V ;  measu red  D(E).  Nucleus I 3 C  

Other than I 2 C ,  12C* final s t a t e s  dominant  near  E ,  = 1 0  M e V .  deduced levels., 1’. 
Natural  target.  

The  absolute  total  (47~) neutron yield from gBe(ix,n) resonance peaks  a r e  observed corresponding t o  
has been measured for a lpha energies  from 1 . 7  to  Eex of 15.3 and 17 .0  M e V .  The widths for reso- 
10.5 M e V  by extension of ear l ier  measurements. nances a t  E a =  1.92, 2.25, and 2.58 Mev are 0.2, 
In addition t o  previously reported s t a t e s  i n  13C,  0.4, and 0.3 Mev respect ively.  Near E a =  10 Pdev, 
__I__ react ions leading to s t a t e s  in  ”C apparently 

‘Abstract  of paper accep ted  by the Php5ical  R e w e w .  account  for ~ 3 0 %  of the observed cross sec t ion .  
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TOTAL NEUTRON YiELD FROM THE REACTION 14C(a ,n )1701  

J. R .  Bair J. L. C. Ford,  Jr .  C. M.  Jones  

1 NUCLEAR REACTIONS. 14C(n,n) ;  measured U(E).  deduced levels,  I-. I 
'The total  neutron yield of the reaction 4C(cr,n)' 7O 

h a s  been measured in  the alpha-particle bombarding 
energy range 2 .5  to 5.1 M e V .  Six new leve ls  were  

observed in t h e  compound ' 0  nucleus a t  bombard- 
ing ene rg ie s  of 4.030 f 0.015, 4.07 L 0.03, 4.17 +. 
0.03, 4.434 k 0.010, 4.70 i 0.4, and 5.004 i 0.010 
M e V .  'These correspond t o  exci ta t ion ene rg ie s  of 
9.361, 9.39, 9.47, 9.675, 9.88, and 10.119 M e V .  

T h e  experimental  widths varied from 21 to 200 kev. 
'Abstract  of paper t o  be submit ted t o  the Physical 

Re V I  ew. 

COULOMB EXCITATION OF VIBRATIONAL TRIPLET STATES 
AND OCTUPOLE STATES IN THE EVEN CADMIUM NUCLEI' 

F. K .  McGowan 
R.  L. Robinson 

P. €4. Stelson 
J .  L. C. Ford ,  J r .  

. __-___........_....___I_ 

NUCLEAR REACTIONS. 110,112,114.116 e d ( ' G o o , I 6  ory),  11 0,112,114,116Cd((- &'y), 

enriched ta rge ts ,  E I 6 *  = 42-49 M e V ,  E, = 9-10.9 MeV; measured y ,  y y  spec t ra .  

110'112'113r116Cd, deduced levels, J ,  71, B(E2) ,  B(E3). 

Oxygen-16 ions with ene rg ie s  of 42 t o  4 9  Mev 
have been used to  Coulomb-excite higher s t a t e s  
in the even cadmium isotopes.  Double E2 exci ta t ion 
of the  0' s t a t e  a t  1133 kev in '14Cd h a s  been 
observed. T h e  E2 t ransi t ion between the exci ted 
0' '  s t a t e  and the f i rs t  2 '  s t a t e  i s  strongly en- 
hanced; that  is, R(E2,  0 ' - + 2 ) / B ( E 2 ,  2 - 0 )  := 0.85 t 
0.17. T h e  second 2' s t a t e  and the 4' s t a t e  i n  
"'Cd are  degenerate  t o  within 5 kev at  1222 kev 
exci ta t ion.  The  va lues  obtained for the rat io  
R(E2,  4 -+ 2 ) / B ( E 2 ,  2 + 0 )  are 1.42 t 0.19, 1.82 3. 

'Abstract  of paper submitted to Nuclear Physics.  

0.23, 1.80 -t 0.23, and 1.63 rt 0.36, respect ively,  

for "'Cd, "'Cd, l i 4 C d ,  and "'Cd. S ta tes  a t  
2051 1! 16,  1968 k 16,  1945 f 16, and 1900 t 16 kev 
are  exc i t ed  in  "'Cd, "'Cd , '14Cd,  and '16Cd 
respect ively.  If t h e s e  s t a t e s  a t e  interpreted to  be 
t h e  resu l t  of di rec t  E 3  Coulomb exci ta t ion,  the  

B(E3,  0 + 3 )  are 10.3,  10.6, 9.0,  and 7.5 x 
e 2 c m 6 ,  with a n  accuracy of t20%, provided the 
branching rat io  of c a s c a d e s  to  crossover  from the 
3 -  s t a t e  is large compared with unity.  T h e s e  
B(E3)  values  represent  enhancements of 13 to 20. 
They are 3 to 6 t imes smaller  than the  resu l t s  
derived from yield measurements with 14- to 15-Mev 
alpha par t ic les  a t  Copenhagen. 
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LOW-LYING LEVELS IN 7 5 A s  

K. L.  Robinson 
F. K.  McGowan 

J .  L. C .  Ford,  J r .  
P. H. Stelson 

NUCLEAR REACTIONS. 75As(s , a ’y ) ,  Ea- 3.5-8.1 M e V ,  75As(160 ,160’y ) ,  E - 36-38 

spec t r a ,  y(0) .  75As, deduced l eve l s ,  
I 6 0  

M e V ;  measured E y ,  I , ,  I.’)’ spec t r a ,  

J ,  77, B(EL), WMl) ,  6, 7’ ,2. 

Although ex tens ive  s tudies  have been made of 
t h e  low-lying leve ls  in 7 5 A s  through the invest iga-  
tion of t h e  gamma rays and the  conversion e lec t rons  
following the d e c a y s  of t h e  radioact ive nuclei  75Ge 
and 75Se,’  many of the  leve l  properties have not 
been es tab l i shed .  In order to achieve a n  under- 
s tanding  of the nature of the  nucleus when in 
t h e s e  exc i ted  modes, it  i s  necessary  t o  ascer ta in  
t h e  properties of t h e s e  leve ls .  Coulomb exci ta t ion 
of 7 5 A s  provides a means of reducing t h e  number 
of unknowns .  

Coulomb exci ta t ion h a s  been effected by bombard- 
ing a thick a rsen ic  target with helium and oxygen 
ions .  A descr ipt ion of the expcrirnental arrangement 
for s tudy  of gamma rays resul t ing from th is  bom- 

bardment can  be found in  ear l ier  publications. 
‘Two new techniques have been added during the 
pas t  year: (1) gamma-ray spec t ra  were taken with 
a lithium-drifted germanium detector  as wel l  a s  
with the conventional NaI c rys ta l ,  and (2) garnma- 
ray spec t ra  were taken  in  coincidence with back- 
sca t te red  bombarding par t ic les .  

Examples of the spec t ra  a re  given in  F i g s .  1-4. 
T h e  contrast  between Figs. 1 and 2 demonstrates  
the  greatly improved resolution of the lithium-drifted 
germanium detector  over the  NaI c rys ta l .  The  
narrowness of the  peaks in the  spectrum, as meas- 
ured with the germanium detector ,  not only makes 
poss ib le  observat ion of addi t ional  gamma-ray trans- 
i t ions but also enables  one to  determine energies  t o  

I_ ...~ __............ ____- 
‘ N u c l e a r  Dafa Shee t s ,  Nuclear Data Group, Oak Ridge ‘P. I-!. Ste l son  and F.  K.  McGowan, Phys .  Rev .  110, 

National  Laboratory; M. d e  Cr6es and G. Backstrom, 489 (1958); F. K. McGowan and P. H. S te l son ,  Phys .  
Arkiv F y s i k  16, 567 (1960); W .  F. Edwards and C. J .  Rev.  106, 522 (1957). 
Gal lagher ,  Jr . ,  N u c l .  Phps. 26, 649 (1961). 
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F i g .  1. Gamma-Ray Spectrum for 7.08-Mev Alpha Par-  Gamma-Ray Spectrum for 7.00-Mev Alpha Par-  

t i c l e s  on a Target  o f  A s  os Measured w i t h  a 3 in. x 3 in. t i c l e s  on a Target  of A s  a s  Measured w i t h  a L i t h i u m -  

N a l  Crysta l .  D r i f t e d  Germanium Detector .  T h e  vo lume of t h i s  detector 

i s  about 0.2 crn3. 

Fig.  2. 
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F i g .  3. Gamma-Ray Spectrum for 36-Mev Oxygen Ions  on a Torget  of As.  

F ig .  4. Spectrum o f  Gamma Rays  i n  Co inc idence  with 36-Mev Oxygen Ions Back-Scattered from o n  A s  Target .  
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a few ten ths  of a kev. F igures  3 and 4 i l lustrate  
the  improvement achieved in a spectrum by observ- 
ing only gamma rays which are  in  coincidence with 
the back-scattered par t ic les .  Also note in F i g s .  
1 and 3 tha t ,  a t  l e a s t  for th i s  target ,  a “cleaner” 
spectrum is obtained when t h e  target i s  bombarded 
with helium ions  than when bombarded with oxygen 
ions.  T h e  peak a t  353 kev i n  Fig.  1 is from the 
reaction ’ *O(a,n)”Ne.  Oxygen resul ts  from the 
oxidation of t h e  a rsen ic  metal target. T h e  amount 
present w a s  est imated from a coinparison of the  
magnitudes of t h e  353-kev gamma ray as  observed 
with the a rsen ic  target  and with a G e 0 2  target .  

From t h e  gamma-ray y ie lds  determined from 
spec t ra  taken a t  11 alpha-part ic le  energ ies  between 
3.5 and 8.1 Mev and a t  ttwo oxygen ion energies  
(36 and 38 Mev), i t  is es tab l i shed  that leve ls  a t  
199 ,  280, 469, 572, and 822 kev are  populated v ia  
the E 2  Coulomb exci ta t ion process .  Spectra were 
a l s o  measured i n  coincidence with the 199- and 
280-kev gamma rays for four alpha-particle energ ies  
and one oxygen ion energy. T h e s e  spec t ra  reveal  
three c a s c a d e  t ransi t ions with energies  of 296, 
418, and 543 kev.  Their  posi t ions are shown i n  
the leve l  diagram i n  Fig.  5. ‘The y ie lds  found for 
t h e  418-kev gamma ray indicate  that  there is a 

leve l  a t  617 kev populated by the  E2 Coulomb 
exci ta t ion process .  

Coulomb exci ta t ion of the known 265-kev level  

s h o w n  in Pig. 5 is inferred from the  presence of a 

264.6-kev peak in  the  spectrum measured with t h e  
lithium-drifted germanium detector  ( s e e  F i g .  2). 

Similarly, the 249.3-kev t ransi t ion,  which f i t s  
energet ical ly  between the  822- and the 572-kev 
leve ls ,  w a s  only s e e n  i n  th i s  spectrum. The 
dashed l ines  in  Fig.  5 a r e  for t ransi t ions not 
observed in  the present  s tudy.  Their  in tens i t ies  
are  taken  from earlier invest igat ions.’  

‘The reduced E 2  t ransi t ion probabilities for 
exci ta t ion,  B(E2),,, deduced from the gamma-ray 
y ie lds ,  a re  given in Table  1. Corrections for the 
gamma-ray branching rat ios ,  which a re  given above 
the  leve ls  in  F i g .  5 ,  for internal conversion,  and 
for oxygen in  the  target were appl ied.  T h e  la t te r  
correction was 3 t o  14% for t h e  metal a rsen ic  
target. T o  check  th i s  correction, spec t ra  were 
measured when a thick target of As,O,  (a target  
i n  which the  amount of oxygen w a s  known) w a s  
bombarded with 4.0- and 4.5-Mev alpha par t ic les .  
T h e  B(E2)ex’s  obtained f r o m  these  runs are  shown 
in the l a s t  column in Table  1 and are s e e n  t o  agree 
with those  found when the metal a rsen ic  target  
was  used.  

Angular anjsotropies  for the s t ronges t  t ransi t ions 
were measured relat ive to  the direction of the 
incident beam for E a  3.5, 5 .1 ,  and 7.1 Mev. 
T h e  da ta  were fitted t o  the equation 

W(0) 1 + a 2 g 2 A 2 P 2 ( c o s  0) , 

where a 2  and g, are ,  respect ively,  the thick-target 
particle parameter and the correct ion for the finite 
angular resolution of the detector. Table  2 conta ins  
average A 2 ’ s  along with t h e  leve l  s p i n s  which are 

ORNL - O W 5  6 5 - ’ 0 8 6  

;:AS 

F ig .  5. Energy-Leve l  Diagram of Coulomb Exc i ted  L e v e l s  in ”As. 



cons is ten t  with t h e s e  coef f ic ien ts ,  T h e  leve l  
s p i n s  which a re  compatible with all experimental 
resu l t s  a r e  given in the leve l  scheme in Fig. 5. 
Since the leve ls  a re  a l l  populated by the  E2 Coulomb 

T a b l e  1. The B(E2)ex ' s  of L e v e l s  i n  7 5 A s  

B ( E 2 ) e x  x IOso ( e 2 c r n 4 )  
Level ~ ................ -- ~ 

(kev) 4He on 0 on 4 W e  or1 
1 6  

AS As A s 2 0 3  
lll_. 

198.6 1.59 -t 0.14 1.61 * 0.19 1.63 + 0.17 

264.6 0.54 * 0.07 

279.6 4.4 0.5 4.4 + 0.6 4.5 * 0.5 

468.9 0.33 * 0.03 0.44 f 0.08 

572.2 7.4 t 0.7 6.8 t 1 . 0  7.2 -i 0.9 

616.6 0.120 + 0.021 0.109 i 0.0% 

821.8 11.3 f 1.1 10.4 f 1.4 .. .. . .----____ 

exci ta t ion  process ,  their par i t ies  are ident ical  to 
the  parity of t h e  ground s t a t e .  

Table 3 summarizes  the  known properties of the 
Coulomb-excited leve ls  and the  gamma rays  origi- 
nat ing at t h e s e  levels .  T h e  va lue  taken  for the 

2 
single-par t ic le  B ( E 2 )  is B ( E 2 ) s p  = c2/4rl3< RiI , 
with R ,  - 1 . 2  Y c m .  T h e  s ingle-par t ic le  
es t imate  for the reduced $11 transi t ion probability, 
B(MI) ,  is approximately ( e f i / 2 / M ~ ) ~ .  

T a b l e  2. Experimental  Angular  Distr ibut ion Coef f ic ients  

L' 
Y 

Possible 

Spin 

112,  3 / 2 ,  5/2 -0.005 t 0.016 198.6 

279.6 -0.191 -i 0.010 5 / 2  

572.2 t0.064 10,014 5 12 

821.8 +0.22 :k 0.02 7 /2 
__I_._._._._.-__-- 

T a b l e  3.  L e v e l  arid Gomiiia-Roy Propert ies 

B(E2)., x 10'' i 3 (E2)d  x 1 Os B(E2)  B(M1) x 102 
Y 

I* ( e  2c,n4 ) R ( E 2 )  (en /2Mc)2 
d f i = ( E % , M l ) " ~  -- Level E 

ikev) (kev) (c2cm'l)  

198.6 

264.6 

264.6 

279.6 

279.6 

468.9 

572.2 

572.2 

616.6 

616.6 

821.8 

821.8 

H21.8 

108.6 1 ILl' 

264.6 + 0.3 

66 f O. l a  

279.6 + 0.3 

80.8 I 0.lS 

468.9 f 0.7 

572.2 f O . 3  

296 i 4  

628 * 5' 
418.0 + 0.7 

821.8 + 0.4 

543.3 k1.2 

249.3 + 0.5 

1.61 +0.14 

0.54 * 0.07 

4.5 + 0.4 

0.05 * 0.03 

7.2 -t 0.7 

0.116 k 0.019 

10.9 i 1 . 0  

1 /2 

312 

512 

1 /2 

5 /2 

1/2, 312  

7 /2 

3.22 i 0.28 

0.54 + 0.07 

3.0 + 0.3 

9.8 k 2 . 8  

0.70 i 0.W 

4.8 + 0.5 

0.23, 0.12 

5.5 t 0.5 

1 7  

2.9 

16 

52 

3.7 

25 

1.2, 0.6 

29 

10.43 t 0.W! 

10.037 i D.00.3I 

< I0.0451 

-0.47 f 0.08 

u) 

t0.39 t 0.05 

m 

0.47 t 0.05 

20 5 2 

28  f S d  

(9.0 + 1.0) x 10- loh  

(1.09 i- 0.07) x 111-11" 

0.74 .L 0.14 ( 2 . 0  f 0.3) r: 10-" 

7.5 k l . 9  (2.4 +O0.6)X10-'* 

<0.9 

(2.3 k 0.2) 'i 

<1 

8 t :P 
sRef .  1. 

bE. N. Sliipley, 1;. J. Lynch, and R. E. Holland, Bull.  Am. Pllye S O C .  4, 404 (1959). 

=F. R. Metzger, Phys. Rev. 127, 2 2 0  (1962j. 
"Assumed R ( E 2 )  i 101) H(EZ)Sp. 

eA. W. Schardt aiid J. P. Wrlker, Phys. Rev. 99, 810 (1955). 
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GAMMA-RAY SPECTROSCOPY WITH A LITHIUM-DRIFTED GERMANIUM DETECTOR 

R. L. Robinson P. H .  Stelson F. K. FJcGowan 
J .  L. C. Ford, J r .  

‘The energies  of gamma rays from about 50 nu- 
c l i d e s  have been determined t o  within a few tenths  
of a kev by means of a lithium-drifted germanium 
detector. T h i s  accuracy i s  about a n  order of mag- 
nitude bet ter  than h a s  generally been achieved 
with t h e  N a J  c rys ta l ,  due principally to  the superior 
resolution of the germanium detector .  For example,  

the width of a peak of a 320-kev gamma ray is 
3.7 kev as  measured with o u r  germanium detector  
and 31 kev as measured with an NaI c rys ta l .  
A second advantage of the  germanium semicon- 
ductor over the  scint i l la t ion spectrometer in energy 
detcrrninations is that i t s  energy response is linear. 
Furthermore, the gain s tabi l i ty  of a germanium 
detector  i s  better than that  of a n  N a I  detector .  

Although data  were obtained with a variety of 
instrumentation, the  e lec t ronics  for the greater 
part cons is ted  of a Tennelec  lOOC preamplifier, 
a Tennelec ‘T’C-200 amplifier, and an 800-channel 
Victoreen analyzer .  T h e  detector ,  which had a n  
act ive volume of 0.2 cm3,  was  vacuuin packed in 
a thin-walled aluminum container . ‘  It was  con- 
nected to  the  preamplifier via a s p e c i a l ,  low- 

‘Fabricated b y  R. J .  F o x  of t h e  Instrumentation and  
Controls  Divis ion.  

W. T. Tdilner 

capac i tance ,  6-in.-long connector. T h i s  permitted 
submersing t h e  detector  into a Dewar f lask  con- 
ta ining a 30-hr supply of liquid nitrogen. The  
total  input capac i tance ,  which needs to be a mini- 
mum to optimize the  intr insic  resolut ion,  was  10 pf. 
‘The linearity of t h e  electronic  sys tem w a s  checked 

by replacing the  detector with a s igna l  generator 
capable  at maximum output of pioducing pulses  
with an amplitude known t o  1 part i n  1 0 5 . 2  Gamina- 
ray energ ies  were determined by measuring the 
transition i n  quest ion with two or inore radioact ive 
sources  producing gamma rays of known energ ies .  
T h e  cal ibrat ion s o u r c e s  a r e  l i s ted  in  Table  1. 
Errors assigned t o  the measured energ ies  incorpo- 
rate s ta t i s t ica l ly  the  uncertaint ies  i n  t h e  energ ies  
of the cal ibrat ion l ines  and in  the  reading errors 
of the  peaks  in  the spec t ra .  

Table  2 l i s t s  energy v a l u t s  es t imatzd by this  
method for gamma rays  which a re  frequently used 
a s  energy s tandards  but which had greater uncertain- 
t i e s  than those  l is ted i n  Table  1. Table  3 conta ins  
energies  found for gamma rays resul t ing from the 
decay of the  radioactive nuclei “’Kh and I o 6 R h .  
In both nuclei ,  two near-lying t ransi t ions between 
two meinbers of t h e  “two-phonon” s t a t e s  and the 
first 2’ s t a t e  were resolved.  T h e s e  c a n  be s e e n  

Tab le  1.  Energies  o f  Calibration Gamma R a y s  

‘We are indebted t o  J. A.  Eiggerstaff  for the u s e  of a 
precis ion pulser  which he designed.  

Isotope E ,  (kev)  

H g  

“Au 

Annihilation radiation 

2 0 3  

20iB1 

cs 13: 

8 B y  

2 07Bi 

b 0 C 0  

6 O C O  

270.12 * 0.05 

,111.76 f 0.03 

51 0.976 + 0.007 

569.6 * 0.5 

661.62 i 0.15 

898.4 t 0.4 

1003.7 C 0.3 

1173.0 _+ 0.2 

1332.7 * 0.2 

Tab le  2. Energ ie s  Determined for Trans i t i ons  

Frequently Used as  C o l i b r o t i o n s  

Isotope E y  (kev) 
.......... __.____ ........ ________ 

C r  319.8 f 0.3 

Be 477.4 t_ 0.2 

54Mn 835.0 t 0.3 

6 5 ~ n  1115.6 t 0.4 

22Na 1274.6 t 0.3 

1836.2 f 0.3 

5 1  

7 
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T a b l e  3. Energies of the Prominent l o 6 R h  
and l o 2 R h  Gamma R a y s  

E y ,  l o 2 R h  ikev) 1 0 6  Ey, Rh (kev) 

____- 
511.6 * 0.5 418.2 i 0.5 

616.2 10 .9  475.2 -t 0.5 

622.2 + 0.5 628.1 1 0 . 5  

873.5 f 0.7 631.6 + 0.5 

1049.8 t 0 . 7  638.0 f 0.5 

1127.4 i 0.7 767.6 0.5 

1562.5 + 1.1 1047.2 t 0.7 

1103.3  f 0.7 

1113.2 k 0 . 7  

240 2130 320 360 4CO 440 480 
CHANNEL NUMBER 

F i g .  1. Spectrum of Gamma R a y s  Between 500 and 

640 kev  from '06Rh. 

for ''%h i n  F i g .  1 a t  622.2 and 616.2 kev.  T h e  
ratio of their  in tens i t ies  w a s  est imated a s  14 t 2. 
In l o 2 R h  t h e  gamma rays  of t h e  doublet  have 
energ ies  of 631.6 and 628.1 kev and an  intensi ty  
ratio of 1 0  I 2. F igure  2 i l lus t ra tes  t h e  gamma-ray 
spectrum of "Rh. T h e  observed t ransi t ions f i t  
energet ical ly  into a decay  scheme (see Fig .  2)  
proposed by McGowan and Stelson.  

40 50 i20  160 709 240 280 3?0 360 W 0  
CHANNFI. [\rlJ?IREQ 

F i g .  2. Gamma-Ray Spectrum of '02Rh. 

T a b l e  4 contains  energies  determined for gamma 
rays resul t ing from Coulomb exci ta t ion.  They  were 
induced by bombarding thick targets  of the enriched 
i so topes  with 7- to  9-Mev alpha par t ic les .  In 
severa l  s p e c t r a  a l ine d u e  t o  the ' 8 0 ( a , n ) 2 1 N e  
react ion w a s  observed. From th is ,  the energy €or 
the  f i rs t  exci ted leve l  of "Ne was  est imated a s  
350.2 k 0 .8  kev. 

T h e  spectrum of gamma r a y s  from Coulornb- 
exci ted 77Se is i l lustrated in Fig. 3. In  our pre- 
vious Coulomb-excitation invest igat ion of th i s  
nucleus,  ' t h e  presence  of t h e  weak 250-kev t ransi-  
t ion could only be  inferred from gamma-gamma 
coinc idence  resu l t s ,  and i t s  intensi ty  could only 
b e  deduced in  a n  indirect manner. Here,  the transi- 
tion i s  c lear ly  resolvable  from the  s t rong  239-kev 
gamma ray. F r o m  t h e  rat io  of t h e  in tens i t ies  of 
t h e  250- to the 239-kev gamma rays (0.035 i_ 0.007), 
a new es t imate  of (0.97 t 0 . 2 3 )  x lo-'' e2cm4 i v a s  
determined for t h e  B(E2),x of the  25Gkev level .  
T h i s  is about twice  that predicted by t h e  s ingle-  
par t ic le  es t imate .  

3F.  K. McGowan and P. H. S te l son ,  Pftyd. Rev. 123, 
2131 (1961).  

'R. Id. Kobmsun,  F. K. McGnwnn, and P. H. Stelson, 
Phyh. Rev. 125, 1373 (1962). 
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T a b l e  4. Energ ies  of Gamma R a y s  Resul t ing  from Coulomb Excitat ion 

E ,  (kev) Y Is ot o p e  

4 8  
2 2Ti 

;;C* 

5 6  
2 61ie 

6 4  
3 0 Z n  

6 %  

68Zn  

OZn 

ice 

7 2 G e  

74Ge 

7 6 G e  

34Se 
77  

9Br 
3 5  

;;MO 

9 6 M 0  

9 8 ~ 0  

O'Mo 

;;RU 

1 0 O R  

04R" 

1 0 4  
46Pd 

06Pd 

983.1 f 1.5 

783.1 5 0.4 

846.8 5 0.6 

991.7 f 0.7 

1039.2 f 0.9 

1077.6 f 0.8 

883.7 f 0.7 

1039.8 0.7 

834.8 t 0.6 

596.0  t 0.3 

563.2 t 0.3 

200.7 k1.0 
239.1 f l . O  

250.1 '1.0 

439.9 i 1 . 0  

217.5 I 1 .0  

262.0 I 1 .0  

306.5 f 1 . 0  

522.2 t 2 . 0  

871.1 f 0.7 

778.5 f 0.6 

786.8 + 0.4 

535.5 f 0.3 

832.6 f 0.6 

539.6 i 0.3 

357.7 t 0.3 

555.5 * 0.4 

511.7 + 0.3 

_____ --.... . . . 

E (kev) Y I s o t o p e  

0 8 P d  

l l o P d  

1 0 6  
4 8Cd 

08Cd 

1 1  Z C d  

' 4Cd 

1 1  6Cd 

112 
.i osn 

6Sn 

7Sn 

Sn 
1 1 8  

1 1 9  
j oSn 

1205, 

Sn 
1 2 2  

1z45n 

12'5b 
51 

1z35b 

1 2 2  
5zTe  

1z4te 

6Te 

128Te 

'Te 

1 9 5  
78Pt 

433.9 * 0.2 

373.8 t 0.3 
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DECAY OF 7 9 K r  -+ 79Br 

R. L. Robinson 

RADIOACTIVITY. 79Kr [from 'Br(p,n)], measured EY Iy' yy spectra. "F3r deduced 

l e v e l s ,  log f t ,  J ,  71. Natural  target .  

From our Coulomb exci ta t ion s t u d i e s , '  i t  w a s  
poss ib le  to  e s t a b l i s h  the reduced E 2  t ransi t ion 
probabi l i t ies  for exci ta t ion,  R(E2),,, for s e v e n  
low-lying leve ls  of 7gBr.  However, the B(E2) ,  
and B(M1), for the  majority of gamma rays could 
not b e  ascer ta ined because  of insuff ic ient  knowl- 
edge of level  s p i n s  and gamma-ray multipole ad- 
mixtures. In principle, the s i tua t ion  could be 
clar i f ied through the measurement of t h e  direct ional  
angular correlat ions of coincident  gamma rays from 
l e v e l s  of 7 9 ~ r .  An invest igat ion of gamma rays 

'H. I,. Robinson, F. K. McGowan, and P. H. Stelson, 
BuII. Am. Phys.  S m .  8,  60 (1963); and pr iva te  communi- 
cation. 

from the  decay of "Kr provides the bes t  method 
of procuring th i s  type of data;  thus s u c h  a study 
w a s  ini t ia ted.  Unfortunately, b e c a u s e  of the  com- 
plexity of t h e  decay,  the original goal h a s  not yet  
been achieved.  However, information w a s  obtained 
about  the leve ls  populated through the  decay of 
7'Kr and the branching rat ios  of gamma rays from 
t h e s e  leve ls .  

Four  samples  of 7 9 K r  were produced by bombard- 
i n g  KBr with an " ' 8 - p  beam of 4.1-Mev protons 
from 4 to 1 2  hr. To el iminate  the  contributions 
from ac t iv i t ies  with short  l i fe t imes,  gamma-ray 
s t u d i e s  were not  undertaken untiI severa l  hours 
a f te r  t h e  completion of a bombardment. No chem- 
is t ry  w a s  performed. A typ ica l  s i n g l e s  gamma-ray 
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Fig. 1. Gamma-Ray Spectrum of 7 9 K r  a s  Measured w i t h  a n  N a l  C r y s t a l .  T h e  segments l abe led  A t h rough  J in 

the l ower  pa r t  o f  the f i gu re  i n d i c a t e  the  ga tes  used  i n  the  gamma-gamma c o i n c i d e n c e  s tud ies .  

spectrum a s  taken with a 3- by 3-in. NaI crystal  
is shown in Fig.  1. T h e  rate of decay of the 1 2  
s t rongest  peaks  w a s  followed over a period of up 
to 300 hr. All but t he  peaks  at  9.5, 186, and 1114 
kev were found to have  half-l ives cons i s t en t  with 
the  35-hr half-life reported for 

Singles  spec t r a  were a l s o  t aken  with a lithium- 
drifted germanium detector  which had an ac t ive  
volume of 0.2 cm3. As can  be s e e n  from one of 
t h e s e  spec t r a ,  which is i l lustrated in  Fig.  2, 

'Kr. * 

'Nuclear  Data  Sheets, National  Academy of Sc ience  - 
National  Resea rch  Counci l ,  Washington, D. C. 

additional gamma rays were revealed. Energies  
of the  gamma rays in th i s  f igure were determined 
to approximately 1 kev. 

1 en  gamma-gamma co inc idence  spec t r a  were 
measured. T h e  energy intervals  of the gating 
gamma rays are shown i n  the lower part  of Fig.  
1. Gamma-ray in t ens i t i e s  were deduced from t h e s e  
spec t r a  and  a l s o  from the s i n g l e s  spectrum in the 
figure. T h e  relat ive in t ens i t i e s  of members of 
three doublets  a t  207.5-217.1, 299.2-306.8, and 
389.5-398.0 kev, which could not  b e  resolved in 
the  s ing le s  scint i l la t ion spectrum, were est imated 
from t h e  spectrum as  measured with the  germanium 
detector.  

r l  
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A proposed decay  scheme cons is ten t  with the 
present  invest igat ion is given in  Fig. 3. The pair 

of numbers a s s o c i a t e d  with e a c h  transition g ives  
its energy in k e v  and the relat ive intensi ty  as 
normalized to 100 for the 261.8-kev gamma ray. 
Thc s p i n s  and par i t ies  shown for the leve ls  below 
700 liev a r e  those obtained i n  prev ious  invest iga-  
tions. l o 2  If the  energy difference between 7 y K r  
and 7913r i s  taken as  1620 kev, '  the  log ft values  
for decay  by electron capture  to  the 1328-, 1094-, 
1046-, and 831.9-kev l e v e l s  are ,  respect ively,  5.8, 
6.8, 7.5, and 6.4. S ince  the  ground-state sp in  of 
7 9 K r  is 'I,, the  log ft values  es tab l i shed  that  the 
s p i n s  of these s t a t e s  are or 3. T h e  low value 
of the l o g  ft a s s o c i a t e d  with population of the 
1328-kev s t a t e  ind ica tes  that  i t s  parity i s  the same 
a s  the  ground s t a t e  of 7'Kr (i.e., odd). Spin % is 
sl ight ly  favored o v e r  for the  1328-kev s t a t e  be- 
c a u s e  gamma rays  with s imi la r  in tens i t ies  from 

t h i s  leve l  terminate a t  sp in  2 and s p i n  s ta tes .  
An assignment  of L~ for the  1094-kev leve l  can 
be  ruled out, s i n c e  a n  1112 t ransi t ion would not be 
as in tense  as t h e  864-kev gamma ray w a s  found to 
be. 

Three other l e v e l s  a r e  known to e x i s t  in  7'Br 
below 1.5 Mev which a r e  not included in Fig.  3. 
Two, with energies  of 526 and 765 kev, were d i s -  
c l o s e d  through Coulomb exci ta t ion s tudies ,  and 
a third, a "/2' isomeric  state a t  208 kev,  w a s  lo- 
ca ted  through ( p , y )  ~ t u d i e s . ~  There  ate a number 
of indicat ions in  the  present  invest igat ion that  

the  complexity of the 79Kr decay is  considerably 
greater  than shown in Fig.  3 .  However, a more 
thorough invest igat ion is needed to e s t a b l i s h  the 
reality of weak t ransi t ions and other  levels .  

I f  

3A. Goodman and A. W. Schardt, Bull.  Am. Phys. 
SOC. 4, 56 (19.59). 



122 

O R N L -  DWG 6 5 -  1085 

1328Z5 K e V  

- 109426 

I O 4 6  2 8 

831.9f1.0 

606.3 Z 0.7 

397.6 t 1.0 

306.8 20.9 

26t.8Z0.9 

2f7.1 2 f .0 
.5 
) 

0 

Fig .  3. Energy-Lcve l  Diogrom for ’ 9 ~ r .  

REMSSTRAHLUNG FROM 6Me1 

J. K. Bienlein’ F r a n c e s  Pleasonton 

RADIOACTIVITY. ‘He measured  s h a p e  of in te rna l  bremsstrahlung spectrum. .i .~ ...... ._____.___. . .~~ . . .~  ........ ___ .... ___.. ___ 

The spectrum of internal bremsstrahlung f rom the with the theory of Knipp, IJhlenbeck, and Bloch 
super-allowed beta  emit ter  ‘He h a s  been measured, for energies  greater than 0.3 M e V .  In this  decay,  
us ing  a sodium iodide sc in t i l l a t ion  spectrometer. Coulomb correct ions a re  of l i t t l e  s ignif icance;  
T h e  s h a p e  of the experimental spectrum agrees  thus  the  resul ts  c a n  be interpreted as confirming 

the fundamental concept  of internal bremsstrahlung 
a s  a process  in  which the electron e x i s t s  first 
in  a virtual s t a t e  and then goes to i t s  final s t a t e  
by emitting a photon. 

‘Abstract  of paper  submi t ted  to N u c l e a r  Phys ics .  

’Prcsent address :  CERN, Geneva,  Switzer land;  
permanent  address :  Universi ta t  Erlangen,  Erlangen,  
Ge rrria ny. 
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INTERNAL BREMSSTRAHLUNG ACCOMPANYING THE BETA DECAY OF 42K1 

J. K. Bienlein2 Frances  P leasonton  

RADIOACTIVITY. 

of 42K + "Ca. 

42K.  Mcasured to ta l  y ie ld  of in te rna l  bremsstrahlung i n  t h e  be ta  d e c a y  

The  total  yield o f  internal  bremsstrahlung in  the scint i l la t ion spectrometer. T h e  experimental 
resu l t s  a r e  higher  than the y ie lds  predicted by 
theory. Over the internal  bremsstrahlung energy 
range from 100 to 400 kev, the  ratio of experiment 

5 to 3 ( ~ ~ i ~ ~ ,  
Uhlenbeck, and Bloch) or from about  3 to 2 (Fe ls -  
ner). 

decay of 42K+42Ca w a s  measured with an NaI  

'Abstract  of paper  to  be  publ i shed  i n  the Proceedings  
of the Internat ional  Conference on Nuclear  Phys ics .  to theory decreases from 
Paris, 1964,  sponsored  by IUPAP,  UNESCO, and Socie te  
Franca ise .  

2 p r e s e n t l y  at CERN, Geneva,  Switzerland. 

SOME HEAVY-ION STOPPING POWERS 

C. D. Moak 

The  discovery o€ energy compounding through 
continuous s t r ipping i n  the second s t a g e  of the 
Tandem Van d e  Graaff Accelerator  h a s  produced 
a source  of heavy ions  of accura te ly  known ener- 
g ies ,  c lose ly  s imulat ing f i ss ion  fragments, and 
having the useful property of a s e r i e s  of lines 
of difEerent energies  ranging from 10 t o  100 M e V . '  

T h e  spectrum of the l i n e s  observed is i l lustrated 
for bromine in Fig.  1 and for iodine i n  Fig. 2, It 
should b e  noted that  the width of the l i n e s  shown 
in t h e s e  f igures  i s  charac te r i s t ic  of the so l id-  
s t a t e  detector  used;  the l i n e s  would be quite 
sharp  for a perfect  d e t e ~ t o r . ~  A feature  of the 
bromine spectrum i s  t h a t  both 7YHr and a lBr  
contribute to give a double peak .  Since Fig.  1 
w a s  made, a technique h a s  been devised whereby 
e i ther  79Br or "Br c a n  be suppressed  a t  the ac- 
celerator  ion source.  

'Graduate s tudent ,  Universi ty  of T e n n e s s e e ,  Knoxville. 

2C.  D. Moak et af., Rev. S c i .  Irmtr. 34, 853 (1963). 

'I?. J .  Walter e t  al . ,  Bul l .  Am.  Phys. Soc.  8, 39 (1963). 

M. D. Brown' 

Stopping powers of several  mater ia ls  have  been 
measured by p lac ing  foi ls  of known thicknc ~ ' S S O S  ... 
in  front of the detector  and measuring the sh i f t s  
of the various peaks.  Foils of R e ,  C, AI, Ni, Ag, 
and Au were prepared by evaporation onto very 
thin carbon films. T h e  resul t ing foil:; are thought 
to be reasonably polycrystalline, but no informa- 
tion as t o  c rys ta l  s ize  is ava i lab le  for the foi ls  
used. Foi l  th icknesses  were measured by obtain- 
ing  alpha-particle energy-loss d a t a  for each  foil 
and converting these  to th ickness  with the aid of 
a lpha-p ar t ic le  s t oppi ng-pow e r  curves  provided by 
Whaling. 

The curves  shown in  F i g s ,  3 and 4 i l lustrate  
the  resu l t s  obtained. Experimental errors a re  
thought to be mostly s y s t e m a t i c  in  that alpha- 
par t ic le  stopping-power errors would be  contained 
i n  t h e  resu l t s ,  as well as any sys temat ic  errors 
contained in  t h e  procedure for foi l  th ickness  
measurement. Total experimental error is be- 
l ieved t o  b e  * lo% for the  f ina l  resu l t s  shown in 
Figs. 3 and 4. 

'w. Wtia ling, pr ivate  c oininunica tion. 
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F ig .  1. P u l s e - H e i g h t  Spectrum of Bron i ine  Ions  from the  Oak R i d g e  Tandem V a n  d e  Graaf f  A c c e l e r a t o r .  The 

ions  are de f l ec ted  th rough a 90' a n a l y z i n g  magnet on to  a s i l i c o n  sur face  bar r ie r  de tec tor .  
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F'iq. 2. P u l s e - H e i g h t  Spectrum o f  Iod ine  Ions  from t h e  O a k  R i d g e  T a n d e m  V a n  de G r a a f f  A c c e l e r a t o r .  T h e  

ions  are d e f l e c t e d  th rough a 90° o n a l y z i n g  magnet on to  o s i l i c o n  s u r f a c e  bar r ie r  de tec tor .  
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Fig. 3. Bromine Ion Stopping Bowers.  
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Fig, 4. Iodine Ion Stopping Powers.  

RESPONSE OF GERMANIUM AND SILICON DETECTORS TO ENERGETIC 
BROMINE AND IODINE IONS 

W. W. Walker' C. D. Moak J. W. T. Dabbs 

In s i l i con  semiconduct.or detectors ,  a "pulse- 
height  defect"  of severa l  Mev (equivalent) a t  
energ ies  of -,50 to 100 Mev for heavy ions and f i s -  
sion fragments, together with rather poor resolu- 
tion c,.,l Mev full width a t  half maximum) for such  
par t ic les ,  h a s  been known for some time.' The  

mechanisms responsible  for these  deviat ions from 
the ideal  response are  unknown. In view of this ,  
i t  seemed des i rab le  to  s tudy  the behavior of ger- 
manium semiconductor de tec tors  i n  the hope that  
a comparison with s i l icon de tec tors  might provide 
a c lue  toward understanding t h e s e  effects .  

\'e have  therefore fabricated a number of ger- 
manium surface-barrier de tec tors  and exposed  them 
to energe t ic  "Br and lZ77 ions from the Tandem 
Van d e  Graaff Accelerator, to spontaneous  f i ss ion  

fragments from 2 5 2 C f ,  and to a lpha par t ic les  from 
______ 

'1(3<jd summer  r e s e a r c h  par t ic ipant  f rom the Univers i ty  

2F. J. Walter e t  al., Bull. A m .  Phys.  Soc.  8, 39 (1963); 
H. W. Schmitt et  at., Pruc. Intern. Conf.  Phys.  Chem. 
Fissioti ,  Sa l zburg ,  March 1 9 6 5 ,  IAEA,  Vienna. 1965. 

of Alabama. 

241Am and "'Cf. T h e  fabrication technique was 

e s s e n t i a l l y  the same a s  that  used  previously for 
s i l icon:  Wafers '4 in. i n  diameter  by 1 mm thick 
were cu t  from a large s l i c e  of 11-type germanium 
(G-5-6; 45.6 ohm-cm a t  294"K, 25.8 ohm-cm a t  
77°K;  1.1 x 10'"  net  donor impurities per ern'). 
After lapping with 1850-mesh Al ,03 ,  the  wafers 
were e tched  (all s u r f a c e s )  in  modified CP-4 (4.5 
a c e t i c  acid, 5HNO,, 3HF) for a period of 1 to 6 
min, followed by removal to a 5 - c m 3  H,,O bath for 
15 to 90 min, where a very s low e tch ing  act ion 
continued. After r ins ing  and drying, the  wafers 
were mounted in  lav i te  rings '' with a low-temperature 
epoxy.4 Two wafers were given a 10-min soak  in 
80"C, 1% sodium dic!iromate solution. Only one 
of t h e s e  w a s  of acceptab le  quality, however. The 
de tec tors  had ac t ive  a r e a s  of 2 l o  G mm2. After 

3R. J. Fox, Semiconductur Nuclear Particle Detec tors ,  
t.d. by J. W. T. Dahbs arid F. J. Walter, NAS-NKC Puh- 
l ica t ion  871 (1961). 

4 ~ r o d a n  "lxivac NO. 1" conta in ing  1.8 g per g of 
r e s i n  'eX-16ss filler. 

- 
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F ig ,  1. Pu lse -He ight  Spectrum o f  l Z 7 l  Ions; (a) T o k e n  w i t h  Ge Surface Boir icr  Detec tor  a t  77OK, and ( b )  T a k e n  

wi th  a n  Si Surfcrce Bai r ie r  Detector  a t  300°K. 

evaporat ing gold ( “ ,SO /Lglcm2) on both s i d e s ,  
the  de tec tors  were tes ted for alpha-particle resolu- 
tion. Rather surprisingly, seven  of ten detectors  
fabricated gave good alpha-part ic le  resolutions. 
Two had resolutions of -20 k e v  (full width a t  
half maximum) for alpha par t ic les  a t  77°K. 

For  purposes of comparison, severa l  s i l i con  
de tec tors  were s tudied along with the germanium 
detectors .  The  s i l icon de tec tors  used were pre- 
pared by the sodium dichromate method, which had 
been shown to produce good resul ts  for f iss ion 
fragments. 

Pulse-height  spec t ra  for the two types of detec-  
tor a re  shown in Fig.  1. Clearly the germanium 
detector  h a s  poorer resolution, but i t  may be that 
different sur face  treatments would produce better 
resul ts .  Curves of pu lse  height vs  energy for 

5F. J. Walter, IRE Trans .  N u c l .  Scz. 11(3), 232 (1964). 

bromine and iodine ions for germanium detectors  
are shown in Fig.  2. The horizontal l ines  shown 
cross ing  the  curves correspond to t h e  pulse-height 
locat ions of heavy and l ight  fragment peaks  f rom 

spontaneous ‘ j2Cf f iss ion.  
Analysis  of the response curves  for t h e  s i x  

germanium de tec tors  tes ted  shows some variation 
in  both “pulse-height defec t”  and in the s lope.  
A s  with s i l i con  detectors ,  the defec ts  a r e  larger 
for iodine ions than for bromine ions,  and in  the 
case of iodine ions ,  the s l o p e  differs  from the 
s l o p e  of the extrapolated alpha-part ic le  response 
by a s ignif icant  amount. 

It would s e e m  that  these  experiments indicate  
that  detector  resolution and detector  “pulse-height 
defec t”  a re  not necessar i ly  relatcd, s i n c e  varia- 
t ions of resolution without variation of “pulse-  
height defec t”  have been observed. I t  may be 
that  further improvements in resolution a r e  to be 
found through improvements in fabrication technique. 
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F i g .  2. Pulse Height vs Energy;  79Br and  1 2 7 1  I o n s  on 77'K Ce Detec tor .  h lo r izon ta l  l i n e s  are p u l s e  he igh t  

l o c a t i o n s  o f  heavy and l ight f regment  p e a k s  f r o m  spon taneous  252Cf f i s s i o n .  

FISSION OF ORjENTED NUCLEI 

G. W. Parker '  J .  W. T. Dabbs 

During this  report period t h e  c ryos ta t  modifica- cotnpleted, and  the apparatus  h a s  been returned 
t ions mentioned i n  t h e  l a s t  report' have  been to the  ORR. A number of unexpected diff icul t ies  
______I appeared, however, and much t ime  and effort have  

been reauired t o  resolve them. 'These Drimarilv 'Reactor Chemis t ry  Division. 

*.J* w- *. Dabbs* F. J- and G* revolve around the  attempt to i n c r e a s e  the'countink 
3582, pp. 121-26. ra tes  by approximately an  order of magnitude. 
P h y s .  Lliv. Ann. Pro&. R e p t .  Jan .  3 1 ,  1964. OKNL- 
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Three major diff icul t ies  appeared,  a s  follows: 

1. The rotating counter arrangement was  found to 
operate  a t  a much higher temperature than ex-  
pected because  of the difficulty in making an 
adequate  flexible braid h e a t  shunt  from the 
rota tin g counter  assembly to  liquid-nitro gen 
temperatures. This  s i tuat ion h a s  been improved 
to the  point that  the temperature of the detec-  
tors i s  -89OK (with the N ,  bath a t  81°K under 
delivery pressure) .  At th i s  temperature, radiant 
h e a t  from the de tec tors  i s  46% higher than 
previously. 

2. The sample  container  s u r f a c e  exposed to 
radiant hea t  from the detectors  is now 30 c m 2  
compared with 3 c m 2  previously. The total  

hea t  input from radiation i s  thus -'15 times 
larger  than before. I t  h a s  been found neces-  
sa ry  to evaporate gold on the exposed sur faces  
to reduce their  absorptivity; even  in  these  
circumstances a hea t  input of more than 0.5 mw 
i s  obtained. After considerable  improvement 
in  the efficiency of the 3He refrigerator, a 
temperature of 0.50 to 0.Sl' 'K appears  to be 
the limit a t ta inable  in  the present  apparatus .  
T h e  evaporating 'He h a s  a temperature of 
0.42"K. A "Kapitza res i s tance"  occasioned 
by the acous t ica l  impedance mismatch for 
phonons c ross ing  the  metal-helium boundaries 
is probably responsible  for the observed temper- 
ature difference. 

The  area of the thin (225 pg/cm2)  nickel win- 

dow h a s  been enlarged from 3 c m 2  to 27 cm2;  
this  order o f  magnitude increase  i n  area h a s  
made the task  of fabr icat ing gas-tight windows 
much more difficult. It h a s  been found neces-  
s a r y  to  obtain nickel  foil from one suppl ie r3  

3. 

and have a nickel mesh of 20 l i n e s  per inch 
and 92% transmission electroformed (electro- 
plated through a photoresis t  pat tern)  onto the 
sur face  by another ~ u p p l i e r . ~  The  foi ls  are  
backed with -0.5-mil copper, which is etched 
away after m ~ u n t i n g . ~  T h e  inner s i d e  of the 
foil i s  then wetted with a 1 wt S% solut ion of 
VYNS (polyvinyl chlor ide-acetate  copolymer; 
'-85% chloride, 15% a c e t a t e )  res in  in cyclo-  
hexanone, and the e x c e s s  drained off. Upon 
evaporation o f  t h e  solvent ,  the  resin makes a 
thin coa t ing  (estimated 40 pg/cm2) which 
covers  minor pinholes  i n  the foil. Further 
diff icul t ies  with differential shr inkage have re- 
quired changes  i n  the mounting methods; in 
particular, sof t  so lder  h a s  been used  to elimi- 
nate  the shr inkage a s s o c i a t e d  with epoxy use ,  
although with c a r e  a n  epoxy mounting can  be 
made. Following a leak detector  t e s t  a t  77"K, 
the  window and support c a n  a r e  coated with 
evaporated gold to reduce the absorptivity as 

descr ibed above. A coa t ing  of -50 pg/cm2 is 
applied over the  window area  i t se l f ;  a heavier  
coat ing is used over the can  sur faces  and any 
exposed epoxy or solder  used in mounting. 

T h e  observed count ing rates  a r e  indeed increased 
by a factor  of "9, and a l l  the electronic  apparatus  
i s  i n  sat isfactory operation. Data obtained to 
da te ,  however, are insuff ic ient  to justify presenta-  
tion here. 

The a s s i s k n c e  of W. W. Walker during a portion 
of h i s  summer v is i t  is gratefully acknowledged. 

3Chro~nium Corporation of America,  Waterbury, Conn. 

4Buckhee-Mears Co., 245 E. 6th St., St. Pau l ,  Minn. 

The  se l ec t ive  etchant  u sed  is composed of CCl,COOH, 5 

(Grade D Ni foil ,  0.000010 in. thick). 

10@ g/li ter and NH4011, 500 ml/liter. 
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FISSION FRAGMENT ENERGY CORRELATION EXPERIMENTS 

H. W. Schmitt J. H. N e i l e r '  F. J. Walter' 

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

NUCLEAR FISSION. 's2Cf and 2 3 5 U ,  measured  cor re la ted  fragment  energ ies ,  deduced  

m a s s  and energ,y dis t r ibut ions,  mass-energy correlat ions.  
___ 

Introduction 

In order to understand the  f i ss ion  process ,  i t  
is e s s e n t i a l  that  d e t a i l s  of the m a s s  and energy 
dis t r ibut ions and mass-energy correlat ions in fis- 
s ion  ai low exci ta t ion e n e r g i e s  be known. Further, 
i t  is necessary  to  obtain the  absolu te  fragment 
energ ies  a s  accurately as  poss ib le  in order that  
val id ,  quant i ta t ive ca lcu la t ions  of the parameters 
derived from t h e s e  quant i t ies  may be made. An 
error of only 276 in total  fragment kinet ic  energy, 
for example, i s  magnified to 20% or more in de- 
duced fragment exci ta t ion energies .  

Over the p a s t  severa l  years ,  we  have  carried 
out fragment energy correlat ion experiments  for 
a number of cases, including spontaneous f iss ion 

Cf; ther mal-neutron-induced f i ss ion  of 
, and 'Pu;  resonance-neutron 

f i ss ion  of 2 3 9 P u ; s  and proton-induced f iss ion of 
We have  used  many of the s a m e  tech-  

n iques  in s t u d i e s  of ternary f i s s i o n 3  and of prompi 
gamma rays accompanying f iss ion.  Previous 
reports have included descr ipt ions of t h e s e  ex-  
periments' and have  given partial  result^.^-^ 
It is only within the p a s t  year ,  however, that  
WE have  developed a n  accura te  absolute  energy 

of 2 5 2  

2 3 5 ~ , 3 , 1  2 . 5 9 ~ ~  5 .6  

'Present address :  Oak Ridge T e c h n i c a l  Enterpr i ses  

'Present  address :  Radia t ion  Instruments  Development  

Corp., Oak Ridge,  Tenn. 

L,aboratory, Oak Ridge,  Tenn. 

H o  W. Schmitt et a l . ,  Phys,  Rev ,  Le f t e r s  9, 427 3 

(1962). 

4F,. J. Walter e t  a l . ,  Phys.  D i v .  Ann. Progr. R a p t .  

5F, J. Walter e t  al., Phys. D i v .  Ann.  Progr. RelJt. 

%. J, Walter, H, W. Schmitt, and J, H. Nei ler ,  Phys.  
Revv. 133, B1500 (1964), 

71i. W. Schmit t ,  J. W. T. Dabbs, and P. D. M i l l s r ,  
P roceedings  o f  IAEA Symposium on the P h y s i c s  and 
Chemistry of F i s s i o n ,  Salzburg,  A u s t r i a ,  1965, to be 
publ ished.  (See a l s o  '6Correlated Fragment  Energy 

Measurcments  and  Mass-vs-Angle Corre la t ions  in  22fJRa - I  
p F i s s i o n n Y s  th is  report , )  

J a n .  . 3 2 ,  1962,  ORNL-3268, p. 54. 

Jon.  31, 1963, ORNL-3425, p. 79. 

cal ibrat ion for semiconductor detectors  for fis- 
s ion  fragments. This development w a s  pos-  

s i b l e  through a s e r i e s  of experiments l o  p 1  with 
f i ss ion  fragments and with heavy ions ("I3r, "Br, 
and ' ' 71) acce lera ted  i n  the Tandem Van d e  Graaff, 
together with a measurement of correlated energ ies  
and veloci t ies  of the heavy ions  and 2s2Cf  spon- 
taneous  f i ss ion  fragments. '' 

T h u s  w e  a r e  now able  to ana lyze  our energy 
correlation d a t a  with a proper absolu te  energy 
calibration. T h i s  work h a s  been in progress  for 
t h e  p a s t  few months, and it is our purpose in th i s  
report to review the  experiments  briefly, to  outline 
the present  ana lys i s ,  and to give the resul ts  a s  
fa r  as they have  been carried for  2 5 2 C f  spon- 
taneous f i ss ion  and 5U thermal-neutron f iss ion.  
Although w e  h a v e  carried out some preliminary 
calculat ions which appear  promising for future 
interpretation of the da ta ,  we  s h a l l  postpone dis-  
c u s s i o n s  a long  t h e s e  l i n e s  until a l l  t.he experi-  
mental  d a t a  h a v e  been  ana lyzed  in  de ta i l .  

Method and Apparatus 

A descr ipt ion of the method and apparatus  used 
in the 2 3 5 U  experiment is contained in  a n  ear l ier  
publication. We have  modified the  logic  circuitry 

%I. Maier-Leibnitz. H. W. Schmitt, and  P. Armhruster, 
Proceedings  of IAEA Symposium on the P h y s i c s  and 
Chemistry of F i s s i o n ,  Salzburg,  Austria, 1965, to be 
publ ished.  (See "Average Number and Energy of Garnma 

R a y s  Emit ted a s  a Funct ion of  Fragment  Mass  i n  235U. 
Therma 1-Ne utron-Ind uced F i s s i o n ,  '' t h i s  report. ) 

9C. W. Williams el  al . ,  N u c l .  I t i s t r .  Methods 29. 205 
(1 964). 

"C. D. Moak et  al., Rev.  sci. Instr .  34, 853 (1963). 

"1%. W. Schmit t  et sl., Proceedings  of IAEA Sympo- 
sium on t h e  P h y s i c s  and  Chemistry of Fission, Salzburg, 
Austr ia ,  1965, to be  publ i shed .  (See  "Absolute Energy 
Cal ibra t ion  of Solid %ate Detec tors  for F i s s i o n  Frag-  
ments  a n d  Heavy Ions," th i s  report.) 

'*H. W. Schmitt, W. E. Kiker ,  and C. W. Williams, 
Phys .  Rev. 137, €38.37 (1965). 
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somewhat, and a block diagram of ou r  present  
sys tem i s  shown in Fig.  1. T h i s  sys tem w a s  used 
for the ' 52Cf experiment. 'The l inear  circuitry 
indicated in Fig.  1 is self-explanatory. All uni ts  
were connected into the sys tem throughout t4e 
runs; periodic c h e c k s  of s tab i l i ty  and l inear i ty  
of the  sys tem were made with the  pulser. The 
function of the inspec tor  c i rcui t  w a s  to  re ject  
pileup pulses ,  that i s ,  p u l s e s  resul t ing from the  
near  superposition of a fission-fragment pulse  
with a n  accidental  scattered-proton or natural 
alpha-particle pulse .  P a i r s  of p u l s e s  in e i ther  
detector  whose time separa t ions  were in  the range 
of 20 n s e c  to 2 p e c  were detected by the inspector  
c i rcui t ,  and the ant icoincidence s i g n a l s  generated 
in  s u c h  cases served to re jec t  t h e s e  events .  When 
110 pileup occurred, the two coincident  f i ss ion-  
fragment pulse  heights  (channel  numbers) were 
recorded event  by event  on punched paper tape;  
the d a t a  were sor ted,  summed, and otherwise 
processed by means of a d ig i ta l  computer. 

T h e  f i s s i l e  deposi t  and backing are both rela- 
tively thin and uniform. In the present  experi- 
ment t h e  '"Cf spontaneous f iss ion source  was  

deposi ted by the self- t ransfer  method (see  Acknowl- 
edgments)  onto a thin film of aluminum oxide in  
which the energy l o s s  for f iss ion fragments was  
2 4 Mev. The source  s t rength w a s  -3  Y 10' f is-  
s ions/min,  and the '"Cf depos i t  w a s  about 1 cm2 
in area.  T h e  2 3 5 U  target w a s  prepared by vacuum 
evaporation of 2 3 5 U F 4  onto a carbon film about  
20 & c m 2  thick, for which the  fragment energy 
l o s s  w a s  5 3  M e V .  The  depos i t  thickness  w a s  
about 20 pg/cm2, and  the a rea  w a s  about 1 cm2. 
The sample w a s  ?99X pure, and only a fraction of 
a percent  of the impurity content  cons is ted  of other 
thermally f i ss ionable  materials. The neutron beam 
from t h e  ORR w a s  collimated so that no par t  of 
the  beam struck the  target mounting frame, detec-  
tors, or any o ther  par t s  i n s i d e  t h e  chamber. 

T h e  fragments were collimated with rounded 
(i.e., doughnut-shaped) collimators. There are 
generally e d g e  e f fec ts  a s s o c i a t e d  with sol id-s ta te  
detectors ;  t h e s e  may occur  a t  the edge of the 
s i l i con  i t se l f ,  where poss ib le  lower e lec t r ic  f ie lds  
may give r i s e  to reduced pulse  heights ,  or a t  the 
ins ide  edge  of a protective layer  (usually epoxy), 
where some of t h e  fragments may be  degraded in 
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energy before entering the  s i l icon.  T h e  rounded, 
"doughnut-like" s h a p e  of the collimator minimizes 
the number of  degraded and acc identa l ly  sca t te red  
fragments which are de tec ted ,  provided the effec- 
t ive collimator sur face  area avai lable  to small- 

angle  ~ c a t t e r i n g ' ~  is kept  a s  small  a s  possiIAe 
while maintaining a radius la rge  enough to (:om- 
pletely s top  t h e  fragments incident  a t  larger  angles .  
Accordingly, w e  have  used f/,-in.-thiclt aluminum 
collimators, carefully rounded, with circular  aper- 
tures of 3.5 to 3.8 c m 2  area - sl ight ly  smaller  
than the total  effect ive detector  area. In this ar- 
rangement, low-energy p u l s e s  due to ta i l ing ef- 
fec ts  were almost  completely a b s e n t ,  (These  ef- 
fec ts  are not  so important for l ight  par t ic les  s u c h  
as  protons or  a lpha par t ic les ,  and the problem of 
collimation i s  different in  t h o s e  c a s e s . )  

The  de tec tors  were surface-barrier detectors ,  
-4 cm2 in  area, matched as c lose ly  as possible .  
They were fnhricated from '" 500-ohm-cm n-type 
s i l icon,  and the front e lec t rode  of each detector  
cons is ied  of a vacuum-evaporated gold film about 
40 pg/cm2 thick. The  pulse-height response of 
these  de tec tors  w a s  found to sa tura te  sat isfactor i ly  
(i.e., t h e  same pulse  heights  and peak-to-valley 
rat ios  were obtained)  for bias vol tages  between 
50 arid 150 v. A b i a s  voltage ~l Q I O O  v W ~ S  

maintained throughout the experimeots. T h e  de-  
tectors exhibi ted alpha-particle resolut ions o f  < 60 
kev when t e s t e d  with a s tandard low-noise, charge- 
s e n s i t i v e  amplifier. 

Analysis 

Neutron E m i s s i o n .  - It i s  necessary  f i rs t  to 
e s t a b l i s h  the relation between the ini t ia l  and final 
energ ies  o f  a fragment, with respect lo neutron 
emission. For th i s  purpose vre consider  a s ing le  
fragment of ini t ia l  m a s s  m*, final m a s s  zn after 
crnission of v neutrons, and ini t ia l  and final 
energ ies  E* and E respect ively.  (We u s e  the 
a s t e r i s k  to refer to t h e  exci ted,  pre-neutron-emis- 
s ion  fragments.) T h e  neutrons a re  assumed to be 
emitted af ter  the fragment has been fully accel- 
erated. T h e  angular dis t r ibut ion of the neutrons 
in the  fragment center-of-mass sys tem is assumed 

to  be isotropic. I t  i s  then e a s i l y  shown that  

< E >  (rn/rn*)E* + E R  , (1) 

where E R  i s  the  center-of-mass recoi l  energy of 
t h e  fragment, 'The energy E R  is of the order of 
0.1 Mev or less and is negl igible ,  for most pur- 
poses ,  compared with the f i rs t  t e r m  of Ey. (1). 

To ana lyze  the energy correlation experiments, 
WE assume that  mass and l inear  momentum are 

rigorously conserved before neutron emission. 
I h a t  i s ,  r .  

* *  
m l  - t  m 2  ~ A ,  

where the  subscr ip ts  rcfer to fragments 1 and 2, 
and A i s  the masb of the  f i ss ioning  nucleus,  If 
W P  note that  

then i t  is  easily shnwn tha t  the inass m'; is related 
tu the measured energ ies  as follows: 

where 

7 7  l h e  equat ions for n i l  arc obtained by interchanging 
subsct ipts .  

In most energy correlation experiments  the values  
of v ,  and v 2  are not known as  funciions of both 
m a s s  and energy, as would b e  required i n  Eys, 
(5) and (6). 'Thus it appears most reasonable  a t  
p resent  to  ana lyze  the  energy correlation data  
according t<i simple, though s l igh t ly  incorrect, 
re la t ions and then to  correct  the funct ions and 
distribu!.ions of in te res t  a s  accurately a s  poss i l~ l e  
for e f fec ts  of ilell tron emiss ion ,  

Data Processing a n d  Analysis. -- We write the  
following equat ions:  

I3D. Engelkemeir  and  G. N. WaIton, AERE-R 4716 
(1 964), unpublished. ' 
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where now the  pi are "pseudo-masses" of the 
fragments and are  obtained from t h e  measured 
energ ies  E ,  and E L  a s  indicated.  T h e s e  quant i t ies  
are not expected to differ greatly (<2 amu) from the 
correct  m a s s e s  m,*, inasmuch as both fragments 
emit neutrons, and the error is to  some extent  
cance led  by the u s e  of E l  and E 2  i n  Eq. (7). It 
is readily shown that my is related to p1 and p 2  
through the equation 

Express ing  p ,  solely in terms of the  m,* and I ' ~ ,  

we have  

T h e  energies  of Eqs .  ( 7 )  and (9) are  obtained 
with the  aid of the mass-dependent pulse-height 
calibration equat ions for the par t icular  detectors  
used in the  experiment. It i s  suff ic ient ly  accurate  
to use the  p i  in the  calibration equat ions,  inas-  
much a s  the  coeff ic ients  of the mass-dependent 
te ims are small enough so that  errors in mass  up 
to a few atomic m a s s  uni ts  give r i se  to errors in 

energy of only -0.2 Mev or l e s s .  

Detailed total  kinet ic  energy dis t r ibut ions a s  
a function of fragment m a s s  (or inass dis t r ibut ions 
as  a function of total kinet ic  energy)  are  required 
for s tudy and comparison in theoret ical  approaches 
to  f iss ion.  Thus we transform t h e  d a t a  in the 
original pulse-height v s  pulse-height matrix 
N ( x 1 , x 2 )  to a pseudo-mass vs total kinet ic  energy 
matrix N(p, ,E,)  by means of the equat ion 

wiiere E ,  ~ E ,  1 E E L ,  the  total  measured kinetic 
energy of the fragments. The  mass-dependent 
energy calibration equat ions * are  

and the appropriate equat ions for the transformation 
a r e  then 

Ii. a 2 E k / 4  t a 2 b ;  t " ; E k  - b 2 3 ;  

a 2  + a;  A - a ;p l  + (1 - $I( 
Although the equat ions a r e  cumbersome, they a r e  
straightforward and have been  programmed for 
computer use .  We note in Eq. (11) that  the value 

of A ' ( X ~ , X ~ )  is required a t  t h e  point x l , x 2 ,  corre- 
sponding to  the chosen  va lues  of / L ~ , E , .  T h i s  

quantity i s  obtained by a quadrat ic  interpolation 
method descr ibed in a previous paper in  connection 
with another experiment. 

An al ternat ive to the transformation descr ibed in 
the preceding paragraph for obtaining the array 
N ( p l , E k )  is a s  follows: T h e  c e l l s  (1 channel  x 
1 channel)  i n  the  data  array N ( x 1 , x 2 )  are  sub- 
divided into a number o f  smaller  c e l l s ,  and the 
number of counts  in the or iginal  unit is divided 
equally among the smaller  uni ts .  T h e  coordinates  

p l , E k  are then calculated for the center  of each  
of these  smaller  subboxes,  and the ass igned  
counts  are then added to t h o s e  i n  the p1,E, 
interval  in  which the coordinates  fa l l .  We have 
analyzed the  d a t a  of the present  experiment by 
this  method; e a c h  of the or iginal  un i t s  in the d a t a  
array were divided into 100 subboxes  for this  
ana lys i s .  Although the resu l t s  of the  two methods 
a re  in generally good agreement throughout the 
arrays,  we feel  (1) that  the  interpolation method 
is somewhat bet ter  where the s t a t i s t i c a l  uncertain- 
t i e s  in the d a t a  a r e  smal l ,  so tha t  advantage may 
be taken of the local  s h a p e s  of the dis t r ibut ions,  
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and (2) that  the  “subboxing” calculat ion i s  some- 
what bet ter  in regions where t h e  s t a t i s t i c a l  un- 
cer ta in t ies  a r e  large and the number of counts  i s  
small. The  resu l t s  presented in  t h e  next  sec t ion  
have  been taken from both a n a l y s e s  in accordance 
with th i s  evaluat ion,  although only smal l  differences 
would occur  i f  e i ther  a n a l y s i s  were used alone. 

From the array N ( p l , E k ) ,  we may now obtain the 
distribution of “pseudo-masses ,  ” N(pI): 

Then with a knowledge of the  average number of 
neutrons emitted as  a function of fragment mass, 
v(rnf), we may obtain t h e  prc-neutron-emission 
mass distribution, N(rn:) ,  from the relation 

where, in  the  present  ana lys i s ,  the der ivat ive is 
obtained numerically; N ( p , )  is determined (by 
interpol.ation) a t  t h e  value of pi  corr tsponding to 
a particular integral value of m;. 

Similarly, we obtain the average  measured total  
fragment kinet ic  energy (posi-neutron-emission 
energy)  <E,> as a function of from the relation 

Again, from a knowledgc of v(rnI) we determine the 
value of p i  corresponding to  a par t icular  my from 
Eq. (10); then w e  obtain the average  in i t ia l  (i.e., 
I)re-neutron-emission) tota! k ine t ic  energy E;(rn;)> 
from the equat ion 

M o s s  and Energy Resolution. - T h e  e n e r a  reso- 
lution inherent  in  fragment-energy-correi, t‘ ion meas- 

urements is determined by the  inherent  resolut ion 
in  the  de tec tors  and by the dis t r ibut ions i n  angle  
of emission,  number, and  energy of the  neutrons 
emitted. T h e  detector  resolut ion h a s  been meas-  
ured and is of t h e  order of 1.5 Mev (ful l  width a t  
half maximum, FWI-Ikl). ‘The dispers ion  in 

fragment eriergy due to the elfects of neutron emis- .  
s i o n  bas  been evaluated t y  ~er re11’“  with the as- 
sumption that the  neutron:; are emitted isotropioal ly  
in the  fragment center-of-.inass sys t en  and that 
the  angle  of ertiissj.on, nu[r:bei:, and the energy 
of the neutrons may be treated as ii.dept:ni!i.rit 

var iables .  In the prescnt  CRSC: the var iance o f  
t h e  de tec tor  resolution fiinction, <;-!,;, is added 
to the var iance  due  to neutyon cmisF!on to obtain 
the total  var iance 2- F of the  single-fragment energy 
resolution function. The  wsolut ions in  mast; arid 
total  kinet ic  energy are  then obtained in terms of 
o and C: . 

2 
E l  

The  correlation da ta  array showing N ( * x 1 , x 2 )  
is given irr Fig. 2. Data  were obtained in 256 x 
256 channels ,  The  numbers label ing the contours 
ind ica te  the number of events  per cel! (I channel  ,,’ 

1 channel). L i n e s  of constanl  total kinet ic  energy 
E ,  and of cons tan t  pseudo-mass p i  or p 2  a r e  
included. As indicated in  the previous sec t ion ,  
R transfortilation to the ariay N ( / L  E,) Waf; carried 
out. This array i s  shown in Fig.  3; numbers 
label ing the contours indicate  the number of e v e n t s  
per Mev per a m u .  

Complete two-dimensional d a t a  giving v as a 

function of fragment mass and  kinet ic  energy 
would be required to  construct l ines  of constant  
mi or E *  i n  the above arrays or to construct  t h e  
array N ( m y , E i ) .  Such d a t a  have been obtained,”  
however, for general appl icat ion to t h e s e  and 
other  energy correlation experiments, we have  
taken the  approach indicated i n  the previous 
sec t ion ;  that  is, we der ive the  parameters and 
functions of in te res t  from the N(pi,Ek) array, 
with the ef fec ts  of neutron emission included. 
T h e  relation between /i, and my, based  on the  
average neutron emission d a t a  of Bowman et d,, 
i s  given in Fig. 4. 

’Tie fragment mass distribution obtained f r o m  
the  present  experiment i s  shown i n  Fig.  5. For  
comparison we show both the “pseudo-mass” 
distribution iV(p) and the  pre-neutron-emission 
m a s s  distribution h’(rn*) obtained from N ( p )  and 

i’.. 

k 

-- 
“J. Terrell, i’hys. Re,/. 127, 880 (1962). 

”7.1. R. Bowman et al . ,  Phys .  Rev. 126, 2120 (1962); 
129, 2103 (1963). 
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Fig. 2. Doto Array N ( x , , x 2 )  for 252Cf Spontaneous F iss ion .  

14rn*)  as  indicated in  the  ana lys i s .  The  distribu- 
tion N ( r n * )  obtained by 1Vhetstone16 from double 

velocity measurements is a l s o  shown; the distribu- 
tion obtained by Fraser  et at." differs only 
s l ight ly  from that of Whetstone. No correct ions 
have been made for resolution in  any of the  data  
of Fig. 5. We note  that the m a s s  resolution in  the 
present energy correlation experiment i s  "-, 4 amu 

I % .  I,. LVhctstone, P h y s .  R e v .  131, 1232  (1963). 
1 7  

J. S .  F r a s e r  r f  al., Can. J. Phys .  41, 2080 (1963). 

(FWHM), compared with -2 amu (FWHM) for the 
double velocity experiments. Therefore, some of 
the fine s t ructure  of Whetstone's distribution i s  
not reproduced clearly in  our m a s s  distribution, 
and the  valley and wings of the present  distribution 
are s l ight ly  higher. 

T h e  average kinet ic  energy as a function of 
fragment m a s s  i s  plotted i n  Fig.  G .  For comparison 
we show the two functions E k ( p )  and Ei(rn*)  
obtained from the present  experiment. Also shown 
in the figure a re  the average kinet ic  energies  
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Fig .  3. Mass vs Tota l  Fragment K i n e t i c  Energy Array, N ( p , E k ) ,  for 252Cf Spontaneous Fission. 

E i ( m * )  of We note  that  the 
agreement in Ei(rn*)  i s  within -1 M e V ,  o r  0.7”/0, 
throu$out, e x c e p t  for  points  a t  a few m a s s e s  
a t  the  extreme asymmetric end o f  the curve and 

one  or i.wo masses j u s t  a t  symmetry. The dis- 

“The da ta  of F r a s e r  e t  at. lie somewhat  lower than 
t h e  curves  shown in Fig. 6; the  d iscrepancy ,  however, 
is expla ined  by s m a l l  t a i l ing  e f f e c t s  which  a r e  possible 
in  that experiment .  a s  d i s c u s s e d  by t h o s e  au thors  in 
r e f ,  17 and pr ivate  communicat ion (1964). 

crepancy s e e n  in  t h e  figure in  the symmetric region 
is qual i ta t ively accounted for by the somewhat  
poorer m a s s  resolut ion of the  present  experiment, 
Also, our m o r e  prec ise  energy-velocity correlation 
experiment on post-neutron-emission j2C:f f iss ion 
fragments” confirms a somewhat  lowcr  average 
total  kinet ic  energy a t  symmetry than is observed 
in  the present  experiment. The smal l  discrepancy 
in ~ ; ( m ” )  s e e n  in  Fig. 6 for a few masses a t  
extreme asymmetry may arise from otherwise 
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F ig .  4. R e l a t i o n  B e t w e e n  rn* a n d  p ,  Plot ted  a s  

(m* - p )  v s  m*, for Two F i s s i o n  Cases .  C a l c u l a t i o n  i s  

baseci an I ( m )  g i v e n  by  Bowman e t  af .  ( ref .  15) for  252Cf 
and o n  ~.(rn) g i v e n  by  A p a l i n  e t  a! .  ( ref .  19) for  235U. 
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F ig .  5. Fragment  Mass  D i s t r i b u t i o n  for  252Cf  Spon- 

taneous F i s s i o n .  T h e  d i s t r i b u t i o n  N ( / L )  i s  o b t a i n e d  

d i r e c t l y  from the  data; co r rec t i on  fo r  n e u t r o n  e m i s s i o n  

y i e l d s  t h e  d i s t r i b u t i o n  N(rn*) .  T h e  d i s t r i b u t i o n  o f  

Whetstone (ref. 16), o b t a i n e d  from d o u b l e  v e l o c i t y  

measurements,  i s  shown for comparison. No c o r r e c t i o n  

for  reso lu t i on  h a s  been i n c l u d e d .  
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F ig .  6. A v e r a g e  T o t a l  F ragment  K i n e t i c  Energy  a s  a 

F u n c t i o n  of M a s s  fo r  252Cf  Spontaneous F i s s i o n .  T h e  

quan t i t y  <E&)> i s  o b t a i n e d  d i r e c t l y  from t h e  data; 

co r rec t i on  for neut ron  e m i s s i o n  y i e l d s  t h e  r e l a t i o n  

<EE(rn*)>. T h e  doub le  v e l o c i t y  r e s u l t s  o f  Whetstone 

(ref .  16) a re  shown for compar ison .  
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negl igible  experimental eEfects in e i ther  experiment. 
The comparisons d i s c u s s e d  above and shown 

in F i g s .  5 and 6 demonstrate  the  n e c e s s i t y  of 
taking into account  the e f f e c t s  o f  neutron emission 
together with the mass-dependent energy cal ibra-  
tion in  t h e  ana lys i s  o f  energy correlat ion experi- 
ments, particularly where de ta i led  quant i ta t ive 
resu l t s  a r e  required. Although an array giving 
v ( m * , ~ * )  o r  i t s  equivalent  b e  required for 
a complete, more e x a c t  ana lys i s  of such  experi- 
ments, the  mass distribution N ( m * )  and average 

kinet ic  energ ies  < Ek( in*) ,  Seem to be given 
reasonably accurately by the a n a l y s i s  of the 
previous sec t ion ,  and  we conclude that  these  
resu l t s  f rom energy- and velocity-correlation 
experiments a r e  in good agreement ,  ur where they 
a r e  not, the differences a r e  understood. 

Resu l t s  for 235U Thermal-Neutron-Induced F iss ion  

T h e  correlation d a t a  array showing N ( x l , x 2 )  for 
Again, the numbers th i s  case i s  given in Fig. 7. 

Fig. 7. Dota Array N(x,,x2) for 2351! Thermol-Neutron-Induced F iss ion.  
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label ing the contours indicate  the number of events  
per c e l l  (1 channel  x 1 channel) ,  and l ines  of 

cons tan t  E ,  and p l / p 2  a r e  included. Actual 
numbers have  been entered outs ide  the contours  
labeled 10 in order t o  show the locat ions of rarer 
events .  

Transformation to the array N ( p l , E k )  yie lds  the 
contour diagram shown in Fig. 8. T h e  numbers 

labe l ing  the contours and the  numbers entered 
outs ide  the l a s t  contour give the number of events  
per Mev per a n u .  T h e  same treatment w a s  carried 
out  for these  data  as for "'Cf; the n m t r o n  emiss ion  
d a t a  of Apal inIg  were used ,  and the  relation 
between ;i l  and r n l  i s  shown in F ig .  4. 

The fragment m a s s  distribution N(n?*) for 2 3 5 U  
is shown in Fig. 9; the  dis t r ibut ion N(m*) from 
the double  velocity experiment of Milton and 
Fraser" is also shown .  Again, no correct ions 
for resolution have  been included, and i t  appears  

reasonable  to account  for the  observed differences 
principally i n  terms of the somewhat  poorer mass  
resolution of the energy correlation experiment. 

T h e  average total  kinet ic  energy a s  a function 
of fragment m a s s ,  <E,(rn*)>, is shown in Fig. 10; 

____ 
"V. F. Apalin e t  a{., N u c l .  Phys .  55, 249 (1904). 

'OJ-  C. D. Milton and J. S, F r a s e r ,  Can.  J. Phys.  40, 
1626 (1962). 

120 tJ 
60 

Ex = E, 

F i g .  8. M a s s  v s  Tota l  F ragment  K inet ic  Energy  Array N ( p , . E k )  for 2 3 5 U  Thermal-Neutron- Induced F iss ion .  



139 

0RNI.-DWC 65-1648 ORN1:DING 65-1647 

118 120 130 1.10 150 160 
118 116 wc 96 06 75 

FRBGMENT VASS (AMUI 

Fig. 9. F r a g m e n t  Mass D i s t r i b u t i o n  for 235U Thermul .  

Neut ron- Induced Fiss ion .  T h e  d i s t r i b u t i o n  A'$) i s  

o b t a i n e d  d i r e c t l y  from the data; co r rec t i on  for neut ron  

e m i s s i o n  y i e l d s  the  d i s l r i b u t i o n  N(m*) .  T h e  d i s t r i b u t i o n  

o f  M i l t o n  and F r a s e r  (ref .  201, o b t a i n e d  from d o u b l e  

v e l o c i t y  measurements,  is shown f o r  comporison. No 
co r rec t i on  for reso lu t i on  has been i n c l u d e d .  

as  above,  correct ions for resolut ion have  not been 
included. Also shown in the figure a r e  the resulls 
of Milton and Fraser, T h e  discrepancy between 

the two curves  is --,4 Mev (two or more times the 
quoted s tandard deviat ions)  over  most of the  iiiass 

range; it  increases  toward symmetry and d e c r e a s e s  
somewhat  lor m a  > 145 amu. The difference 
between the  two curves may be accounted for on 
the basis of two considerat ions:  (1) dispers ion 
e f fec ts  in  the present  resu l t s  tend to give kinet ic  
energ ies  which are too high, perhaps by as much 
as 1 Mev in cer ta in  regions;  (2) v c l n ~ i t y  ta i l ing 
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Fig.  10. Average Total Frcngment K i n e t i c  E n e r g y  a s  a 

Function of k ass for 2 3 5 ~  riiernial-Neurron-lnduced 

F i s s i o n .  The #quant i ty < E k ( p ) >  i s  o b t a i n e d  d i r e c t l y  

from t h e  dofa; correct ion fo r  neutror i  e m i s s i o n  y i e l d s  t h e  

r e l a t i o n  <Ei(rn*)>. T h e  d o u b l e  v e l o c i t y  r e s u l t s  of 

M i l t o n  and F r o s e r  o r e  a l s o  shown - see t e x t .  

ef fec ts  (caused by small-angle sca t te r ing  along 
the dr i f t  tubes)  which might h e  present  in  the 
time-of-flight experiments  would tend to give 
kinet ic  energies  which are too low. Qua111 itative 
evaluat ion of  t.he la t te r  eifect i s  difficult; however, 
a la ter  d i scuss ion  on this point by Fraser et a] .  l 7  

and recent  measurements by Fhgclkerileir' indi- 
c a t e  i t s  poss ib le  importance. Our value for the 
overal l  total  fragment k ine t ic  energy for 2 3 5 ~  is 

171.9 -t 1.2 M e V ,  compared with the i7alue 168.3 !. 
1.7 Nev of ref. 20. 
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CORRELATED FRAGMENT ENERGY MEASUREMENTS AND MASS-vs-ANGLE 
CORRELATIONS IN 2 2 6 R ~  t p FISSION 
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N U C L E A R  FISSION. 226Ra ,  proton-induced, measured fragment energies ,  deduced mass  

and energv d is t r ibu t ions ,  mass-energy a n d  mass-angle  cor rc la t ions .  
.... 

i 
Introduction 

The charged-particle-induced f i ss ion  of %a 
exhibi ts  unique and interest ing features. In 
particular, t h e  fragment mass  distribution for 
proton-induced f iss ion Gf ‘Ra w a s  found by 
Jensen  and Fa i rha l l ’  to  contain three d is t inc t  
peaks.  S ince  the  discovery of th i s  “anomalous” 
m a s s  distribution, radiochemical me3surements for 
2 2 6 R a  f iss ion have been extended to include m a s s  
distribution s tudies  of deuteron- and helium-ion- 
induced f iss ion,  ’ angular dis t r ibut ion measu re -  
m e n t ~ , ~  and yield measurernents for a few nuclei  
over  a wider range of incident proton e n e r g i e ~ . ~  
More recently, a number of k ine t ic  experiments  
have been carried out for deuteron-.’ and helium- 
ion-induceds*6 f iss ion of ’’ 6Ra;  total  fragment 
angular distribution iiieasiarcments for proton-, 
deuteron-, and helium-ion-induced f i ss ion  of 
2 2  6Ra have a l s o  been reported. 

It h a s  seemed espec ia l ly  appropriate to u s  to  
s tudy a l s o  in detai l  the k ine t ics  of proton-induced 
f i ss ion  of 2 2 f i R a ;  in th i s  c a s e  the exci ta t ion 
energy of the compound nucleus (**’Ac) is su f -  
ficiently low so that the  probability for second-  
chance  (p ,n f )  f iss ion i s  much reduced with respect  
to that  for first-chance ( p , f )  f i ss ion .  ‘Thus the 
kinet ic  energies ,  mass dis t r ibut ions,  e tc . ,  should 

‘R. C. J ensen  and A. W. Fa i rha l l ,  Phys.  Rev. 109, 
942 (1958). 

’R. C.  Jensen  and A. W. Fa i rha l l ,  Phys.  Rev. 118, 

3 C .  r. Coffin and I. Halpern,  Phys .  Rev. 112, 536 

771 (1960). 

(1958). 

4R. L. Wolke, Phys. Rev. 120, 543 (1960) 

’13. C.  Br i t t ,  H. E. U’egnei, and J. C. Gursky, P11ys. 
Xcv. 129, 2239 (1963). 

‘J. P. Unik and J. R. Huizenga,  Phys .  Rev. 134, E390 
(1 961). 

7 J .  E. Gindler, G. L,. Bate ,  and J. R. Huizenga, Phys .  
Rei,. 136, 81.333 (1964). 

be charac te r i s t ic  of f i rs t -chance f iss ion principally, 
and,  in addition, a search  for any appreciable  
correlation between the m a s s  distribution and 
angle  of emission of the fragments might be 
meaningful. 

In the present  work, de ta i led  fragmentenergy-  
cor ic lat ion measureiiients were carr ied out for 
fragments einitted a t  a center-of-mass angle  0 7 
90’ with respec t  to  the  incident  proton beam, for 
proton energies  El, -- 11.0, 12.0, and 13.5 Mev. 

In our search  for a mass-angle  correlation, similar 
measurements were carried out  for E ~~ 13.5 M e v  
a t  angles  0 = 30, 40, 60, and 90”. 

P 

Experimental Method 

A schemat ic  diagram of the experimental arrange- 
ment is shown in Fig.  1, together with a block 
diagram of the electronic  equipment. The target  
cons is ted  of a 1-cm-diam vacuurn-evaporated de- 
posi t  of radium bromide about 20 pLg/cm2 thick on 
a 2.5-cm-diam carbon backing film about 20 p g /  
c m 2  thick. The  proton beam w a s  focused and 
collimated to a diameter of l e s s  than -5  inin. 

Rounded collimators were used  in front of the 
s i l icon detectors ,  a s  shown in Fig. 1, to  minimize 
low-energy ta i l ing e f fec ts  in the fragment pulse-  
height  and energy spec t ra .  The  surface-barrier 
detectors  were operated in the saturat ion region 
of the curve of pu lse  height v s  appl ied bias .  
The absolute  energy cal ibrat ion of the de tec tors  
w a s  accomplished with reference to 252Cf spon- 
taneous  f iss ion fragment spec t ra  by the method 
previously developed and descr ibed in  the  other 
papers. 

‘H. W. Schmitt, W. E. Kiker, and  C.  W. Williams, Phys .  

’H. W. Schmitt et  al. ,  paper SM 601’40 to be presented 
a t  IAEA Syinposiurn on Fiss ion,  Salzburg, Austria,  
March 1965. 

Rev. 137, R837 (1965). 
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F i g .  1. Schematic D iagram of Source and Detector  Arrangement and Block Diagram Q #  E lec t ron ic  Equipment for 

Fiss ion-Fragment  Energy Corre la t ion  Experiments.  

The l inear  circuitry indicated in Fig. 1 is self- 
explanatory. All uni t s  were connected into the  
systern throughout the runs;  per iodic  c h e c k s  of 
s tab i l i ty  and linearity of the sys tem were made 
with the pulser. The  function of the  inspector  
c i rcui t  was  to reject  pi leup p u l s e s ,  that  is ,  p u l s e s  
resul t ing from the  near  superposi t ion of a f i ss ion  
fragment pulse  with an acc identa l  scattered-proton 
or natural alpha-particle pulse .  P a i r s  of p u l s e s  
in e i ther  detector  whose tjme separa t ions  were in  
the range from 20 n s e c  to 2 p s e c  were detected 
by t h e  inspector  c i rcui t ,  and the ant icoincidence 
s i g n a l s  generated in s u c h  cases served to re ject  
t h e s e  events .  When no pileup occurred, the two 
coincident  f i ss ion  fragment p u l s e  he ights  (channel 
numbers) were recorded e v e n t  by e v e n t  on punched 
paper  tape;  the  d a t a  were sor ted,  summed, and 
ot.herwise processed  by means of a digi ta l  computer. 

Experimental R e s u l t s  

T h e  two-parameter da ta  array is given by N(x1,x2), 
where N is the number of counts  appearing in the  

combination of channel  numbers x, and x 2  cor- 
responding to de tec tors  1 and 2 respectively. 
T h i s  array w a s  transforrned to an array givcn by 
N ( p , , E K ) ,  where E K  is the tiieasured total  kinet ic  
energy and E L ,  is a “ m a s s ”  of the fragment de- 
tec ted  in detector  l. For fragments emitted a t  
center-of-mass angle  6’ --: 90° with respec t  to the 
beam, t h e  quantity / I ,  is ca lcu la ted  from the da ta  
with the assumption of l inear  momentum conserva-  
tion appl ied t o  t h e  measured fragment energies  
E ,  and E L ;  the  re lat ionships  among the various 
quant i t ies  a re  then 

where A i s  the  mass of t h e  f i ss ioning  nucleus 
(in the present  c a s e  227 amu). T h e  average total 
kinet ic  energy - < E K >  as a function of p1 and the 
1 1  m a s s ”  distribution N(p1) were obtained direct ly  
from the  array N ( p L 2 E A , ) .  For fragment angles  
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other than 90" the da ta  were processed in the same 
manner; then additional transformations of the 
final functions were carried out to correct  for the  
center-of-mass motion. 

We have chosen  to u s e  the symbols  11, and 
to dis t inguish t h e s e  "masses"  f r o m  the actual  
pre-neutron-emission m a s s e s  my and m f  (the 
a s t e r i s k  denotes  highly e x c i t e d  or neutron-rich 
nuclei)  and post-neutron-emission m a s s e s  nil and 

m2. In pract ice  the pi do not differ greatly (:,2 
amu) from the m2!, inasmuch a s  both fragments 
emit neutrons, and t h e  error i s  to soiiie extent  
canceled by t h e  use of the measured, post-neutron- 
emission energ ies  in Eq. (1). We have not in- 
cluded neutron emission correct ions in t h e  resul ts  
reported here. Such correct ions would change 
s l ight ly  t h e  shape  of the m a s s  dis t r ibut ions;  the 
total  pre-neutron-emission k ine t ic  e n e r g e s  E: 
would be  larger than the va lues  of E K  reported 
here  by an amount (up to a few percent)  which 
takes  into account  the  m a s s  changes  of the frag- 
ments in neutron emission.  

A summary of the  resu l t s  for proton energy E - 

13.5 MeV, for fragments emitted a t  a mean center- 
of-mass angle  @ = 90' with respec t  to the bean ,  
i s  shown  i n  Fig.  2. A siinilar summary of resu l t s  
for EP = 11.0 M e V ,  0 -I goo, i s  given in  Fig.  3. 
In the  lowest  part of e a c h  figure t h e  mass distribu- 
tion N ( p )  i s  shown; t h e  average total fragment 
kinet ic  energy < E K ?  as  a function of p is shown 
in the center  portion of each  figure, and the  var- 
i a n c e  c2 of the total kinet ic  energy distribution 
for a given /L i s  shown a s  a function of iL in the 
uppermost position of each  figure. The  m a s s  
dis t r ibut ions a re  triple-peaked, as  expected f r o m  
previous s t ~ d i e s ' ~ * ~ ~ ~ ~  of proton-, deuteron-, and 
alpha-induced f iss ion of 'Ra. T h e  average total 
kinet ic  energy i s  s e e n  to  reach a maximum in the 
region where the heavy-fragment m a s s  i s  rv 134 
ainu, slightly above the m a s s e s  where the Z ~- 50 
and N = 82 s h e l l s  c lose .  Maximum values  of 
< E K  > in the region of Z - 50 or N = 82 nuclei  
have been observed for many c a s e s  of both inter- 
mediate and low exci ta t ion f iss ion.  'l'he variance 
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Fig. 2. Summary of R e s u l t s  for Proton- Induced F i s s i o n  Fig.  3. Summary of R e s u l t s  for Proton- Induced F iss ion  

of 2 2 6 R ~ ;  E 13.5 M e V ,  0 = 90". No correct ions for of 226Ro; E = 11.0 Mev.  No corrections for neutron 

neutron emission hove been included.  T h e  sol id  curves emission have been  included. The s o l i d  curyes a r e  

are  ca lcu la ted  - see t e x t  for discuss ion .  calculated - s e e  t e x t  for discussion.  
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of the kinet ic  energy dis t r ibut ion as a function of 
mass appears  to  be nearly the  same in the region 
of symmetric f i ss ion  and very asymmetric f iss ion,  
but p e a k s  qui te  strongly in t h e  region of 11. -' 130 
amu. Various fea tures  of t h e s e  and related curves  
will be  d i s c u s s e d  further in a l a t e r  s e c t i o n  of this  
paper. 

In Fig.  4 w e  have  plotted t h e  m a s s  dis t r ibut ions 
for  the  three different proton energies:  11.0, 12.0, 
and 13.5 MeV. All of these dis t r ibut ions were 
obtained a t  0 7 90'. Fcr ease of comparison we 
have  drawn only the  smooth curves  through the 
points  and normalized the dis t r ibut ions a t  the 
asymmetric peak. T h e  ratio p of fragmeriL abun- 
d a n c e  a t  the symmetric peak  to that  a t  the asym- 
metric peak  i s  s e e n  to i n c r e a s e  from 1.11 for 11.0- 
Mev protons to  1.27 for 12.0-Mev protons,  and t o  
1.54 for 13.5-Mev protons. The total i n c r e a s e  in  
fragment yield a t  the symmetric peak relat ive to 
that  a t  the  asymmetric peak  (Le., t h e  increase  in 
[I> is thus about  40% for  t h e  proton energy increase  
from 11.0 to 13.5 M e V .  

In our s e a r c h  for a p o s s i b l e  correlat ion between 
fragment mass and angular dis t r ibut ion,  m a s s  
dis t r ibut ions were obtained at  center-of-mass 
angles  8 = 30, 40, 60, and 90' for E p  = 13.5 M e V .  

The ratio p was determined for e a c h  of t h e s e  
angles  and is plot ted in F ig .  5 as  a function of 0. 
An increase  of -5% in  p i s  observed from 0 = 30° 
to 0 - 90"; the  s t a t i s t i c a l  uncertaint ies  a re  qui te  
la rge ,  as shown,  and the  uncertainty in  the coef- 
f ic ient  of P,(cos 0 )  is t0.03. 

Analysis and D i s c u s s i o n  

We s h a l l  divide ou r  d i s c u s s i o n  of the  resu l t s  
into two p a r k .  F i r s t ,  we s h a l l  consider  the mass 
dis t r ibut ions obtained as a function of incident  
proton energy together with t h e  total  fragment 
kinet ic  energy as a function of mass, particularly 
a s  t h e s e  funct ions re la te  to t h e  two-mode hypoth- 
e s i s .  Second, we sha l l  consider  the observed 
mass-angle correlation. 

Kinetic Energy and Mass Distributions. - The 
sugges t ion  that  f i s s ion  could  be  d i s c u s s e d  m e a n -  
ingfully in terms of two modes,  symmetric and 
asymmetric, w a s  made by Turkevi ch and Niday ' 

"A. Turkevich and J. B. Niday,  Phys,  Rev. 84, 52 
(1951), 
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in  1951. A number of authors," notably Jensen 
and Fa i rha l l ' **  with respect  to radium, have em- 
ployed the  two-mode hypothesis  and have  further 
sugges t ed  i t s  validity in  d i s c u s s i o n s  of the dif- 
ferences i n  fragment m a s s  d is t r ibu t ions  observed 
as functions of the  2 and A of the f i ss ioning  nu- 
c l e u s  and as  functions of the  energy of the  bom- 
barding particle.  More recently,  a number of au-  
t h o r ~ " ~ * ' ~ ~ ' ~  have  d i s c u s s e d  the  r e su l t s  of 
various k ine t ic  experiments in  terms of two modes 
of f i ss ion .  T h e s e  include r e su l t s  for deuteron- 
induced s and helium-ion-induced5 l 6  f i s s ion  of 
226Ra .  Pr incipal  ev idence  in  favor of the  two- 
mode hypothesis  c o n s i s t s  of (1) the  ana lys i s  of 
the  s h a p e s  of the fragment mass distributions in  
terms of symmetric and asymmetric components 
whose relative y ie lds  a re  functions of the  f i ss ion-  
ing  nucleus and inc ident  particle energy, and (2) 
the ana lys i s  of the  average total  k ine t ic  energy 
as a function of fragment m a s s  in  terms of an  ef- 
fec t ive  separat ion of cha rge  cen te r s  which ap- 
pea r s  to  have  different, but approximately con- 
s t an t ,  va lues  for t he  two modes.  

In the  present  experiment,  t he  two-mode hypoth- 
esis s u g g e s t s  i t se l f  a lmost  immediately in  the 
resu l t s  of Fig. 4. The  principal d i f fe rence  in  the  
m a s s  distributions is s e e n  in the  increased yield 
of the en t i re  symmetric peak re la t ive  to the  asym- 
metric peak a s  the  incident proton energy is in- 
creased.  Uecause  of th i s  resu l t ,  and particularly 
in  view of the  recent  s u c c e s s  of nonviscous-liquid- 
drop model ca l cu la t ions '4  as  appl ied i n  the  case 

of 209Bi (ref. 6 )  and o ther  nuc le i  whose m a s s  
y i e lds  are symmetric and s i n g l e  peaked,  i t  is 
tempting to  ana lyze  the  d a t a  of the  present  experi-  
ment in  terms of two modes of f i ss ion  with the 
symmetric mode descr ibed by the  nonviscous- 
liquid-drop model. The  region of m a s s e s  around 
radium, A - 226, represents  roughly the  upper 
l imit  of validity of Nix's ca lcu la t ions ;  l 4  hence 
some minor departures  may b e  expected. None- 
the l e s s ,  we have  carried out  a preliminary ana lys i s  

from th is  bas i c  assumption, as follows. 

"I. Halpern, Ann.  Rev.  Nucl .  S c i .  9,  245 (1959). 

"H. C. Bri t t  and S. I,. Whetstone, Pliys .  Rev. 133, 

I3S .  L. Whetstone, Phys.  Rev. 133, B613 (1964). 

l 4 J -  H. Nix,  UCRL-11338 (1964), unpubl ished.  

Bh0.3 (1961). 

On the  assumption tha t  the  contribution of the  
asymmetric mode is negligible near  symmetry, w e  
obtained least-squares  f i t s  of the m a s s  distribu- 
t i ons  covering 18 m a s s  uni t s  centered about sym- 
metry to the Gauss i an  function: l 4  

N = N o  exp  - frO.5 --- (p/A)12/CmI . (4) 

For proton energies  E ~ 11.0 and 13.5 Mev, the  
va lues  of the  constant  Cm (Nix's notation) were 
found to be 0.00453 and 0.00456 respectively.  
T h e s e  va lues  ag ree  within the i r  uncer ta in t ies  
and  correspond to  an  equivalent  standard devia- 
tion in  m a s s  of -10.8 amu. P l o t s  of the  ca l -  
culated distributions are given as so l id  cu rves  
in  F igs .  2 and 3, a long  with the measured distribu- 
tions. 

T h e  total translational k ine t ic  energy at sym- 
metry is given by Nix in  terms of the  su r face  
energy E:') a t  t h e  sadd le  point and as a function 
of t h e  fissionabili ty parameter x, where x - ( Z 2 / A ) /  
(Z2/A)c,it, with (Z2/A )crit  = 50.13. T h e  su r face  
energy is given a s  

I' 

where as is a cons t an t  and is ~ p e c i f i e d ' ~  a s  17.80 
M e V .  T h e  calculated total  k ine t i c  energy for sym- 
metric fragments i n  the  present  case would then be  
E ( ' )  2' 158 M e V ,  or ru 15 Mev larger than the  meas-  
ured value and -12  Mev la rger  than the approxi- 
mate neutron-corrected value. Th i s  discrepancy 
can  be  accounted for by errors  i n  the  nuclear  con- 
s t a n t s  (e.g., -10% error in  a,). Since s u c h  con- 

s t a n t s  of the m a s s  formula are not  precisely known 
for nuclei  i n  the  region of f i s s ion  fragments, per- 
h a p s  i t  is justif ied to consider  as a s  a somewhat 
free parameter adjusted (within 10%) so tha t  for 

the  p re sen t  d i scuss ion  E ( ' )  = < E  K > s y m  ~ 1 4 3  
M e V ,  as measured. (A simple calculat ion based 
on  Nix 's  equat ions then l e a d s  to an effective 
temperature t a t  the sadd le  point  of -0.95 Mev.) 
We have  used Nix's formulation with the  adjusted 
va lues  of as to ca l cu la t e  the  average total  frag- 
ment k ine t ic  energy charac te r i s t ic  of liquid-drop 
f i s s ion  as a function of fragment mass. The re- 

s u l t s  a r e  shown a s  so l id  cu rves  in  the  cen te r  
portions of F igs .  2 and 3 ,  a long  with the  measured 
va lues  o f  < E K >  for E = 13.5 and 11.0 Mev re-  
spec t ive ly .  We sha l l  $iscuss these  cu rves  again 

below. 
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Note now, however, that  the  measured < E K ,  i s  
approximately the same a t  symmetry €or the  two 
proton energ ies  (F igs .  2 and 3,  center  portions), 
while  in  the region of the asymmetric mass  yield 

peak, < E K ,  is somewhat lower for t h e  higher 
proton energy. T h i s  observat ion may be accounted 
for as follows: If the  total k ine t ic  energy which 
i s  charac te r i s t ic  of liquid-drop f i ss ion  is lower 
than that  charac te r i s t ic  of t h e  asymmetric mode, 
then as  the  contribution in  yield at the asymmetric 
peak from t h e  symmetric mode increases ,  the 
dverage measured k ine t ic  energy < E K >  for those 
messes must decrease.  We may e x p r e s s  th i s  by 
means of a n  equat ion of t h e  form 

where E, , ,  and E K A  are  the  average  total  kinet ic  
energ ies  a t  mass p charac te r i s t ic  of the “liquid- 
drop” mode and “asymmetric” mode respect ively.  
Thus ,  for  example, in  t h e  m a s s  region 11 ‘i, 138 
amu, the liquid-drop f i ss ion  energy E K  L n  is, from 
Fig.  3, i-- 136.4 M e V ,  t h e  measured energy is < E ,  >;’ 
149.3 Mev for E = 13.5 M e V ,  and f 2 0.12; 
t h e  ca lcu la ted  energy E K A  charac te r i s t ic  of the 
asymmetric mode is then 151 Mev, a value which 
i s  qui te  cons is ten t  with low-excitation f i ss ion  
sys temat ics .  

A complete  a n a l y s i s  would give quant i ta t ive 
resu l t s  on t h e s e  points  for all m a s s e s ;  however, 
neu tron-em iss ion  and mass -resolution e f fec ts  mus t 
be taken into account for de ta i led  accuracy ,  and 
we have  not included t h e s e  i n  the preliminary cal-  
cu la t ions  reported here. Note that  a straightfor- 
ward calculat ion for the var iance u 2  which is 
based on t h e  two-mode hypothes is  can  be carried 
out, s i n c e  the y ie lds ,  energy dis t r ibut ions,  and 
var iances  of the two modes c a n  be est imated or 
deduced. T h e s e  ca lcu la t ions  have  been postponed 
unt i l  the  neutron-emission and  mass-resolut ion 
correct ions have  been made. T h e  peaks i n  the 
variance curves  of F i g s ,  2 and 3 appear  to k 
cons is ten t  with t h i s  hypothesis ,  however. 

It is suggested,  then, on the  b a s i s  of a n a l y s e s  
to da te ,  tha t  the two-mode hypothes is  i s  val id  for 
’“EEZa (p,fission), and further that  one of the two 
modes is descr ibable  in terms of t h e  nonviscous 
liquid-drop model14 and is therefore indeed a sym- 
metric mode. T h e  so-cal led “asymmetric mode” 
may poss ib ly  have  no fixed, general  descr ipt ion 
or configuration, but may exhib i t  propert ies  de- 

I-’ :- 4 

termined by t h e  nuclear  s t ructure  parameters of 
the  fragments themselves ,  as occurs  for the low- 
exci ta t ion f i ss ion  of heavier  e lements .  ’ 

Mass-Angle Correlation. - T h e  present  form of 
t h e  theory of angular  distribution of f iss ion frag- 
ments w a s  advanced by Bohr.16 F o r  cases where 
the  compound nucleus is oriented by virtue of the  
incoming angular momentum, the  theory h a s  been 
amplified and  appl ied by many authors ,  including 
Halpem and Strutinski, ’ Griffin, and Huizenga 
and co-workers. 7 p 1  ’ In the theory the  angular 
dis t r ibut ion is determined by the  K distribution of 
t h e  compound nucleus before s c i s s i o n ,  where K 
is the projection of the total  angular  ~nometitum I 
on t h e  nuclear  symmetry ax is .  For  moderately 
high exci ta t ion energ ies ,  for which s ta t i s t ica l  
considerat ions may be appl ied,  the K distribution 
i s  character ized by a parameter K i  defined by 

K i  - t-Keff/fi2 , (7) 

where t is t h e  effect ive nuc lear  temperature, and 

,Je i s  the effect ive moment of iner t ia  given by 
c$l\,,/(;!L - cy,,), in  which Ji and cq,, a r e  the  per- 
pendicular and paral le l  components of the moment 
of inertia. For  small  va lues  of K i ,  the  theory 
p e d i c t s  anisotropic  fragment dis t r ibut ions which 
peak toward 0 and 180”; for larger  va lues  of K i ,  
the  theory predic t s  more nearly isotropic  distribu- 
t ions.  

T h e  mass-angle  e f fec t  obsetved (see Fig. 5) 
is not  suff ic ient ly  large to ind ica te  a difference 
in  angular dis t r ibut ions for masses in the sym- 
metric and asymmetric p e a k s  for f i r s  t-chance f i s -  
s ion .  T h e  5% ef fec t  which is observed may be 
interpreted on the  b a s i s  of a small probability 
for second-chance f iss ion;  these  arguments have 
been out l ined by Halpern and S t r ~ t i n s k i . ’ ~  In 
e s s e n c e ,  the exci ta t ion energy of the compound 

lSR. Vandenbosch,  Nt ic l .  Phys. 46, 129 (1963). 

1 6 ~ .  Bohr, Proc. 1st Intern. Conf. Peaceftil ~ s e s  ~ t .  
Energy ,  Gerieva 2, 151 (1955). 

I7I .  I-Ialpern atid V, M, Strutinski, Proc. 2nd Intern. 
Conf. Peaceful Uses At. Energy,  Geneva 15, 408 (1958). 

I8J. tiriffin. Phys. Rev.  116, 107 (1959); 127, 1248 

19 

(1962). 

J. R. Huizenga and R.  Vandenbosch,  in  Nuclear  
Reactions 2 (P. M. End(. and P. U. Smith,  eds.), chap. 
11, North Holland, Amsterdam, 1962. 
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nucleus  in second-chance f i ss ion  will be lower anisotropic  angular distribution, as indeed occtlrs 
than that  in  the  c a s e  of f i rs t -chance f i ss ion;  hence  
K i  for second-chance f iss ion will be smaller ,  and 
the angular distribution will be more anisotropic  
for those  events .  It h a s  been shown above and in  
Fig.  4 that  asymmetric f i ss ion  i s  re la t ively more 
abundant  for lower exci ta t ions;  therefore, i f  both 
f i rs t -  and second-chance f i ss ion  occur, the  asym- 
metric fragments should exhibi t  a somewhat more  

(Fig. 5). 
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AVERAGE:NUMBERANDENERGYBF GAMMARAYSEMITTEDASAFUNCTIBNOF FRAGMENT 
MASS IN 2 3 5 U  THERMAL-N€UTRON-INI)UCEa FISSION’ 

H. Maier-Leibnitz H. W. Schmitt P. Armbruster 

~.-  - __ 

NUCLEAR FISSION. 235U, measured cor re la ted  prompt Y and fragment energ ies ,  deducpd 

I ( E ~  ,,) a s  funct ion of fragment mass .  

T h e  average  number and energy of gamma rays 
emitted a s  a function of fragment m a s s  i n  2 3 s U  
therm al-neutron-induced f i ss ion  have  been meas- 
ured. A three-parameter correlation experiment 
w a s  performed i n  which two s i l icon  surface-barrier 
de tec tors  were used to measure the fragment en- 

e rg ies ,  and a 12.S-cm-diam, 10-cm-thick NaI(T1) 
scint i l la t ion c rys ta l  w a s  used to  measure the  
gamma-ray energies .  Extreme c a r e  w a s  taken in 
t h e  experimental arrangement t o  avoid count ing 
direct-f iss ion neutrons, scat tered gamma rays and 
neutrons, and other f a l s e  events .  Data  were re- 
corded event-by-event in a system similar to tha t  
used in previous energy correlat ion experiments 
a t  Oak Ridge,  and were analyzed according to  a 
“weighting method” developed by Maier-Leibnitz. 

T h e  to ta l  number and energy of t h e  gamma rays 
for both fragments, as a function of mass  ratio, 
were obtained directly. T h e  number and energy 

. .... . 

‘Abstract of paper to  be publ ished in  the P r o c e e d i n g s  
of the ZAEA Synzposium on the P/zysics and Chemistry 
of F i s s i o n ,  Salzburg,  Austr ia ,  March 1965. 

‘-Visitor to  Oak Ridge Nat ional  Laboratory,  f rom 
P h y s i k a l i s c h e s  Ins t i tu t ,  T e c h n i s c h e  Hochschule ,  
Munchen, Germany, October  1963 t o  May 1964. 

3Visi tor  t o  Oak Ridge Nat ional  Laboratory, from 
Rernforschunesanlage,  Jul ich,  Germany, April t o  Ju ly  
1964. 

~ ~~ 1 - ~ ..-.. 

of gamma rays  for individual fragment m a s s e s  
were determined by noting the  variation in labora- 
tory angular distribution of the  gamma r a y s  in 
relation to t h e  velocity of the gamma-emitting 
fragment. In particular, t h e  0 to 180° ratio of the  
number of gamma rays from a moving source  emit- 
t ing isotropical ly  in i t s  center-of-mass system is 

proportional t o  1 ~ 21.1~; similarly, t h e  0 t o  180° 
rat io  of average gamma energy is proportional 
to 1 + 3vI’c. Thus ,  by comparing appropriate ra t ios  
in the  a n a l y s i s  for light and heavy fragments mov- 
ing  toward or away from the  gamma-ray detector ,  
one obtains  t h e s e  quant i t ies  as a function of indi- 
vidual  fragment m a s s .  

Resul t s  of preliminary a n a l y s e s  show interest ing 
s imilar i t ies  in  t h e  behavior of t h e  fragments to 
t h e  resu l t s  for neutrons. Both t h e  total  number 
and total  energy of gamma rays are essent ia l ly  
cons tan t  over most of the range of m a s s  ra t ios;  
however, a broad minimum i s  observed in t h e  region 
where M, ry 130, that i s ,  where z ,  ,̂ 50 and/or 

N H  cu 82. An i n c r e a s e  i s  observed in  both total  
number and energy as the m a s s  ratio approaches 
unity. T h e  average number and energy of gamma 
rays emitted from individual fragments a re  observed 
to increase  i n  both fragment groups, as  h a s  b e e n  
observed for v(M) by Apalin et al. 
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PREClSlON MEASUREMENTS OF CORRELATED ENERGIES AND VELOCITIES OF 252Cf 
FISSION F RAGMENTS' 

€1. W. Schtnitt W. E. Kilter2 C .  W. Williams 

duced m a s s  and energy dis t r ibut ions,  mass-energy correlat ions,  and v ( M ) ;  absolu te  

energy c a l i b r a t i m  for semiconductor  detec:ors .  

Correlated energ ies  and ve loc i t ies  of s ing le  fis- 
s i o n  fragments  from t h e  spontaneous  f iss ion of 
' "Cf h a v e  been measured. Absolute  energ ies  and 
t imes  of flight a r e  obtained with est imated accu-  
r a c i e s  3 f  t- 0.5% from direct  comparison measure-  
ments with 30- to 120-Mev 79Br ,  "Br, and l Z 7 I  

ions  f rom the Tandem Van d e  Graaff accelerator .  
The post-neutrori-emission kinet ic  parameters ob- 
ta ined from t h i s  experiment for *jzCf fragments 
are compared with pre-neutron-emis.:io~i quat i t i t ies  
obtained from double-time-of-fliglit expcrimenis  oi 
Whetstone and of Milton and Fraser .  Of s p e c i a l  

I___._______ 

'Abstract  of publ ished paper: Phys.  ~ Z C V .  137, E837 
(1965). 
'Oak Ridge Grc4d.iiaI-e F e l l o w ,  Univcrsi?y of Tcnncs- 

s e e ;  p resent  address :  Universi ty  of Cal i fornia ,  Law-  
rence Radiat ion Laboratory, Livcrmore,  Calif. 

Oak Ridge Technical Enterpr i ses  
Corp., Oak Ridge,  Tenn .  

'Present  address :  

in te res t  i s  the f ine s t ructure  which a p p e a r s  in 
t h e  post-neutron-emission mass distribution. T h i s  
s t ructure  ref lects  the  fine st ructure  observed in 
t h e  pre-neutron-emissioti mass dis t r ibut ion,  which 
in turn is known to refloci cer ta in  energet ical ly  
preferred even-even fragment configurat ions i n  

Cf spontatieous f i ss ion .  Within the  -2.5% 
m a s s  resolution of the present  experiment, no 
additional f ine s t r u c t u r e  appears  as a resul t  of 
neutron boil-off to spec i f ic  fragment masses. T h e  
number of r ~ u i r o n s  74M)  as  R function of fragment 
mass h a s  been ca lcu la ted  from t h e  pre- and post- 
neutron-emission inass dis t r ibut ions.  A " ~ n i v e r -  
sal" energy cal ibrat ion procedure fu r  sol id-s ta te  
de tec tors  for f i s s i o n  fragments is given; t h i s  
procedure is based on !?le present  absolute frag- 
ment energy determinations and takes into account  
t h e  m a s s  dependence of the pulsehe ight  v s  energy 
relation. 

2 5 2  

..... ~ ~ ......... _ _ _ . ~  .____I__ ___I~ __ ........ .......... 

NUCLEAR FISSION. Absolu te  energy calikNration and pulse-height r e sponse  of semi-  

coniluctor de tec tors  for f i s s i o n  fragments snd heavy ions.  ! ~. ........ ___..__ ......... ~ ~ _ _ _  .......... __ ___ ...........___I_... 

Detai led measurements of t h e  p u l s e h e i g h t  re- 
s p o n s e  of s i l icon sol id-s ta te  de tec tors  tc energetic 
heavy ions and fission fragments h a v e  been made. 

'Abstract of paper to  be published in  the  Proceedings 
of thc IAEA Syrripo,~iirm or2 !he Physics 3rd  Chemistry 
of F i s s i m ,  Salzburg, Austr ia ,  \,larch 1965. 

' B ~ I I  ~ z ~ e p ~ i o n e  Laborator ies ,  ~ n c . ~  hfurray FIi:1, N.J. 

3€'rest?nt address :  Oak Ridge T e c h n i c a l  Enterpr i ses  
Corp., Oak Ridge,  'renn. 

These s t u d i e s  h a v e  now led 'io a rel iable  method 
of ahsolcitc energy cal ibrat ion of solid-state de- 
tec tors  f o r  fission fragments, a s  wel l  as to a 

bet ter  understanding of t h e  somewhat pecul iar  
response  characteristics of t h e  de tec tors  t o  f i ss ion  
fragments  and heavy ions .  

"Present adiiress: Kadiat ion Instrument Dcveloprnent 

'princeton univers i ty ,  Pr inceton,  N. J. 

Laborator ies ,  Oak Ridgc, Term. 
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T h e  u s e  of s i l i con  sol id-s ta te  de tec tors  in frag- 
ment k ine t ic  energy aieasurements in  recent  y e a r s  
h a s  been widespread. At the  s a m e  time, ques t ions  
have been raised about t h e  detai led interpretation 
of such measurcments b e c a u s e  of t h e  increasing 
ev idence  for anomalous behavior i n  charge pro- 
duction, charge col lect ion,  and charge multipli- 
ca t ion  in the  case of densely ionizing par t ic les .  
T h e  present  report d i s c u s s e s  the  sys temat ics  and 
poss ib le  or igins  of t h e s e  effects .  Application of 
t h e  absolu te  energy cal ibrat ion method, which 
t a k e s  into account the  m a s s  and energy dependence 
of t h e  response,  i s  based  simply on a 2 5 z C f  or 

Our s t u d i e s  
were carried out with monoenergetic "Br, 'Er, 
and "'1 ions of energ ies  from 30 t o  120 Mev, 
and with f iss ion fragments  f rom spontaneous 
f i ss ion  of 2 s  'Cf and neutron-induced f i ss ion  of 
2 3 5 U  and 2 3 9 P u .  It i s  shown that  for a given 

3s1J fragment pulse-height spectrum. 

fragment mass ,  over a wide energy range, t h e  
fragment energy v s  pulse-height re la t ionship is 

of the  form E -= ax t b, where E i s  t h e  fragment 
energy and x is t h e  measured pulse  height .  A 
dependence of pulse  height on fragment m a s s  h a s  
a l s o  been  es tab l i shed  which l e a d s  t o  an energy 
v s  pulse-.height relationship, for t h e  range of fis- 

s ion  fragment m a s s e s  and energies ,  of the form 
E 7 ( a  a'rn).~ i b t b'M, where izI is the  fragment 
mass .  'The e f fec ts  of detector  window and detector  
type,  res is t ivi ty ,  and electr ic  f ie ld  have  been 
s tudied.  Guides to the  se lec t ion  of de tec tors  and 
t o  their u s e  with f iss ion fragments are given. T h e  
effect  of t h e  more exact cal ibrat ion procedure 
outlined above, re la t ive to s tandard approximate 
cal ibrat ion methods, is d i s c u s s e d  quant i ta t ively 
with t h e  a id  of appropriate comparisons of f i ss ion  
fragment mass and energy dis t r ibut ions derived 
from correlated fragment energy measurements. 

CORRELATED ENERGY AND TIME-QF-FLIGHT MEASUREMENTS OF FISSION FRAGMENTS WITH 
DUCTQR DE-FECTQRS: SYSTEM DESIGN AND PERFORMANCE1 

C. VJ. \Villiams2 Vi. E. Kiker3 11. W. Schmitt 

_ _  - -  

N U C L E A K  FISSION. Instrurnentatlon for correlated energy and veloci ty  measurements.  I 
- r 

A sys tem for the  measurement of correlated en- 
erg ies  and t imes  of flight of f iss ion fragments has  
been developed.  T h i s  system, adaptable  for u s e  
with other charged par t ic les  as well, inc ludes  a 

fast-response transformer coupling scheme in which 
t h e  charge originating in a so l id-s ta te  detector  

'Abstract  of published paper:  Rev. Sci. Znstr. 35, 

'Present  addres s :  Oak Ridge T e c h n i c a l  En te rp r i se s  

3Present addres s :  University of California,  Lawrence 

116 (1964). 

Corp., Oak Ridge,  Tenn.  

Radiat ion Laboratory,  Livermore, Cal i f .  

p a s s e s  through t h e  transformer primary to a low- 
noise ,  charge-sensi t ive amplifier; t h e  fast timing 
s ignal  is obtained from the  transformer secondary. 
T h e  noise  thereby added to t h e  l inear  energy 
s ignal  i s  negligible. T h e  measured time iesolut ion 
of t h e  system for par t ic les  i n  a narrow band of 
energies  was 50.4 n s e c ,  ful l  width a t  half maxi- 
mum. T h e  des ign  of t h e  system i s  descr ibed,  and 
t h e  detai led resu l t s  of performance t e s t s ,  including 
t e s t s  with coincident  * 'Cf spontaneous f i ss ion  
fragments and energy-time correlation measure- 
ments  for bromine and iodine ions  (ar t i f ic ia l  f i s s i o n  
fragments), are given. 
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K. Way A.  Artna CZ‘. 13. Ewbank N. t3. Gove M. J .  Martin 
H. Ogata  A. ]ti. Sen Gupta E. C. Campbel l ’  G. H. F u l l e r Z  C. S. t Ian3 

Compilation of t h e  d a t a  on  level propert ies  and 
decay  propert ies  of 104 nuclei  i n  the mass  region 
A 150 to A 7 171 h a s  been completed a i d  pub- 
lisfied with comments and diagrams of “ b e s t ”  
leve l  schemes  in  t h e  Nuclear Data Sheets. In 
connect ion with t h i s  work, s t u d i e s  have  b e e n  
made of the  s y s t e m a t i c s  of rotational band param- 
e t e r s  (by M .  J.  Martin) and gamma transi t ion half- 
l ives (by N. B. Gove and C. S. Man). C. S.  [-Ian 
also completed 601 plo ts  of conversion coef f ic ien ts  
which have  s a v e d  the  Group a great  dea l  of t ime.  
T h e s e  large-scale  drawings, not very su i tab le  for 
dupl icat ion,  a re  ava i lab le  in  t h e  library of t h e  
Nuclear Data  Group. 

Considerat ion i s  given cons tan t ly  to {.he specif i -  
ca i ion  of “s t rong” grounds for sp in  and  parity 
ass ignments ,  s i n c e  i t  is necessary ,  of course ,  
for members of the Group to u s e  similar points  
of view in making spin-parity ass ignments .  A new 
list of propositions, b a s i c  t o  s t rong  and weak 
arguments, h a s  b e e n  prepared for Set 4, Vol. 6. 

A new edi t ion of Recerzt Kefewnces,  a bibliog- 
raphy of a r t i c l e s  and report:; not yet analyzed for 

the Sheets, is also being i s s u e d  in Vol. 6. T h e s e  
re ferences  a re  arranged according t o  nucleus.  

A four-year project of compiling v a l u e s  of nuclear  
moments according to the  experimental method 
used  for the i r  determination h a s  been completed 
by M r s .  Gladys H. Ful le r  in  col laborat ion with 
V. W. Cohen of t h e  Brookhaven Nat ional  Labora- 
tory. Spins, magnetic d ipole  and octupole  moments, 
and e lec t r ic  quadrupole moments a r e  covered.  A 
summary t a b l e  of “rounded-off” v a l u e s  g i v e s  one  
va lue  of each  measured moment, to the number 
of s igni f icant  f igures  on which there  is experi- 
mental agreement, and refers  to t h e  appropriate 
s t ibsect ions where a l l  experimental resu l t s  a r e  
l is ted.  T h e  148-page tab le  will b e  publ ished a s  
a n  appendix to t h e  Nuclear Data Sheets and  a l s o  

1 ’  - 

‘13art time employee.  

’At Nat ional  Bureau of Standards, part time. 

3At Universi ty  of Maryland, part t ime,  

offered for sale separately b y  the  Nationa! Acad- 
emy of Sc iences  --. National Research  C:ouncil 
(NAS-NRC) Print ing and Publ ishing Office, 2101 
Const i tut ion Avenue,  Washington, D.C,, 20418, 
a t  a pr ice  of about $3.00. Mrs.  Fuller also com- 
pleted a convenient l i s t  of m e a s u d  v a l u e s  of 
nuclear  moments published during t h e  period Oc- 
tober  1956 to September 1963. T h e  l i s t  was 
published with Set I of Vol. 6 of tht: iPTuc:lrrar L)eta 
Sheets. 

T h e  Group cont inues t o  co l lec t  all d a t a  on nu- 

clear m a s s e s .  A computer program for making 
least-squares  m a s s  adjustments ,  de-~clopi:d b y  the  
Mainz-;linsterdatii group, h a s ,  with the h e l p  of 
Werner T h i e l e  of kIainz, been adapted to our  needr,  
f o r  making adjustments  i n  limited regions. T h e  
Nuclear Data Shee ts  now give t h e  b e s t  va lues  of 
neutron and proton separat ion energ ies  arid beta- 
decoy energ ies  as determined by t h e  program, 
rather than va lues  found by hand computation and 

approximate methods. A summary of measured 
nuclear  react ion ground-state Q v a l u e s  pu!,lished 
between October 1956 and December 1960, prepared 
by  former research a s s i s t a n t  [I. T. T u  and by 
N. 13. Gove, wil l  b e  published with the  Nucleilr 
Dafa Sheets, Set 4, Vol. 6. 

Group members have taken a n  ac t ive  in te res t  in 

genera l  problems of sc ien t i f ic  information. T h e y  
were instrumental i n  the establ ishment  of a n  
International Union of F’ure and Applied P h y s i c s  
Subcommission on Nuclear Data. T h e  Group i s  
represented i n  the  NAS-NRC Subcommittee on 
1 echniques for  t h e  Distribution of Scient i f ic  
Information, t h e  NAS-NKC Subcomrrii t t e e  on Nu- 
clear Structure, and the planning commit tee  of 
the Gordon Conference series on Scient i f ic  Infor- 
mation Problems i n  Research.  T h e  key-word 
sys tem proposed by  t h e  Group i s  be ing  tried by 
the  journal of Nuclear Physicx.  

T h e  i d e a  of a compilation journal, f i rs t  proposed 
i n  1961, has been  d iscussed  with a number of 
publ i shers  during 1964. Specif ic  p l a n s  for the 
establ ishment  of such  a journal a r e  near ing corn- 
pletion. 

, >  
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COMPILATION OF CHARGE -PARTICLE NUCLEAR CROSS SECTIONS 

F. K. McGowan H. J .  Kim W. T. hlilner 

T h e  p a s t  year h a s  been devoted primarily to 
maintaining a n  up-to-date l i terature  search ,  com- 
piling cross-sect ion da ta  in tabular form, and pre- 
paring two volumes of the  s e r i e s  Nuclear Cross 
Sections for Charged-Particle-Induced Reactions. 

ORNL-CPX-1, which includes data  for Mn, Fe, 
and Co,  w a s  completed in June  1964 and was 
included in  the  material presented by the  U.S. 
delegat ion at the  third Geneva conference. T h e  

second volume, ORNL-CPX-2, which inc ludes  
data  for Ni  and Cu, w a s  completed in August  1964 
and will b e  dis t r ibuted i n  January 1965. 

Approximately 3500 s e t s  of d a t a  h a v e  been  key 
punched and processed by computer programs. Of 
these ,  about 2500 s e t s  a r e  stored on magnetic 
tape.  In  t h e  future a l l  tabular d a t a  which a r e  
entered in t h e  system will b e  stored on magnetic 
tape.  

WAVE FUNCTIONS FOR MUON CAPTURE IN HYDROGEN p-MOLECULAR IONS 

R.  L. Becker  hl. R. Pat terson 

T h e  determination of t h e  coupling cons tan ts  for 
muon capture ,  p t /i’- -> n ~1 11 in liquid hydro- 

gen is subjec t  t o  a n  uncertainty in t h e  probability 
y of finding the  muon a t  a proton in the  p p p  mol- 
ecule .  T h e  calculat ion of J’ by  Weinberg* h a s  a n  
estimated uncertainty of lo%,  s i n c e  i t  is based  
on t h e  adiabat ic  wave function of Cohen et  
which inc ludes  only first-order correct ions to the  
Born-Oppenheimer approximation (BOA). Moreover, 
the BO wave functions had been computed varia- 
tionally b y  using t h e  Guillemin-Zener t r ia l  func- 
tion. In October 1963 we began a calculat ion of 

P’  

molecules ,  where M i s  the  m a s s  of the  nuc leus  

( p ,  d ,  or t) .  We have  ca lcu la ted  
the  first-order correction to the BO s t a t i c  potential 
from the  exac t  BO wave functions, (.i’n2m. For t h e  
ground s t a t e ,  both t h e  s t a t i c  potential, W,(R), and 
t h e  first-order correction, 

For p p p ,  c - ‘6. 

more accura te  wave functions, t h e  first s t e p  of 
which, the computation of exact  BO muonic wave 
funct ions,  was reported i n  ORNL-3582. 

T h e  expansion parameter for the correct ions to 
the BOA i s  E = 4miL/(2M + m ) for homonuclear 

differ somewhat, though not appreciably, f rom t h e  
resu l t s  of Cohen et aZ.3 Energy eigenvalues  and 
wave funct ions have  been  obtained for the  low- 
lying s t a t e s  of nuclear motion in the ad iaba t ic  

potential W+(R) + c&,+(R) i- 2 / R ;  as expected,  t h e  
energ ies  d i f fe r  only s l ight ly  from those  of ref .  3.  
Similar but apparent ly  l e s s  accura te  resu l t s  of 

Belyaev et d.,’ for which t h e  ad iaba t ic  potential 
w a s  approximated by a Morse potent ia l ,  a r e  given 

P 

-__.I 

‘Central Data  Process ing ,  ORGDP. 

* S .  Weinberg, Phys .  Rev. Le t ters  4, 575 (1960). 

‘S. Cohen, D. Id. Judd, and R. R. Riddel l .  Jr., P h y s .  

4 P h y s .  Div. Ann. Progr. R e p t .  J a n .  31, 1964, OKNL- 
‘V. 13. Belyaev et at., Z h .  Eksperim. i Teor. Fiz. 37, 

1652 (1959); Soviet  Phys .  J E T P  (English Transl.) 37, 

Rev. 119, 384, 397 (1960). 

3582, p. 130. 1171 (1960). 
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for comparison i n  Table  1. In  th i s  tab le ,  L is t h e  

aiigular momentum of rnolrcular rotation. F o r  p p p ,  
the  L ~ 0 and L = 1 s t a t e s  ale rigorously para and 
ortho s t a t e s ,  respect ively,  in t h e  ad iaba t ic  spin-  
independent approximation used. We rpgard the  

comparison with ref. 3 to  shQw tha t  the Guillemin- 
Zener approximation to  t h e  ad iaba t ic  s t a t e  is 
indeed ,I good one.  The ques t ion  of the importance 
of higher-order correct ions remains, however. The 
higher-order correct ions involve t h e  funct ions 

-+ 
C o d e s  ;ire being written t o  ca lcu la te  the  f . .  and 
to so lve  t h e  coupled equat ions for t h e  nuclear  
motion. While t h i s  coding effort w a s  in  progress ,  
two var ia t ional  ca lcu la t ions  were reported. h * 7  In 
e a c h  of  t h e s e  a s ignif icant  i n c r e a s e  in  binding 

11 

" 1 .  K. Wesse l  and  P. Phi l l ipson ,  Phys.  RtAv. Letters 

'A. Halpern, Pliys. Rev. Letters 13, 560 (1964). 

13, 2 3  (1964). 

energy and a d e c r e a s e  i n  t h e  overlap probability y 

were found (see T a b l e  2). T h e  improvement in  
binding energy ind ica tes  that  t h e  admixture of 
higher  130 s t a t e s  is considerable .  It is not c l e a r  
to  the writers whether the variat ional  parameters 
have  been  chosen  in  such  a way as t o  guarantee  a n  
accura te  va lue  of y. T h i s  ques t ion  would b e  
answered by t h e  present ca lcu la t ion  if t h e  con- 
vergence turns  o u t  to b e  rapid enough t o  a t ta in  
a n  equal ly  good binding energy. A value  of y 
known t o  b e  accura te  t o  within 1% would be of 
great help to weak interaction theory, espec ia l ly  
in  pinning down t h e  effect ive pseudosca lar  cou-  
pling constant .  

T a b l e  1. Binding Energ ies  (ev )  in  the 

Ad iabat ic  Approximation 
........ 

System L Present Work Ref. 3 Kef. 5 
... 

P P P  0 241 "04 241 2 52 

1 94.41 93 109 

d u d  0 320.09 322 330 

1 222.26 223 2 2 6  

T a b l e  2. Muon-Proton Overlap,  y ,  and Mean Internuclear Separation, ( K  )" 
__ .............. ___ - 

Adiabat ic  Var ia t iona l  
-. ......... .. 

System L Presen t  Work Kef. 2 Ref.  6 Ref, 7 
............. __ .... I__ ...................... ___ .~ - 

2Y ( R )  2Y ( R )  2Y ( R )  2Y P i  
..... _____ ..... ~ 

P P P  0 1.3044 3.142 1.308 

1 1.1718 3.948 1.166 

dir d 0 1.2552 

1 1.1614 3.098 

1.1466 3 .13  

1.000 3,8.3 1.010 3.89 * 0.02 

........... - ~ -.......-I___ 

a ln  uni ts  nf the  muon reduced Bohr rad ius  appropriate to p p p  or d p d ,  t h a t  is, ;L a@)(1 + 117 /2m and 
PPP !L ," P 

a :: d(co)(l i m !L /2m d )  - -  '. 
dPd P 



152 

SEARCH FOR HYPERFRAGMENTS It4 THE 2- + He REACTION 

11. 0. Cohn 

We have  scanned  film from a slow K -  exposure 
in  t h e  Northwestern University Helium Bubble 
Chamber i n  search of hyperfragments formed by 
s low x-- interact ions.  T h e  only hypothetically 
allowed react ions that l eave  a hyperfragment i n  
the f inal  s t a t e s  are: 

--+ ,*H ! 3n 

and 

1- + 4 H e  --3 1 4 n  i p 

- - 3  13n t d (or p,n) 

-> j 2 n  t t (or d,n or p,2n) 

Energet ical ly ,  no pions m a y  be  emitted. It should 
b e  pointed out that  neutron hyperfragment formation 
in t h i s  reaction is the  more difficult p rocess ,  s i n c e  
i t  requires :\Q 7 2. 

Apart f rom hyperfragment formation, only a 
lambda and one charged nucleon are allowed in  t h e  
final s t a t e  for X- absorption. Thus ,  hyperfrag- 
ments  that decay  via the charged mesic mode a r e  
readily identifiable. 

Over 400 candida tes  for 2- interact ions were 
examined. Only events  that could definitely b e  
c l a s s e d  a s  genuine X- + H e  interact ions were 
considered.  T h i s  reduced t h e  sample  t o  370 
events .  A considerable  fraction of t h e s e  events  
have  a n' a t  t h e  f i rs t  vertex but no d iscernable  

, thus  guaranteeing that a 2- w a s  indeed in- 

volved in the  reaction. 
F i v e  e v e n t s  were found that c a n  b e  identified a s  

hydrogen hyperfragments. T h i s  number n e e d s  t o  
be  corrected for scanning efficiency, for missed 
e v e n t s  that  looked l ike d e c a y s  (short hyperfragment 
and no stub), and, most importantly, for the  ratio 
of charged mesic  t o  neutral mesic  and nonmesic  
decay modes. Applying t h e s e  correct ions brings 
t h e  total  number of hydrogen hyperfragments to  

__ 

- 

'Consultant f rom the Universi ty  of T e n n e s s e e .  

CZ'. M. Bugg 

seven .  Hence,  we conclude that  2% of a l l  2;- He 
interact ions resul t  i n  hydrogen hyperfragments. 

T h e  only hope of s e e i n g  neutron hyperfragments 
is i n  t h e  two-body final s t a t e  interact ions:  

The  respect ive momenta are:  281 Mev/c (proton), 
356 Mev/c (deuteron), 381 MEV/C (triton), with 
ranges of 12 cm, 4.5 cm, and 2 c m  respect ively.  
Since t h e  5-  in te rac ts  a t  res t ,  the  :in and the s t u b  
must 'JC cal l inear .  Such a n  event  c a n  look l i k e  a n  
ordinary 1- interaction, but with the s t u b  and t h e  
direct ion t o  t h e  .\ vertex col l inear .  

T h e  momenturii spectrum of t h e  s t u b s  from 2;- + 
He interact ion is shown in F ig .  1. Three s c a l e s  
are shown, assuming the s tub  to  b e  a triton, deu- 
teron, or proton. T h e  shaded area corresponds t o  
events  for which the angle  between the s tub  and 
t h e  lambda had c o s i n e  between -0.9 and -1.0. 

ORNL DWG 65-(727 

0 50 100 q50 200 250 300 350 400 Q50 500 
TRITON MOMENTUM (Me'r/c) 

L - U L  u I 1  
50 100 150 200 250 300 350 

DEUTERON (Mev/c) 

I-IL 1 - 1  
50 100 ! 50 200 

PROTON (Mev/cl 

F ig .  1. Momentum Dis t r ibut ion  of the  Charged  P a r t i c l e  

(Stub) Emi t ted  in  2- + H e  Interact ion.  T h e  shaded 

area corresponds to events for which  the lambda and 

stub a r e  c o l l i n e a r .  
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Three  events  had t racks  t h a t  lef t  t h e  chamber. 
On t h e  b a s i s  of s tub  lengths ,  no candida tes  were 
found for n4n ,  except  for t h e  three leaving t racks.  
Two of t h e s e  had a s s o c i a t e d  noncollinear A's 
and thus  must b e  eliminated as candida tes .  T h e  
third did not h a v e  a A. T h u s ,  no ev idence  for 
A4n i s  seen .  

Only one event  with s tub  length in  t h e  required 
range for a n  n 3 n  w a s  seen .  T h i s  event  had no A 
a s s o c i a t e d  with it.  Again, we  must conclude  tha t  
no  ev idence  for 143n is seen .  

Next, we  examine candida tes  for n 2 n .  T e n  can-  

d i d a t e s  with 3G0 :: p - 400 Mev/c were found; 4 had 
no A, 2 had  noncollinear A's, and 1 had cos 0 be- 
tween -0.9 and -1.0. All of t h e s e  were accura te ly  
measured. Two events  had cos 0 c o n s i s t e n t  with 
-1.0, t h e  other  two had c o s  0 s e v e r a l  s tandard 
devia t ions  away from -1.0. More important, a l l  
t h e  A momenta were above 250 Mev/c, whereas  
t h e  expected momentum is only 206 Ivlev/c. UJe 
t h u s  conclude that  no ev idence  for neution hyper- 
fragments is found. 

< <  

EXCHANGE MECHANISM FOR fi, PRQDUCTION IN nt-n INTERACTIONS 

I-I. 0. Cohn W. M. Bugg ' G. T. Condo'  

Recently, cons iderable  a t tent ion has been fo- 
cused  on  decay  correlat ions and exchange  mech- 
an isms  in the  production of p m e s o n s  in  v-nucleon 
interactions. T h e  one-meson exchange model with 
absorpt ive correct ions,  as developed by severa l  
authors ,  h a s  exhibited cons iderable  s u c c e s s  i n  
descr ib ing  t h e  s a l i e n t  fea tures  of p and N *  pro- 
duct ion from rr-nucleon encounters  a s  wel l  as  of 
K *  and N *  production i n  K-nucleon col l is ions.  
T h e  purpose of t h i s  note i s  to present  the corre- 
sponding d a t a  for o production i n  the  reac t ion  
ir -i- n + p + 0.). T h e  production of 01 m e s o n s  
in nt-p col l i s ions  h a s  been reported by t h e  ABC 
Collaborat ion,3 b y  Shen et al.,4 and by Alff et al.' 
However, t h e  react ions a r e  not directly comparable ,  
s i n c e  in  t h e  la t te r  c a s e  the  C:J is produced e i ther  
in conjunction with a n  N *  or a n  uncorrelated v , p  
pair .  

t 

+ 

'Consul tant  from the Universi ty  of T e n n e s s e e .  

'F. Salzman arid G. Salzrnan, ~ h y s .  Rev. 120, 599 
(1960); E. Ferrari  and F. Sel ler i ,  Nuovo Cirnento, Suppl. 
24, 453 (1962); I,. Stcdo l sky  and J. J. Sakurai, Phys. 
R e v .  Letters 11, 90 (1r363); J. D. J ackson  and H. Pikuhn,  
Nrovo Cirnento 33, 3OG (1964); K. Gottfried arid J. D. 
J ackson ,  Phys. L e t t e r s  8, 1/44 (1964); Nriovo Cirnenfo 
33, 309 (1964); J. D. Jackson, to  be publ ished in  the 
Heviews of Modern Physics .  The last is a compre- 
hens ive  introduct ion to  the subjec t .  

3Aacken-Berlin-CERN Collaborat ion,  Phys.  Le t t e r s  
12, 356 (1964). 

4Jr3. Shen et al . ,  Buff. Am. P h y s .  SoC. 9,  722 (1364). 

' C .  Alff et a l . ,  Fhy..;. Rev .  Le t t e r s  9 ,  322 (1962). 

W e  h a v e  analyzed -2800 events  of the type 
n + d-+ (p) + p i nt t n- + 7;' from 3.25 B e v / c  

rr mesons incident  on t h e  BNT, 20-in. deuterium 
bubble  chamber. T h e s e  e v e n t s  arise from two 
topologies: 4-prong e v e n t s  and 3-prong e v e n t s  
where t h e  spec ta tor  proton d o e s  not l e a v e  a 
v is ib le  recoi l  i n  t h e  chamber. T h e  la t ter  e v e n t s  

were kinematically fitted by  s e t t i n g  t h e  spec ta tor  
momentum equal  t o  zero. Al l  e v e n t s  were required 
t o  h a v e  a t  l e a s t  one  proton ident i f iable  by ioniza- 
t ion,  which del imits  our d i scuss ion  to momentum 
t ransfers  -50 m,:r. No correct ions h a v e  been in- 
corporated in  t h e  momentum transfer dis t r ibut ions 
lor those  e v e n t s  where t h e  spec ta tor  proton w a s  
not  vis ible .  

F igures  In and b show t h e  Chew-Low plo ts  for 
{ h e  377 e v e n t s  as wel l  a s  for 2800 2~7 e v e n t s  from 
t h e  reaction rr -I- cl -3 ( p )  t- p + nt + n-. T h e  
narrow (r) band at m i n  = 0.6 Hev is c lear ly  resolved 
and s h o w s  tha t  <:I production is present  a t  much 

higher momentum transfer  (A  ') than  i s  p production, 
which h a s  pract ical ly  vanished a t  A '  5 15rn;. 
T h e s e  p lo ts  also indicate  t h e  presence  of t h e  7 
and fo mesons in  our experiment as  wel l  as a 377 
resonance in  t h e  m a s s  region of the A ,  (1310). 
As in t h e  recent  n -tl experiment of the  Saclay- 
Orsay-Bari-Bologna Collaboration, we  h a v e  been 
unable  t o  demonstrate  that  t h i s  is a ['- I n resonance  

t 

< 

t 

t 

6Saclay-Orsay-Bari-Wologna Collaboration, ~ t i p s .  L e t -  
ters  11, 347 (1964), 
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Fig.  1. Chew-Low P l o t s  ( a )  for 377 System and ( b )  for 2T System. 

a s  might b e  expected from i t s  c l o s e  equality with 
the  A 2  (1310) mass .  

An important t e s t  of t h e  val idi ty  of any model 
for resonance production i s  the  variation of the  
production cross sect ion with momentum transfer. 
It i s  the  narrowness  of t h i s  distribution i n  p pro- 
duct ion that requires modification of the  one-pion 
exchange model e i ther  via  t h e  application of form 
fac tors  or through the introduction of absorpt ive 
effects .  In  Fig. 2a w e  present  a histogram of CJ 

production v s  .I2. No background subtraction w a s  

deerned necessary  due  t o  t h e  narrow width of t h e  
(ri and t h e  similarity of t h e  distribution for ad jacent  
m a s s  regions. T h e  theoret ical  curves  a re  due  t o  
Jackson ,  assuming p exchange a s  the  dominant 
mechanism. T h e  parameters and C ,  are related 
to  t h e  e las t ic -sca t te r ing  c r o s s  sec t ion  for the 
ini t ia l  s t a t e ,  while  > s 2  and C 2  r e f e r  to  the final 
s ta te .  A deta i led  d iscuss ion  of t h e s e  parameters 
may b e  found in the  review ar t ic le  by Jackson . '  
T h e  parameter 

2G,  
y =  ___ 

G,. + GV ' 

J. D. Jackson ,  pr ivate  communica t ion .  
7 

where G, and Gv, a r e  the tensor and vector  coil- 
pling cons tan ts  for the n-p-n vertex.  T h e  value 
p = 1.575 corresponds to t h e  assumption that  p 

dominates  the  electromagnetic form factor of t h e  
nucleon, so that  G J G V  = 

Figures  2h and c show the decay  angular dis t r i -  
but ions for t h e  decay of the  01. T h e  angle  0 i s  
t h e  angle  between the  incident 7it and the  normal 
t o  t h e  d e c a y  p lane  measured i n  the  res t  sys tem 
of the CJ, and (1) i s  t h e  azimuthal angle  specif ied 
by choosing the  normal to the production p lane  as 
the  y axis .  

but ions a r e  of t h e  form 

- 1 ~ : ~  2 -  3.71. 

F o r  a J = 1 resonance,  the  decay  angular dis t r i -  

drl 

where the  p,w,vj a r c  the elements  of the sp in  den-  
s i ty  matrix of the resonance.  F o r  the 0 )  region 
viith no background subtraction, a leas t - squares  fit 
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Fig. 2.  Production and D e c a y  of t h e  m. ( a )  o produc t ion  a s  n f u n c t i o n  of momentum t rans fe r  (the t h e o r e t i c a l  

cu rves  ore due  to  Jackson7) ;  ( b )  a n d  (c)  decay  angu lar  d i s t r i b u t i o n s  for the ili decay. 

yie lds '  p o o  : 0.621:::,5 and p l , - l  - 0.19 f 0.05. 
l h e  assumption of pure vector meson eschangc  I ?  

without absorpt ive correct ions predicts  p o o  - 0, 
while  p ,_- is expected to b e  large. It is thewfore 
s e e n  that  s u c h  a model y ie lds  only poor agreement 
with experiment. T h e  inclusion of absorpt ive ef- 
f e c t s  ( s e e  'Table 1) improves the agreement con- 
s iderably.  it is recalled that fo t  11 production 
the  one-pion exchange model without absorpt ive 
correct ions pred ic t s  d e c a y  correlat ions which agree 
rather wel l  with experiinent' (,poo 7 0.7 v s  p o 0  - 
1.0 for one-pion exchange,  while  the model f a i l s  
to predict the var iat ions of cross section with 
momentum transfer .  Inclusion of absorpt ive e f f e c t s  

d e c r e a s e s  p o o  and a l t e r s  t h e  production c r o s s  
sec t ion ,  so  that  agreement with experiment i s  
qui te  goad. l o  I n  t h e  w case, t h e  absorpt ive cor- 
rect ions predict decay correlat ions which are much 
c loser  to those  experimentally o b s ~ v e d ,  wh i l e  

......- 
'The large upper limit is intended to  re f lec t  uncer- 

ta inty in  the t rue value of ,oo0 due to  the diff icul ty  i n  

e f fec t ing  a proper background snbtract ion.  TIP value 

of w a s  not altered by the  background subtraction. 

9 A a c h ~ n - I 3 e r l i n - I 3 i r m i n g l i a m - B ~ ~ ~ ~ ~ - H ~ m b i l r g - l ~ n d o n  (I. 
C.)-Munchen Collaborat ion,  Nwovo Cinic.nto 34, 495 
1964; I. Derado,  V. P. Kenney,  and 181. D. Shephaid,  
t'hys. Rev. L e t t e r s  13, 505 (19b4). 

K. Cot t f r ied and J. D. J ackson ,  Nuovo Cinianto 34, 
735  (1964). 

10  

Table 1. P r e d i c t i o n  for t h e  Spin-Qens i ty  Ma t r i x  

E lements  with Absorptive Carrections 

Thc averages are t aken  o v c r  nioiuentuin t ransfer  

( see  ref. 7 )  
.................. 

- - 
Pl,-I _ _  v Po 0 Y G 

........... . .  ___ .................. 
1.33 2 0.24 0.35 

1.575 3.7 0.45 0.2 0 

1.67 5 0,55 0.14 ____ _ _ ~ - - ~ _ _ -  

retaining a reasonable  var ia t ion of production 
c r o s s  section with momentum transfer. We there- 
fore conclude that, whereas  the one-p exchange 
1nodel with absorption d o e s  not f i t  the  d a t a  a s  
well a s  might b e  hoped, it represents  a consider-  
a b l e  improvement over s t r ic t  one-p exchange. 
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NEUTRAL DECAY AND lSOTOPlC SPIN OF THE f a '  

N .  Gelfand' G .  Lut jens '  >'I. Niissbaum 2 J .  Steinberger' 
H.  0. Cohn w. ?,I. Bugg3 G. T. Condo3 

We have  analyzed the react ions (1) rt I d + 
p i  p + neutrals  and (2) i ~ '  i d - + p -I p A i7 

in  an effort to determine t h e  isotopic  sp in  of t h e  fo. 

t -  
I T 

'Abstract  of publ ished paper: 

2Columbia IJniversity, 

3 ~ o n s u ~ t a n t  from the Universi ty  of T e n n e s s e e .  

P h y s .  Rev. L e t t e r s  1 2 ,  
567 (196.1). 

T h e  effect ive two-pion m a s s  in  reaction (%) shows 
prominent p e a k s  corresponding t o  t h e  p and f o .  
T h e  miss ing  m a s s  distribution for reaction (1) 
shows p e a k s  a t  the  m a s s e s  of the 7 ,  01, and fo. It 
i s  argued tha t  t h i s  peak for the fo is primarily 
due  to t h e  two-;;' decay  of the  fo. From t h e  ob- 
served branching ratio, (fo + neutrals) / ( fO --pi 

charged), i t  is concluded that  the  f o  i sosp in  i s  
zero. 

c 

ANALYSIS OF 2.- ABSORPTION SN HELIUM' 

K. II. Bhatt H. 0. Cohn U'. M. Bugg3 

T h e  momentum spec t ra  of the  lambda and t h e  for t h e  b a s i c  p r o c e s s  x- A p * A + n. Final-  
triton observed in  the reaction 2- (at  res t )  + s t a t e  interact ions were neglected. Reasonable  
'€He -> agreement i s  obtained for the  A spectrum and a l s o  
sumirig a phenomenological interact ion Iiamiltonian for the  neutron spectrum. Marked deviat ion is 
-_ ~. obtained between t h e  ca lcu la ted  and t h e  experi- 

'Abstract  of paper submit ted t o  Nuovo Cirnento. mental triton spectrum, indicat ing strongly the  
2Elec t ronuclear  Divis ion.  possibi l i ty  of a . b n  resonance  at  about 43 Mev in 

a .I-n system. 

\ i n + 3H h a v e  been calculated,  as -  

Consul tant  from the Universi ty  of T e n n e s s e e .  3 

REACTION C -  I 4 ~ e  3 I O  i n + 3 ~ 1  

H. 0. Cohn K. H. Bhat t '  w. ?,I. z3ugg3 

The  absorption of 2- at res t  i n  helium was three-body f inal  s ta te :  I, n ,  3H. T h e  momentum 
studied.  Most of the events  were found to have  a spec t ra  for the ,\ and t h e  neutron were found to 

agree  well with t h e  prediction of t h e  impulse 
model. T h e  triton spectrum, however, disagreed 

668 (1964). drast ical ly .  It i s  suggested that t h e  anomaly i n  
the  triton spectrum i s  d u e  t o  a resonance in  t h e  
A-n sys tem a t  a m a s s  value 2098 i 6 Mev/c2. 

_____--. . . . . 

'Abstract  of publ ished paper:  Phys.  Rev.  L e t t e r s  13, 

2Elec t ronuclear  Div is ion .  

3Consul tant  from the  Universi ty  of T e n n e s s e e .  
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W. E. Kinney, J. K. Dickens, J.  A.  Biggerstaff ,  and F. G. Perey ,  “Study of Neutron Ine las t ic  Scat- 
ter ing for 3 MeV <: En < 5 MeV.” 

J. R. McGrory and  K .  H. Bhatt, “ T h e  Res idua l  n-p Interaction i n  I so topes  of Nb and Mo.” 

13. W. Morgan, “Infrared Studies  on t h e  Solid State.” 

‘Ar. €3. Newbolt, W. K. Robinson, J .  0. Thomson, F. E. Ohenshain,  and  L. D. Roberts ,  “ T h e  Lifet ime 
of t h e  77.3 keV F i r s t  Exci ted  S t a t e  of 1 9 7 A u  by the Mijssbauer Method.” 

F. E. Obenshain,  L. D. Roberts ,  C. F. Coleman, and J .  0 .  Thornson, “Hyperfine Structure Coupling 

W. K. Robinson, W. B. Newbolt, J.  0 .  Thomson, F. E. Obenshain,  and  L. D. Roberts, “ T h e  ‘ 9 7 A ~ ~  

in Fer r ic  Ammonium Sulfate a s  a Function of Magnetic F ie ld  and Temperature.” 

Mijssbauer Isomer Shift a s  a Funct ion of Composition for Au-Ni Alloys.” 

R. L. Robinson and  P. H. S te l son ,  “Camilia-Ray Spectroscopy with a Lithium-Drifted Germanium De- 
tector. ’’ 

C. G. Slaughter and J .  A. Harvey, “Neutron Capture Gamma Ray Measurements with a Lithium-Drifted 
Germanium Detector.” 

J. 0. Thomson, W. B. Newbolt, W. K. Robinson,  F. E. Obenshain, and  I,. D. Roberts, “The  Magnetic 
F i e l d  a t  t h e  197Au Nucleus in Au-Ni Alloys.” 

S. T. Thornton, C. M. Johnson,  arid J ,  L. Fowler, “Errors  of P h a s e  Shifts Resul t ing  from E l a s t i c  
Differential Scat ter ing Analysis .”  
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H. B. ‘Willard, “Cooperat ive Efforts Between Universi t ies  and the  Nat ional  Laboia tor ies  in t h e  
Training of P h y s i c i s t s . ”  

Confercnce on Magnetism and Magnetic Materials (10th Annual Meeting), :Ilinncapolis, ,I.linnesota, Noveni- 
her 16-19, 1964 

J .  W. Cable,  W. C. Koehler, and II.  R. Child,  “Magnetic Structure Versus Electron Number for Some 
Rare Earth Intcrmeta 11 i c  Compounds. ” 

‘A‘. C. Koehler, “ T h e  Magnetic Propert ies  of Rate  Earth Metals and Alloys.” 

R. >I. Moon, W. C. Koehler, and J .  J .  Farrel l ,  “Magnetic Structures of Rare Earth-Cobalt (RCo,) 
Intermetallic Compounds.” 

Symposium on Chimica1 E f f e c t s  Associated wi!h Nuclear Reactions and Radioactive Transformations, 
Vienna, Austria, December 7--11, 1964 

1‘. A .  Carlson and R. M. White, “Explosion of Multi-Charged Molecular Ions :  Chemical  Conse-  
quences  of Inner Shell Vacancies .”  

FOREIGN TRAVEL 

T a l k s  presented by P h y s i c s  Division s taff  members a t  conferences outs ide  t h e  United S ta tes  during 

the pas t  year a r e  included in the two preceding s e c t i o n s  e i ther  a s  proceedings a r t i c l e s  in  the “Publ i -  

ca t ions”  sec t ion  or in the s e c t i o n  en t i t l ed  “ P a p e r s  Presented  a t  Scient i f ic  and Technica l  Meetings ”; 

a few ta lks  a r e  a l s o  l i s ted  under a la te r  sec t ion  headed “University Seminars.” In addition to  t h e s e  

ta lks ,  and connected v is i t s  while  abroad to atomic energy instal la t ions and univers i t ies  for d i s c u s s i o n s  

on sc ien t i f ic  s u b j e c t s  of mutual interest ,  t h e  following Division members engaged in  foreign travel 

during 1964. 

J .  K .  Bair  (High Voltage Group) began a one-year ass ignment  a t  the  Atomic Energy Research  Es- 

tablishment in Haiwell, England, where he  i s  engaged in  research concerning nuclear  s t ructure  physics .  

T h i s  ass ignment  i s  a continuation of the  profitable l ia i son  in physics  between AEKE and ORNL, which 

originated in 1959, and i s  the fifth s u c h  exchange-type assignment  of a P h y s i c s  Division s taff  member to 

the  IIarwell Laboratory. 

T. A. Carlson’  (Charge Spectrometry Group) w a s  a s s i g n e d  for five weeks  during January and February 

to  the  P a k i s t a n  Atomic Energ), Center  a t  Lahore,  Pakis tan .  He was  engaged in s e t t i n g  up a program for 

ca lcu la t ions  of charge spec t ra  measurements which a r e  now being carr ied out on the ORNL 1604 com- 

puter. T h i s  v i s i t  w a s  a continuation of collaboration between F. B. Malik‘ of P a k i s t a n  and T. A. Carlson 

on the  problem of re la t ivis t ic  e lectron wave functions. 

T. K.  Fowler  (P lasma P h y s i c s  Group) w a s  a member of a United S ta tes  team of s c i e n t i s t s  who 

Vis i t s  and contac ts  during the  two-week vis i ted controlled fusion research fac i l i t i es  in  t h e  U.S .S.R. 

period spent  there  in February were arranged by the U.S. Atomic Energy Commission. 

ORN L Chernis try Divis ion,  

Pakis tan  Atomic Energy Center.  
’196-1 summer employee with the O R N L  P h y s i c s  Divis ion;  present ly  a t  Y a l e  University on l e a v e  f r o m  the 
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T. K. Fowler  addi t ional ly  spent  the  three-month period of June  through September a t  t h e  Culham 

Laboratory in Abingdon, England,  where h e  w a s  engaged in the  pursuit of theoret ical  plasma p h y s i c s  

research a t  t h e  invi ta t ion of I)r. J. B. Taylor ,  Head of t h e  Theoret ical  Divis ion a t  Culham. This re- 

search  provided va luable  sc ien t i f ic  l i a i son  between ORNL and the  Culham I-abora tory in the  field o f  

plasma phys ics .  

J .  Pi. Gibbons3 (High Voltage Group) s p e n t  two w e e k s  a s  Special  Representa t ive  of the Oak Ridge 

Inst i tute  of Nuclear  Studies  University Rela t ions  Divis ion a t  t h e  United S t a t e s  Atomic Energy Com- 

missioii’s “Atoms i n  Act ion” exhibi t  which opened April 15 in Madrid, Spain. H e  superv ised  f inal  

arrangemen Is and preparat ions for the ORINS L e c t u r e  Demonstration Program and par t ic ipated in  t h e  

f i r s t  week  of program presentat ion.  T h e  program w a s  bas ica l ly  one of present ing  modem lecture  dem- 

onstrat ion techniques for t h e  teaching  of s c i e n c e  a t  t h e  secondary  school  level .  He a l s o  presented 

seminars  i n  Madrid on current research  i n  neutron capture  work a t  ORNL. 

F r a n c e s  P leasonton  (Charge Spectrometry Group) consul ted  with J .  K. Bienle in4  a t  CERN, Geneva,  

Switzerland, for three weelis during September and  October  for the completion of joint  internal  brems- 

s trahlun g res  ea rch. 

K. Nay (Nuclear  Data  Group) w a s  cochairman (with Professor  L. Rosenfeld o f  Nordita, Copenhagen, 

Ilenmark) of a S e s s i o n  on Scient i f ic  Information held at the  Congrks 1nternal.ional d e  Phys ique  Nuclkaire 

in Paris, France ,  i n  July. W. B. Ewbank (Nuclear Data  Group) a l s o  a t tended  the P a r i s  conference as  a n  

observer  atid reporter; in t h e  s a m e  capac i ty  h e  a t tended  the  7th “Brookhaven” Conference on Molecular 

Beams,  which w a s  held in Uppsala ,  Sweden, during June.  
~~~~~ ~ 

30n leave to the  Oak Ridge Ins t i tu te  of Nuclear Studies  for t h i s  assignment. 

4Former  c o n s u l t a n t  with the  ORNL Physics Division. 

ANNOUNCEMENTS 

L i s t e d  in o ther  s e c t i o n s  of t h i s  report a r e  t h o s e  Ph.D. candida tes  engaged in  t h e s i s  research,  co-op 

s t u d e n t s ,  consul tan ts  under subcont tac t ,  a n d  summer invest igators  (including research  par t ic ipants ,  

v i s i to rs ,  and s tudent  t ra inees)  who have  been  a s s o c i a t e d  with the P h y s i c s  Divis ion during 1964. Addi- 

t ional ly ,  n ine  inves t iga tors  from s i x  foreign count r ies  began or completed temporary ass ignments  which 

var ied from s i x  months to two y e a r s  i n  duration. Present ly  with the  Laboratory from abroad a r e  G. Maz- 

zone’  of t h e  Comitato Nazionale  per  1’Energia Nucleare  in  Rome, I ta ly  (Neutron Diffraction Group) and 

D. M. Seyboth of t h e  University of Erlangen i n  Eriangen,  Germany (Mossbauer Experimental Program). 

Assignments  were  completed by t h e  following individuals  who have  returned to  their  home organizat ions 

abroad: D .  J .  Armbruster  of the  I<ernforschungsa~lage  Ju l ich  in  Jiilich, Germany ( P h y s i c s  of F i s s i o n  

Group); C. F’. Coleman of t h e  Atomic Energy Reseatch Establ ishment  i n  FIarwell, England (High Voltage 

-___.__._._.....~-.--.-II 

‘Now with thc: O R N L  Sol id  State Divis ion.  
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Group); Y. Hamaguchi of the  Japan Atomic Energy Resea rch  Ins t i tu te  in  ‘Tokai, J apan  (Neutron Dif- 

fraction Group); H. Maier-Leibnitz, Director of the  Lahoratorium fur ‘Technische Phys ik  der  Technischen 

Hochschule  iil Munich, Germany (ORNL Director’s Division and collaborator with the  P h y s i c s  of F i s s i o n  

Group); D. Paya ‘  of the  Commissariat  ?i 1’Energie Atomique in  P a r i s ,  F rance  (J.,ow Energy Neutron Time- 

of-Flight Spectrometry Group); Anna Maria Saru is  of the  Centro d i  Calcolo,  Comitato Nazionale  per 

I’Energia Nucleare,  in Bologna, I taly (Theoret ical  P h y s i c s  Group); and  R. K. 11. Wagner of the  University 

of Basel in  B a s e l ,  Switzerland (High Voltage Group). 

L o a n e e s  a s s i g n e d  temporarily to  t h e  Division during th i s  period have included R. M. Naybron, pro- 

fessor of phys i c s  from Michigan S ta t e  University (Theoret ical  P h y s i c s  Group); and three s tuden t s  in 

phys i c s  from the  University of T e n n e s s e e  -- hl. Brown,3 a graduate s tuden t  (High Voltage Group - 

Tandem Accelerator);  J .  T. Humphreys, a n  undergraduate s tudent  (High Energy P h y s i c s  Group); and 

S. T. ’ T h ~ r n t o n , ~  a graduate s tuden t  (High Voltage Group). 

An academic-year l eave  of a b s e n c e  (1964-65) w a s  granted to S. Bernstein (Mossbauer Experimental  

Program), during which t ime he  will  b e  engaged as professor of phys ic s  a t  t he  University of Il l inois.  

In the  fa l l  of 1961, J .  H. Gibbons (High Voltage Group) began a part-time assignment  of one year  

with t h e  ORNL Civil  Defense Study Program, which is headed by E. P. Wigner. 

The re  were s e v e n  intralaboratory t ransfers  among research personnel during t h e  year. G. 12’. Charles  

(Spectroscopy Research Group) transferred to t h e  Thermonuclear Division. T h e  Neutron Diffraction 

Group, a highly ac t ive  and productive research team within the  P h y s i c s  Division for the  p a s t  twenty 

years ,  transferred to the  Solid S ta te  Division l a t e  i n  1964. E. 0. Wollan, group l eade r  s i n c e  t h e  in- 

cept ion of the  neutron diffraction program a t  ORNL and  A s s o c i a t e  Division Director s i n c e  1948, is now 

Special  Scientific Advisor t o  the  Director’s Division. hlembers of the  group who a r e  now a part of t h e  

Solid S ta t e  Division include W .  C. Koehler (newly appointed group leader),  J.  W. Cable ,  H. R. Child,  

G. Mazzone,’ and R. M. Moon, J r .  

Techn ic i an  D. G. P e a c h  ( P h y s i c s  of F i s s i o n  Group) terminated employment with t h e  Laboratory 

during t h i s  report period. 

‘Exchange visitor.  

3 A s s i g n ~ n e n t  completed. 

41964 summer employee with the  ORNL P h y s i c s  Division. 

’Temporary assignment .  

G. de  S a u s s u r e  of t he  Neutron P h y s i c s  Divis ion w a s  the  ORNL exchange  vis i tor  to  the 
P a r i s  laboratory. 
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ADVISORY COMMITTEE 

Advisory committees a r c  a t tached  t o  t h e  majority of the  research  divis ions of t h e  Oak Ridge Nat ional  

Laboratory for t h e  purpose of offering a d v i c e  on the cogency and  ef fec t iveness  of thc  many sc icn t i f ic  

programs under  way. 

At the  J u n e  22-26, 1964, Annual Information Meeting, 15 P h y s i c s  Divis ion inves t iga tors  presentcd 

ta lks  before Idahoratory s taff  members, Advisoiy Cornmittee members, and gues ts  f rom the  AEC and other  

ins ta l la t ions ,  which covered 21  a r e a s  of research during the year. Advisory Committee members a t  that  

time included:  

Dr. A. M- Clogston Bell Telephone Labora tor ies  
Murray Hill,  New J e r s e y  

Prof. B. L. Cohen [Jniversity of Pittsburgli 
Pi t tsburgh,  Pennsylvania  

Prof. Martin Deutsch bla s sac h u s  e t t s Ins  t i t  u t e of Techno logy 
Cambridge, Massachuse t t s  

Prof. D. L. Judd 

Prof. L. J. Rainwater 

Prof. J .  A. Wheeler 

Lawrence  Radiat ion Laboratory 
University of California 

13erkeley, California 

Columbia University 
N e w  York, New York 

Pr ince ton  University 
Pr inceton,  New J e r s e y  

'The Elec l ronuclcar  Div is ion  and  the  P h y s i c s  Div is ion  hold the i r  Annual  Information Meet ings jo in t ly  and are 
served  b y  the sane Advisory Committee. 

AMERICAN PHYSICAL SOCIETY 

South eastern Scc tion M e e t i n g  

T h e  Thirty-first Meeting of the  Southeastern Sect ion of the American P h y s i c a l  Society w a s  co- 

sponsored by t h e  University of Chattanooga and t h e  Oak Ridge Nat ional  Laboratory arid took p lace  on 

the campus in Chat tanooga November 5-7, 1964. T h e  e lec ted  Chairman of t h e  Society for 1 9 6 3 4 4  w a s  

L. 1). Roberts  of the  P h y s i c s  Divis ion;  on the 12-member Program Committee from the  Divis ion were 

II. B. Willard and J. 0. Thomson.' In addi t ion t o  t h e  a c t i v e  part taken by t h e  above-mentioned indi- 

viduals  in  planning and conduct ing the  meeting, there  were 2 invi ted papers  and  1 4  contributed papers  

presented by o thers  of the Division. 

' F a c u l t y  member of the  Universi ty  of T e n n e s s e e  a n d  c o n s u l t a n t  t o  t h e  O K N L  P h y s i c s  Divis ion.  
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NUCLEAR CROSS SECTIONS ADVISORY GROUP 

Oak Ridge Meeting 

A meeting of the  Nuclear Cross  Sect ions Advisory Group to  the Division of Research  of the  U.S. 

Atomic Energy Commission w a s  held a t  t h e  Oak Ridge National Laboratory October  13 and 14, 1964. 

P h y s i c s  Division s taff  members H. B. Willard (Assoc ia te  Director) and P. H. Stelson (Director of the  

High Voltage Laboratory), retiring member and  newly appointed NCSAG inember, respect ively,  arranged 

and conducted t h e  meeting, which was  at tended by 20 NCSAG members and gues ts .  

MISCELLANEOUS A C T I V I T I E S  OF DiVlSlQNAB P E R 5 0  

P h y s i c s  Division s taff  members are frequently requested or appointed t o  a s s u m e  cer ta in  professional  

du t ies  which, although related to, are incident  t o  their  primary responsibi l i t ies  a t  ORNL. Such dut ies  

may be in connection with sc ien t i f ic  journals ,  s o c i e t i e s ,  committees, ins t i tu tes ,  e t c . ,  avid have  included 

during the  p a s t  year  the  following: 

J. L. Fowler  Member of the  National Research  Council t o  represent  the  American 
P h y s i c a l  Society in the  Division of P h y s i c a l  Sc iences  

Member of Brookhaven Nat ional  Laboratory P h y s i c s  Visi t ing Committee 

Member of Carnegie  Inst i tute  of Technology P h y s i c s  Visi t ing Committee 

Member of AEC Accelerator  Review P a n e l  (1964) 

T. K. Fow!er 

N.  E. Gove 

Chairman of Sherwood Theory Meeting (Gatlinburg, T e n n e s s e e ,  May 1964) 

Member of the  Board of Edi tors  of Physics  of Fluids 

Secretary of the  National Academy of Sciences-Nat ional  Research  
Council Subcommittee on Nuclear Structure 

Secretary of t h e  Nat ional  Academy of Sciences-Nat ional  Research 
Council Subcommittee on Techniques for the Distribution of Scient i f ic  
In f or ma t ion 

Reviewer for Computing Ret-icws 

Member of the Program Committee for the  Gordon Research  C o n f e r m c e  
on Cri t ical  T a b l e s  

J .  A. Harvey 

W. C. Koehler’ 

Reviewer for Coniputing Reviews 

Reviewer for Nuclear  Science and Engineering 

Assis ta t i t  in the  preparation of Supplement 2,  Second Edi t ion of RNJL- 
325, “Neutron Cross  Section Compilation” (Vol. 1 publ ished in 1964) 

Committeeman (Solid S ta te  P h y s i c s ) ,  National Research  Council Ad- 
visory Committee on B a s i c  Research  to  the  U.S. Army i iesearch  Office, 
Durham 

Member of Advisory Committee for t h e  “Conference on Magnetism and 
Magnetic Materials” 

Member of the ORNL, High Flux  Isotope Reactor  Review Committee 
....__. . -___. ._ ..._.. ..... 

‘Now with the ORNL Solid State Divis ion.  
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R. L. Macklin 

P. D. Miller 

C. D. Moak 

H. W. Morgan 

Member of t h e  Oak Ridge Gaseous  Diffusion P l a n t  Nuclear  Safety Com- 
mit tee  

Member of the  Memberahip Committee for t h e  Research  Socicty of 
America (Oak Ridge Branch) 

Member of the  OKNL Reactor  Operations Review Committee 

Reviewer for Coniputitig Reviews 

Reprebentat ive from t h e  P h y s i c s  Division for the ORNL Computer Ad- 
visory Committee 

Iipviewer for  Reviews of Scienti f ic Instruments 

Meinber of t h e  Prograiu Committee for t h e  American P h y s i c a l  Society 
Topica l  Conference on Par t ic le  Accelerators  (Washington, D.C., 
March 1965) 

Facul ty  Member of F i5k  Infrared Spectroscopy Ins t i tu te  

Meinbet of Subcommittee on Infrared Band In tens i t ies  of t h e  Interna- 
t ional  Union of Pure and  Applied Chemistry 

F r a n c e s  P leasonton  Compiler and coedi tor  of brochure ent i t led “The  Oak Kidge National 
Laboratory a n d  I1.s Scient i f ic  Act ivi t ies”  (published in 1964) 

L. D. Roberts  Chairman of t h e  Southeastern Section of t h e  American P h y s i c a l  Society 

(1963-64) 

Chairman of t h e  Fri tz  London Award Committee 

Member of Organizing Committee for “Ninth International Conference on 
Low Temperature  P h y s i c s ”  

G. R. Satchler  

P. A. S t a a t s  

P. H. Stelson 

Member of t h e  OKNT, Graduate Fel low Select ion P a n e l  

Review e r for Phy s i cn 1 R cvi  cw 

Member of Organizing Committee €or ‘‘C;ordon Research  C m f e r e n c e  on 

Nuclear  React ion Mechanisms” 

Fac-ulty Memhcr of F i s k  Infrared Spectroscopy Ins t i tu te  

Member of t h e  Nat ional  Academy of Sciences-Nat ional  Research  
Counci l  Subcommit tt.e on Nuclesr  Structure 

Member of the  Atomic Energy Commission Nuclear  Cross Sect ion Ad- 
visory Group 

K. I,. Vander Sluis  Member of the  Nat ional  Academy of Scienc:~7s--National Research  
Counci l  Committee on  L i n e  Spectra of t h e  Elements  

Kathar ine Way Chairman of t h e  Nat ional  Academy of Sciences-Nat ional  Research  
Counci l  Subcoininittee on the Techniques  for Distribution of 
Scient  i f  i c I ti f o mi a t ion 

Member of the  Subcoiiimittee on Nuclear  Data of the  International Union 
of P u r e  and AppliedL P h y s i c s  (Commission on Low-Eriergy Nuclear 
P h y s i c s )  

T. A. Welton Reviewer for Jourm?I of Applied Physics 
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H. B. Willard Member of the  Atomic Energy Commission Nuclear  Cross Section Ad- 
visory Group (until September 1964) 

Member of t h e  ORNL Graduate Fel low Select ion P a n e l  (former P a n e l  
Chairman) 

ACTIVITIES RELATED TO EDUCATIONAL INSTITUTIONS 

Research Par t ic ipants  

T h e  Resea rch  Par t ic ipa t ion  Program of t h e  Oak Ridge Ins t i tu te  of Nuclear  Studies  enab le s  s e l e c t e d  

university faculty members to par t ic ipa te  in  research ,  primarily during the  summer months, a t  s eve ra l  

major ins ta l la t ions  of the U.S. Atomic Energy Cornmission. T h e  Oak Ridge National Laboratory provides 

most of t h e s e  appointments;  some pro jec ts  are conducted a t  the  University of T e n n e s s e e  Agricultural 

Research Laboratory and a t  the  Oak Ridge Ins t i tu te  of Nuclear  S tudies .  In addition, appointments are 

now poss ib l e  at  t he  Puerto Kico Nuclear Center  and a t  t he  Savannah River Laboratory.  Of mutual benefit  

t o  t h e  participant and  to  the  laboratory where h e  car r ies  out h i s  work, t h i s  arrangement between the  

Oak Ridge Insti tute of Nuclear S tudies  and  laboratories in Oak Ridge h a s ,  s i n c e  i t s  inception in 1917, 

a l s o  been extremely important to the  progress  of nuclear  energy research and  development,  not only i n  

t he  South, but in  the  en t i re  nation. To da te ,  767 faculty members f rom 222 co l l eges  and univers i t ies  in 

45 s t a t e s ,  Puerto Rico, and  the  District  of Columbia have  engaged in research under th i s  program. 

In the  summer  of 1964, 57 Resea rch  Par t ic ipants ,  represent ing 38 co l l eges  and  univers i t ies  in  28 

s t a t e s ,  received appointments.  T h e  following G inves t iga tors  were engaged in  research wi th  the  P h y s i c s  

Division of t h e  Oak Ridge National Laboratory: G. T. Condo2 (Ass i s t an t  Professor ,  University of Ten-  

nes see ) ,  High Energy P h y s i c s  Group; R. T. Fo lk  (Associate  Professor ,  Lehigh University),  Theoret ical  

P h y s i c s  Group; W. E. Hunt (Ass i s t an t  P ro fes so r  and  Chairman, P h y s i c s  Department, David Lipscomb 

College), Charge Spectrometry Group; W. H. Newbolt (Instructor, Washington and  Lee University), LAow 

Teiilpeiature P h y s i c s  Group and the Mossbauer  Program; W. K. Robinson (Assoc ia t e  Professor ,  S t .  

Lawrence University), Mossbauer Program; a n d  W. W. SValker (Assis tant  Professor ,  University of Ala- 

bama), High Voltage Group and  P h y s i c s  of F i s s i o n  Group. 

Summer V is i tors  

Summer v is i tors  with the  Division in  1964 included: W. M. Bugg' (Assoc ia t e  Professor ,  University 

of Tennessee ) ,  High Energy P h y s i c s  Group; F. B. Mali k 3  (Senior Sc ien t i f ic  Officer, P a k i s t a n  Atomic 

' U n d e r  cont rac t  with the  U.S. Atomic Energy  Commiss ion .  

'Consultant t o  the  O R N L  P h y s i c s  Division. 

3 v .  ' l s i t i n g  Fe l low a t  Y a l e  University from fa l l  1961 t o  sp r ing  1967. 
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Ehergy Cornmission), Theore t ica l  P h y s i c s  Group; M. R e e v e s  I11 (graduate s tudent  and teaching a s s i s t a n t ,  

University of Tennessee) ,  High Voltage Group; and S. T. ‘I’hornton’b (graduate  s tudent  under AEC N u -  

c l e a r  Sc ience  and Engineering Fel lowship,  University of Tennessee) ,  High Voltage Group. 

P h y s i c s  Division s taff  members were p l e a s e d  also to  have had c l o s e  assoc ia t ion  and collaboration 

with invest igators  a s s i g n e d  t o  other  ORNL Divis ions during the  s u m m e r  months. T h e s e  included W. C. 

Marshall (Atomic Energy Research  Establ ishment ,  IIarwe11, England), M. A, Melvin (Professor, Florida 

S ta te  University) J. A.  NJheeler’ (Professor ,  Pr inceton University), and R. M. White (Ass is tan t  Professor, 

Baker  University). 

Summer Student Trainee Program 

T h e  Summer Student Tra inee  Program is adminis tered by the Oak Ridge Ins t i tu te  of Nuclear Studies in 

cooperation with the Oak Ridge National Laboratory under the  sponsorsh ip  of the U.S. Atomic Energy 

Commission. The  program offers temporary summer appointments, on a cotnpetitive b a s i s ,  to a limited 

number of s t u d e n t s  who have  completed their junior year  of co l lege  and who i t re  majoring in the s c i e n c e s .  

Primarily for s tudents  (c i t izens of the  United S ta tes )  from smal l  co l leges  in the southern region, th i s  

arra ngement affords s t u d e n t s  t h e  opportunity of wcrking in a full-time research laboratory during the 

s u m m e r  months and  s e r v e s  t o  encourage t h e m  to carry on graduate work af ter  f.hey have  a t ta ined  the 

bachelor  degree i n  s c i e n c e .  

In 1964, the s i x t h  year  of the Student Tra inee  Program, s tudents  with t h e  P h y s i c s  Division under 

t h e  a u s p i c e s  of t h i s  program were s e l e c t e d  froin 41 appl icants  whose majors were  e i ther  phys ics  or 

mathematics. T h e s e  included: Edith A. Adams (Oklahoma City University), T h e o r d i c a l  P h y s i c s  Group; 

A. C. Bolling (Pfeiffer  College), Spectroscopy Research  Croup; Sarah M. Farlovi (Asbury Colleg,cl), 

‘Thtwretical P h y s i c s  Group; D. W. Holland (Union University), High Energy P h y s i c s  Group; J .  C. Propes  

(Eas te rn  N e w  Mexico University), High Voltage Group; arid Wendy N. Torrance (Occidental  College), 

Neutron Diffraction Group. 

Cooperative Educat ion Program for  Undergraduate  Students 

Promising s tudents  in  s c i e n c e  and engineering, who have  completed a t  l e a s t  two quarters  of‘ under- 

graduate  s tudy ,  a r e  s e l e c t e d  t o  par t ic ipate  i n  t h e  Cooperat ive Educat ion Program of  t h e  Oak Ridge 

Nat ional  Lciboratory. St.udents a l te rna te  between equal  periods of time s p e n t  in  school  a t tendance  and 

in work a t  t h e  Laboratory. 

Now in i t s  13th year  a t  OKNL, t h e  Co-op Program cont inues to prove a highly s u c c e s s f u l  means 

both for  promoting the professional  development of s t u d e n t s  and for providing valuable  technical  as- 

s i s t a n c e  in  t h e  varied research programs a t  the  Latoratory. 

‘Now assigned t o  t h e  O R N L  P h y s i c s  Divixioii a s  a loanee. 

5 M e m b e r  of tile Advisory C o m m i t t e e  for the P h y s i c s  Div i s ion  and the Electronuclear Division of ORNL. 
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Eleven Co-op s tuden t s  were with the  P h y s i c s  Division during the  p a s t  year;  f ive were a s s i g n e d  to 

the  High Energv P h y s i c s  Group, th ree  to the  Theoret ical  P h y s i c s  Group, two to  the  High Voltage Group, 

and one  t o  t h e  P h y s i c s  of F i s s i o n  Group. E. R. Golston, Jr., of the  Georgia T h e s e  s tuden t s  included: 

Ins t i tu te  of Technology in  Atlanta.  Gco:gia; D. T. Olson" of the  University of Louisv i l le ,  Kentucky; 

M.  B. Johnson and M. Lynne McFadden of the  Virginia Polytechnic  Ins t i tu te  in Blacksburg, Virginia; 

U. J .  RurkholzG and  S. I,. Kramer of the  Drexel Ins t i tu te  of Technology in  Phi ladelphia ,  Pennsylvania;  

and  R.  G. Beidel,  D. N .  Mashburn, R. J .  Metzger, J .  K. Penland,  and  A .  Rebecca  Tyson of the  Uni- 

versity of T e n n e s s e e  in  Knoxville. 

Coopera t ive  Program i n  Graduate Educat ion Between ORNL and the U n i v e r s i t y  of T e n n e s s e e  
Supported b y  the Ford Foundation 

T h e  Ford Foundation grant to  the  University of T e n n e s s e e  now supports  24 ORNL s ta f f  members a s  

part-time faculty members in the  Departments of Chemistry,  iClathematics, P h y s i c s ,  Biological Sciences,  

Nu cl e a r En gin e e r i n g , E n gin ec r i n g Me c h a n i c s ,  C he  m i c a 1 En gin e e r i n g , a n d !,let 3 1 1 u r g i ca 1 En gin e e r i t i  g . 
T h e s e  joint appointments,  under AEC: approval,  al low t h e  participants to be  released from their  Labora- 

tory du t i e s  i n  order to spend  20% of their t ime a t  t he  University teaching cour ses ,  supervis ing t h e s e s ,  

consul t ing with s tuden t s  and other professors,  and participating in seminars ,  staff  meetings,  and exaini- 

nations.  P h y s i c s  Division staff  membcrs who have  continued in th i s  arrangement as Professors of 

P h y s i c s  include L. D. Roberts,  T. A. Kelton, and H. 13. Willard. 

Oak Ridge Graduate F e l l o w s h i p  Program 

There  were 23 new appl icat ions for predoctoral fe l lowships  during the  1964 calendar  year ,  of which 

At present ,  P a n e l  17 were recommended for fellowships by the  O R N L  Graduate Fel low Selection Pane l .  

members f r o m  the  P h y s i c s  Division a r e  G. K. Satchler and H. 9. Willard. 

T h e  current distribution of approved Oak Ridge Graduate Fe l lows  includes 14 phys ic i s t s  (A. D. 

MacKellar and  M. L. West I1 of the  P h y s i c s  Division), 1 chemists ,  5 b io logis t s ,  3 mathematicians,  3 nu- 

c l ea r  engineers ,  l e lec t r ica l  engineer,  and l chemical  engineer.  

A E C  Postdoctoral  Program 

At the  present  time there  a r e  eight AEC Postdoctoral  Fel lows a t  the  Laboratory,  including F. P. 

T h i s  program h a s  not grown a great dea l  in  the  p a s t  year,  b e c a u s e  of Gibson7 i n  t he  P h y s i c s  Division. 

budgetary restrictions.  

.. . -. ... 

' Te rmina ted  Co-op a s s  ignrneni during t h i s  period. 

'Ph.D in phys ics  f r o m  Massachusr t t s  Insti tute of Technology, 1903. 
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P h . D .  Thesis Research 

I h r i n g  ihe p a s t  year ,  20 P h y s i c s  Division s t a f f  members served  in a n  advisory or supervisory ca- 

pacity for t h e s i s  research  conducted by 18 Ph.D. candida tes ;  6 of t h e s e  candida tes  rece ived  the i r  

doc tora tes  and  1 completed t h e  required t h e s i s  research  i n  1964. Following i s  a l i s t i ng  of the  indi- 

v idua ls  concerned: 

Ph.D. Candidate 

Iiaytnond Carpenter 

13. R. Child8 

University of T e n n e s s e e  

University of T e n n e s s e e  

11. W. Fores te r ' " ' "  
University of  T e n n e s s e e  

M. V. Harlow'"" 
University of  T e x a s  

R. W. IIockenbury 
IZensselaer Poly technic  
Insti!ute 

r?. I,. KetneII" 
University of T c n n e s s e e  
(on l e a v e  from Col lege  of 
W i l l i a m  a n d  Mary) 

W. E. K i k m l o s l  
[Jniversity of T e n n e s s e e  

T. King 
Rensselaer Poly technic  
Ins  t it u t c  

A. 0. Macl<ellarlo 
Texas 14 and icI University 

J. 11. 11Iarable 

W. 'r. Milner 

University of TL wnessee 

University of T e n n e s s e e  

Sta f f Mern b er ( 5 )  

H. W. Morgan and  

E. 0. Wolian" and  
W. C. Koehler'  

I,. D. Roberts and  
F. E. Obenshain 

P. A. Staa t s  

R. L. Robinson and  
J.  L.  Fowler  

R. C. Block 

@. H. Johnson 

Ii. W. Schmitt 

K. c:. Rlock 

R. 1,. Becker  and  
T. A. Welton 

T. A.  Welton 

F. K. McGowan 

Field of Research 

High Resolu t ion  Infrared Spectroscopy 
of Tr i t ia ted  Molecules 

Magnetic Proper t ies  of Rare  Earth 
Al loys  

MGssbauer S tudies  of the  Ilyperfine 
Structure Spectra ot 57Fe in FeRh 
Al loys ,  u-Fe,O3, and  FeNII,(SO,), 
P21120 (see OKNL-370s) 

T h e  Yield of E la s t i ca l ly  Scattered 17  
to  2 1  MeV Neutrons from the Keaction 

2C(n,n)'  ' C  (see ORNL-3615) 

Neutron Cap tu re Measurements 

Neutron Capture  Cross Sec t ions  i n  
the Kilovolt Range  

Correlated Knergy and Timc-of- 
F l igh t  Measurements of F i s s ion  
Fragments  (see OKNL-3692) 

Neutron Capture  Measurements 

Rrueckner Theory for F in i te  Nuclei  

Nuclear 'Three-Body Problem 

Coulomb Exci ta t ion  with Heavy lotis 
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i<. R. M u i r ' " . "  
University of T e n n e s s e e  

C. W. Nestor,  J r .  

T. C. Oakherg" 

Vanderbil t  University 

University of Cincinnati  

S.  K. P e n n y  
University of T e n n e s s e e  

Gordon Soper' ' 

k3. J .  Walter' 

M. I , .  West 11'' 

U n i v e i s i t l  of T e n n e s s e e  

University of T e n n e s s e e  

University of Texas 

11. 0. Cohn 

G. R. Satchler 

P. M. Griffin 

G. R. Sa tch ler  

T. K. Fowler 

J. \Ii. T'. Dabbs and 
€1. h'. Schrnitt 

H. B. Willard and 
C. f 1 .  Johnson 

A Study of Hyperon Production by 430 
Me\J/c K -  Mesons i n  Ilelium ( see  
ORNL-3717) 

Theory of Nuclear  Structure 

Experimental  DFtermination of Atoinic 
'Transition Probabi l i t i es  Us ing  a 

D-C Arc Ij lasma J e t  

Theory of Nuclear  React ions 

S tudies  of the  Ion Cyclotron Reso- 
nance  Ins tab i l i ty  (see ORNL-3696) 

T h e  Kinet ics  of Thermal- and Reso- 
nance-Neutron-Induced F i s s i o n  

( n , p )  Differential  Scattering Cross  

Section 

Oak Ridge Res ident  Graduate Program o f  the  U n i v e r s i t y  of T e n n e s s e e  

During the  p a s t  year  three members of the  P h y s i c s  Division s ta f f  h a v e  been af f i l i a ted  with the  Oak 

Ridge Resident  Graduate Program of the  University of 'Tennessee - E. C. Campbell  as  Act ing Director, 

and R. L. Becker ,  E. C. Campbell ,  and  Vi'. C. Koehler* a s  lec turers  in  physics .  

There are at present  316 s tuden t s  enrolled in the  Oak Ridge Resident  Graduate Program, of which 27 

a r e  caildidates for the  Ph.D. degree in phys i c s  and  29 are candidates  for t he  Master 's  degree in  physics .  

Since the  Graduate Program of the  University began operation in  1947, about  one-half of the  66 Ph.D.'s 

granted in  phys i c s  have  been conferred on s tuden t s  enrolled i n  t he  Oak Ridge Res iden t  Graduate Program. 

Consul tants  Under  Subcontracj 

Staff members of univers i t ies ,  both in  the  United S ta t e s  and i n  Europe, who have  se rved  a s  con- 

su l t an t s  to  the  Division during the  p a s t  year a r e  l i s t ed  below. Numerous other consul tants  have  pre- 

s e n t e d  seminar  t a lks  and have worked in  collaboration with the  various P h y s i c s  groups during th i s  

period. 

M. Ba range r  Theore t i ca l  P h y s i c s  Group 

Carneg ie  Ins t i tu te  of Technology 

L. C. Uiedenharn, Jr. 

Duke Universitv 

Theore t i ca l  P h y s i c s  Group 

.__ ~...~ __ .... ~ ~~~ .... __ 

T h e s i s  r e sea rch  completed in 1963; now with Radiat ion Instrument Development  Xaboratory, Oak Ridge. 13 
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W. W. Bugg 

Universi ty  of T e n n e s s e e  

G. T. Condo 

Univers i ty  of T e n n e s s e e  

R. D. E d g e  

Universi ty  o f  South Carol ina 

.T. R. French  

Universi ty  of Roches te r  

J. H. Goldstein 

Emory Universi ty  

W. 6. IIol laday 

Vanderbi l t  Universi ty  

J. M. Jauch" 

Universi ty  o f  Geneva,  Geneva,  

Switzer land 

T. Laur i t scn14 

Cal i fornia  Ins t i tu te  of Technology 

K. W. L i d e  

Universi ty  of T e n n e s s e e  

J. B. Marion 

Universi ty  of Maryland 

S. A. bloszkowski  

Universi ty  of Cal i fornia  a t  

Los Angcles  

I I .  W. Newson 

Duke Universi ty  

A. €1. Nielsen  

Universi ty  of T e n n e s s e e  

W. T. P i n k s t o n  

Vanderhi It Universi ty  

W. T h i e l e 1 4  

Max-Planck Insti tut  fGr Chemic 

Mainz, Germany 

J. 0, Tliomson 

Universi ty  of T e n n e s s e e  

11, 13. F. w e g e n e r l 4  

Universi ty  of Erlangen 

Er langen ,  Germany 

R. Wildermuth 

Flor ida S t a t e  Universi ty  

.J. 13. Wise 

Washington and  Lee Universi ty  

High Energy P h y s i c s  Group 

High Energy P h y s i c s  Group 

High Voltage Group 

Thel>ret ical  P h y s i c s  Group 

Spec t roscopy R e s e a r c h  Group 

Theore t ica l  P h y s i c s  Group 

T h e o r e t i c a l  P h y s i c s  Group 

High Voltage Group 

P h y s i c s  of Fission Group 

L o w  Energy Neutron Time-of-Flight Spec t roscopy Group 

Tl ieoret ical  P h y s i c s  Group 

High Voltage Group 

Spec t roscopy R e s e a r c h  Group 

T h e o r e t i c a l  P h y s i c s  Group 

Nuclear  Data  Group 

Low Temperature  Group and  MGssbauer Progmm 

Mossbauer  Program 

P h y t i c s  of F i s s i o n  Group 

Spec: tr o s copy Res  e a  rch Group 

14Subcont rac t  c l o s e d  during 1964. 
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the  year:  

J. G m o c c h i o I 4  

University of R o r h e s t e r  

C, S. I I a n I 4  

University of Maryland 

R. Nutt” 

Un i v  e r s i t  y u f ?‘en n e  s s e e 

The  o re  t i c a 1 P h  y s i c s Gr ou p 

N u c l t a r  Data  Group 

High Voltage Group 

T r o v e l i n g  L e c t u r e  Program 

i h e  Travel ing Lecture  Program is conducted in  cooperation with the  Oak Ridge Ins t i tu te  of Nuclear 

Studies  a s  a part of the  U.S. Atomic Energy Commission’s program of encouraging the  disseminat ion of 

sc i en t i f i c  and technical  information to univers i t ies ,  particularly those  i n  the  South. Laboratory per- 

sonne l  present  in their l ec tures  unclassif ied information to university undergraduate a n d  graduate  

s tuden t s  and to  faculty members. T h e  lec tures  se rve  to  s t imula te  in tc res t  in  research in the university 

departiiients and a l s o  a s s i s t  the teaching s ta f f  in expanding the s c o p e  of instruction offered under the  

regular curricula.  Through such  personal con tac t s ,  ORNL s ta f f  members a re  a l s o  ab le  to  observe dc- 

partmental ac t iv i t i e s  a t  t he  univers i t ies .  During the  current academic yea r  (1964-65), 13 members of 

the  P h y s i c s  Division have  t o  d a t e  accep ted  inv i ta t ions  t o  present  24 lec tures  under th i s  program; a 

complete  l i s t i ng  of t h e s e  will appear  i n  the next annuaI report. 

L i s t ed  below arc 13 members of t h e  Division who participated in  the  Travel ing Lec tu re  Program 

during the  academic year  1963-63, present ing a total of 53 lec tures  at 45 different co l l eges  and uni- 

vers i t ies :  

J. V;. T. Dalihs 

K. T. K. Davies  

J .  L. Fowle r  

1.ouisiana S t a t e  University in  New Orleans ,  March 18, 1961 

l e x z s  A a n d  >l Uni\-ersity, March 20, 1963 

4’Xesonancc Neutron-Induced F i s s i o n  of Oriented Uranium Nuclei” 

Chr is t ian  Brothers College, Apri l  9, 1964 

“ C l a s s i c a l  Mechanics  with S p e c i a l  Emphas i s  on the  Hamiltonian 

Operator” 

University of Maryland, Apr i l  2 3 s  1964 

‘‘6yi11il1etry Proper t ies  of t h e  S-Matrix with Application to  Rcsonancc Keactions” 

University of Miami, Februa ry  27,  1964 

6 6 E l a s t i c  Keutron Sca t te r ing  a n d  Nuclear  Structure” 

On l e a v e  f r o m  the O K N L  Instrumentation a n d  Cont ro ls  Divis ion.  1 s  
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J. H. G ~ b b o n s  

P. M. Griffin 

C. H. Johnson 

1-1. J. Kim 

F. K. ,McGowan 

P. D. M1!lc.r 

H. W. Morgan 

L. D. Rober t s  

13. M;. Sclittiitt 

Berea Col lege ,  February 27, 1964 

“’Big T h i n g s  from Li t t le  P a c k a g e s ”  

Clemson Col lege ,  November 12,  1963 

Universi ty  o f  Chattanooga,  December 2, 1963 

Universi ty  of  Kentucky,  December 6, 1963 

Universi ty  of Cincinnat i ,  Deceniber 7, 1 !I63 

Virginia Polytechri ic  Ins t i tu te ,  February 11, 1964 
Davidson  College,  April 14, 1964 

Pfeiffer  Col lege ,  Apri l  15, 1964 

“An Introdnction to  the Opt ica l  Maser, wi th  Demonstrat ions” 

Cathol ic  Universi ty  o l  America, January 10,  1964 

Univcrs i ty  of Kentucky, J.;rnuary 24# 1964 

North Carol ina S t a t e  Col lege,  February  17 ,  1964 

“On Recoi l  Experiments and  the Neutrino’s Hel ic i ty” 

C a s e  Ins t i tu te  of Teclin<jlogy, November 19, 1963 

“Experimental  Observat ion of F luc tua t ions  in Nuclear  C r o s s  S e c t i o n s ”  

Universi ty  of Alabama,  January 16, 1964 

Universi ty  o f  Kentucky,  Ft>tmiary 14, 1964 

“A Review of R e c e n t  Coulomb Exci ta t ion  Resul t s”  

RoailiJke Col lege ,  October  18, 1963 
Virginia  Poly technic  hs t , . tu te ,  Novciiit;er 19, 1.963 

“Neutron Time-of-F’liglii Work a t  ORNI,” 

Bethany C~Jlege., Noveml-jer 21, 1963 

“History of Nuclear  Physics” 

Universi ty  of Maryland, May 7, 1964 

‘“The Role of  a SmaII Computet. it1 a Nuclear  P h y s i c s  Laboratory” 

Flor ida  State Universi ty ,  Eecember 1 2 ,  1963 

Louis iana  S ta te  Universi ty ,  Decernber 13, 1563 

Universi ty  o f  Southwestern Louis iana ,  Ee\ceinber 16, 1963 

lularie Universi ty ,  March 16, 1964 

Loyola  University, March 17, 1964 

Glenvi l lo  S t a t e  Col lege ,  Apri l  20, 1964 

’Bt-tliany Col lege ,  Apri l  22, 1964 

John Carrol l  Universi ty ,  Apri l  24, 1964 

,. 

“An Introduction to  the Opt ica l  Maser, with Dernonstrnt i r~ns” 

Carnegie Ins t i tu te  o f  Technolagy, December 2, 1963 

Western Reserve  I lnivcrs j ty ,  December 4, 1963 

“A Correlat ion of the MGssbauer I sonr r r  Shift with the R e s i d u a l  E l e c t r i c a l  

Re:;istance f o r  Gold Al loys”  

Rice  Universi ty ,  February 26, 1964 

Texas A a n d  M l inivers i tv ,  February 27, 1964 

LJniversity of Virginia, March 20, 19tj4 

66Solid S t a t e  and Nuclear  R e s u l t s  f rom a M&sbauer-Typr  SIudy of 197Au‘2 

Georgia Ins t i tu te  of Technology,  February 20, 1964 

Wi:stern Carol ina College,  Apri l  20, 1964 

“Kine t ics  of  t h e -  F i s s i o n  P r o c e s s ”  
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K. L. Vander  S l u i s  

G. K. Vjerner 

University of Miami, February 17,  1964 

T u s k e g e e  Inst i tute ,  February 19, 1 9 6 1  

University of Alal-iania, February 20, 1964 

L o u i s i a n a  S ta te  Universi ty ,  February 25, 1964 

Sam IIouston Sta te  College,  February 2 7 ,  1961 

University of Arkansas ,  Fvbruary 28 ,  1964 

I lamlinc Universi ty ,  Apri l  6, 1964 

Luther  Col lege ,  Apri l  8, 1964 

St.  Ola l  Col lege ,  A p r i l  7, 1964 

University of N o t r e  D a n e ,  Apri l  10, 1964 

“An Jntroduct ion to  the  Optical  Maser, with  Dernonstrations’’ 

Uni\-crsity of Oklahornh,  October  29,  1963 

University of D a l l a s ,  October 25, 1963 

Phi l l ips  Universi ty ,  October 28,  1963 

Univeisit)- of Kebraska ,  October 31,  1963 

Introduction t o  t he  Opt ica l  L a s e r ,  with Demonstrations of the G a s  I>asei-”  6‘ 

V i s i t i n g  Sc ient is ts  Program i n  P h y s i c s  - Colleges 

T h e  Vis i t ing  Sc ien t i s t s  Program in P h y s i c s  -.- Colleges,  now in i ts  eighth year ,  i s  sponsored jointly 

by the American Associat ion of P h y s i c s  Teache r s  and t h e  American Ins t i tu te  of P h y s i c s  under gran ts  

f rom t h e  National Science Foundation. T h e  Program h a s  the  following objec t ives :  (1) to  s t imulate  

interest  in  phys i c s  among undergraduates in  co l l eges  and univars i t ies  through v i s i t s  by lend-rs in 

phys i c s  research ,  (2) to  provide opportunities for phys i c s  s ta f f  members of the  v is i ted  ins t i tu t ions  to  

d i s c u s s  their research and teaching problems with the  v is i t ing  phys ic i s t s ,  and (3) to  acquaint  other 

inembers of t he  academic community and the  public with recent developments in  physics .  F;mphasis i s  

placed on v i s i t s  to the  smaller  col leges  and  univers i t ies .  Two P h y s i c s  Division s ta f f  members lcctured 

under t h i s  prograin during the  pas t  year: 

R. c. E13ck 

T,. D. Roberts 

West Virginia Universi ty ,  March 19: 1964 

“ P h y s i c s  R e s e a r c h  a t  a National Labora to ry”  

St. Laxvrence University 

‘ Nu c le a r A 11 jin m en t ’ ’ 
“ T h e  M6ssbaui.r Eifect” 

U n i v e r s i t y  Seminars 

In addition to lec tures  piesented under the  Travel ing Lec tu re  Program and t h e  Vis i t ing  Sc ien t i s t s  

Program in P h y s i c s ,  and to  t a lks  given a t  s c i en t i f i c  meetings and conferences,  Divisional s ta f f  members 

rece ive  numerous requests  from univers i t ies  a n d  co l l eges  for  seminar  ta lks .  Seventeen s u c h  invitations 

were accep t2d  f r o m  15 different educat ional  ins t i tu t ions  during th i s  report pei-iod: 
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J. L. Fowler  

T. K. Fowler  

P. M. Griffin 

J. A. Harvey 

IJniversity of Auckland,  Few Zealand ,  .January 30, 1964 

‘“Elas t ic  Neutron Sca t te r ing  a n d  Phase Shif t  Analys is”  

Pr ince ton  Universi ty ,  Decerrlber 2, 1964 

“Bounds on Anomalous Diffusion” 

Antioch College,  March 1 3 ,  1964 

“Introduction to the  Optical  Maser, with Demonstrat ions” 

R e n s s e l a e r  Po1ytei:hnii: Ins t i tu te ,  October 28, 1964 

Universi ty  of Sas1tatchew:~n. Canada ,  July 14, 1‘464 

Ncutron Spectroscopy,  Capture  Gamma R a y  Spectra  from Neuiron Captiire, 

and  Resonant  Gamma R a y  Absorpt ion” 

L6 

W. C. Koehler’‘ Uni.Jersity of P i t t sburgh ,  Ju ly  1S,  1964 

“‘P/lagrietic S t ruc tures  of Rare  Ear th  Metals and A l h y s ”  

13. Maier-Leibnitz’ Rensselaer Poly technic  I , i s t i tu te ,  February 20, 1961 
“Some Work 011 F i s s i o n  TJsing Therma1 Neu t rons9 ’  

H. W. Morgan Loyola  Universi tv ,  March 14, 1954 

Louis iana  S ta te  [Jniversity, March 14, 1964 

Davidson Col lege ,  May 7, 1‘364 

“An Introduction to  the Opt ica l  Maser, with Demonstrat ions” 

R. L. Robinson Vanderbi l t  Universi ty ,  May 15, 1964 

Coulomb Exci ta t ion  of Medium Weight Even-Odd Nucle i”  4 ‘  

G. K. Sa tch ler  

P. 11. Ste lson  

’r. Taniura 

Universi ty  of Michisan,  October  2 9  and  November 2 .  1964 

“Opt ica l  Model of t h e  Nucleus”  

“ R e c e n t  S tudies  o f  Dirt-ct Nuclear  Reactions” 

Michigan Sta te  Universi ty ,  November 4, 196-1 
“Opt ica l  Model of  the  Nucleus”  

Universi ty  of  Roches te r ,  November 19, 1964 

“ E s c i t a t i o n  of C:ollecti.;e Motions by Coulomb Exci ta t ion  and Direc t  Inter- 

a c t  ions ’’ 
Ins t i tu te  for Nuclear  Research, Dubna, U.S.S.R., December 17-23, 1963 

Ins t i tu te  fo r  Theoretical P h y s i c s ,  Copenhagen,  Denmark, December 2G, 1964 

“ A n a l y s e s  of the  Sca t te r ing  of Nuclear  P a r t i c l e s  by Col lec t ive  Nucle i  i n  

Terms of the  Cougled-Channel  Calcu la t ion”  

ORINS-ORNL Summer I n s t i t u t e  

A Summer Inst i tute  i n  Modern P h y s i c s  for phys ics  teachers  from smal l  colleges w a s  held in Oak 

Ridge June  1 5  through August 7, 1964. ’This w a s  the fourth s u c h  Ins t i tu te  conducted by the Oak Ridge 

Inst i tute  of Nuclear  Studies  i n  cooperat ion with t h e  Oak Ridge Nat ional  Laboratory and  sponsored  by 

the  U.S. Atomic Energy Commission. A s  in  p a s t  years ,  the Inst i tute  was designed primarily t o  give 

par t ic ipants  an opportunity to review modern phys ics ,  acqui re  a n  understanding of current developments, 

become famil iar  with new equipment, and gain greeter  insight  into the tlevelopment of co l lege  courses  in 

the f ie lds  of the i r  in te res t s .  

NOW wi th  ORNT, Sol id  State Division. 16  

17Temporary ass ignment  to  t h e  ORNL Directors  Div is ion .  
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Attendance a t  t he  S u m i e r  Ins t i tu te  w a s  restricted to 20 co l lege  phys ic s  t eache r s  f r o m  a s  many 

co l leges .  T h e  scheduled progran w a s  geared t o  adhcra to normal academic  work loads ;  the major portion 

of the  formally schedu led  t ime was used  for c lassroom lec tures ,  laboratory a s s ignmen t s ,  and v i s i t s  to 

Oak Ridge laboratories.  Additional unscheduled t ime w a s  provided for group d i scuss ions ,  library work, 

individiial s tudy ,  and at tendance a t  l ec tures  and d i scuss ions  given by dis t inguished v is i t ing  sc i en t i s t s .  

Included among the  lecturers during the  eight-week Ins t i tu te  were four P h y s i c s  Division s ta f f  mcm- 

bers .  F i f teen  lec tures  were presented by J .  L .  Fowler on “Nuclear  P h y s i c s ” ;  K. L. Becker  presented 

two l ec tu res  on “Theory of Beta  Decay” and three lec tures  on “Pa r t i c l e s  of P h y s i c s ” ;  and  P.  M. 

Griffin and  \V. C. KoehierI6 lectured, respec t ive ly ,  on “Lasers” and “Neutron Diffraction. ” 

Demonstrations and  toiirs conducted by members of the  Division were a s  follows: 

L. D. Roberts  

11. E. Willard 

J. A. Hari t .7  

Mosshauer  Experiment  a t  ORNL 

T o u r  of the IIigh Voltage 1,aboratory 

Neutron Chopper  and the Oak R i d e r  Research  Reac to r  

~ R l N S  Conference  on “Science a n d  Conternporory Socia l  P r o b l e m s D 9  

T h e  Oak Ridge Ins t i tu te  of Nuclear Studies  sponsored R Conference on “Science and  Contemporary 

Socia l  Problerlls,” which w a s  held in  Oak Ridge, June  15 through July 15, 1964. T h e  Oak Ridge Na- 

t ional Laboratory cooperated with ORINS i n  t h i s  venture with regular participation by five Laboratory 

staff members and informal d i scuss ions  between other s ta f f  members and conference participants.  J . H. 

Gibbons,  of t he  P h y s i c s  Division’s High Voltage Group, spoke  on two topics  - “Accelerators:  Their  

Development and Purpose” and “Low Energy Research a t  ORNL: Kinds of Problems Deal t  With; Kinds 

of Quest ions Asked; Ways of Finding Answers.” 

T h e  Conference was  at tended by 25 participants,  most of whoLn hold academic  pos i t ions ,  and w a s  

b a s e d  on t h ree  themes: (1) charac te r i s t ics  of the  sc ien t i f ic  ac t iv i ty ,  e spec ia l ly  a s  exemplified by 

OIINL; (2) t he  s o c i a l  a s p e c t s  of s c i e n c e  and s c i e n t i s t s ,  and their  consequence  for modern soc ie ty ;  a n d  

(3) se l ec t ed  soc ia l  and  in te l lec tua l  problems in  contemporary soc ie ty ,  sharpened by the  impact of s c i e n c e  

and technology. 

8WNL PHYSICS SEMINARS 

Divisional seminars  are normally held a t  t he  Laboratory e a c h  Firday a t  3:15 p h ? ;  for t op ic s  of e spe -  

cial t ime l ines s  or in te res t  additional t a lks  are frequently scheduled.  K. L. Becke r  assumed the  dut ies  

of seminar  chairman in  July 1961, replacing 11. 0. Cohn, who served as  seminar  chairman the  preceding 

two years .  Lectures  presented during calendar  year  1964 are l i s ted  below: 

January 10  Evere t t  Ful ler ,  Na t iona l  Bureau of S t a n d a r d s  

“Nuclear  Photoeffect  in Deformed Nuclei”  

January 13 P. F. M. b’ettweis, Cen t r e  ri’Etude de  I’Encrgie  N u c l g a i r c ,  Mol, B e l g i u m  

“Conversion E lec t rons  f r o m  Nuclear  S t a t e s  of Indium Exc i t ed  by  ( p , n )  React ions”  



January 17 

January J 1  

February 3 

February 1 4  

February 25  

March 6 

March 13 

March 2 0  

April 3 

Apri l  7 

April 10 

April 16 

Apri l  24  

May 1 

May 6 

May 8 

May 1 5  

hlay 2 0  

May 22 

June 4 

June 1 2  

June  19 

Eugene  Guth, O R N L  

“Exci ta t ion  of Nucle i  by X-Rays and  Elec t rons”  

Roy Middleton. Universi ty  of Pennsylvania  

“Some E x p c r i m e n t s  with t h e  Aldermaston Multianyle Spectrograph” 

F. P. Gibson,  ORINS-ORNL 

“Effec t  of Fini te-Range n-p  P o t e n t i a l  i n  Coulomb Str ipping Reac t ions”  

N. Maier-Leibnita, Director, Laboratorium f i r  T e c h n i s c h e  P h y s i k  d e r  T e c h n i s c h e n  

Hochschule ,  Miinchen, Germany 

“ D e t a i k i i  Trivestigation of t h e  F i s s i o n  P r n c e s s  IJsing Slow Neut rons”  

Michel Earanger ,  Carnegie  Ins t i tu te  of Technology 

“Kuclear  Deformations in the  P a i r i n g  p lus  Quadrupole  Model” 

Anton Peterlin, Camille Dieyfuss  Laboratory,  R e s e a r c h  Tr iangle  Ins t i tu te  

“NbW a n d  Elec t ron  Microscope Inves t iga t ions  of Drawn Polyriirrs” 

Kathar ine Way, ORNL 

6cNucleicir Sys temat ics  a n d  Sc ien t i f ic  Information” 

L. K. B. Elton, B a t t e r s e a  Col lege  of Technology,  London,  England  

“Rota t iona l  S t a t e s  in  Light  Nuclei”  

Yuval Ne’enian, Cal i fornia  Ins t i tu te  of Technology 

“The  Eight -Fold  Way and t h e  Omega M h u s ”  

Y. Yoshiaawa, Osaka  IJniversity, .Japan, and  Indiana Universi ty  

“Coulomb Exci ta t ion  o f  Some Deformed Nucle i”  

J. vi. T. D a t h s ,  ORNL, 

“Gravi ta t iona l  Acce lera t ion  o f  F r e e  Neutrons” 

Juergen Hehcrle, Argonne Nat ionnI  Laboratory 

omant of the 26.8 keV Sta te  of Iodine-129 Measured with the  

Aid  of Superconduct ing Magnets”  

A. €1. Snell  and T. IC. Fowler ,  O R N L  

“Thermonuclear  R e s e a r c h  in the IJ.S.5.R.” 

P. Swan,  R i c e  Univers i ty  

6 r M e t h ~ d  for Deducing  P o t e n t i a l s  from P h a s e  Shi f t s”  

Y. A. Rocher ,  Universi ty  of P a r i s ,  F i a n c e  

Resmance  E f f e c t s  in Rare  Ear th  Metals”  6‘ 

Hans Frauenfelder ,  Universi ty  of I l l inois  

‘ 6 ~ ; j s ~ h a u e r  Effect” 

C. F. Coleman, Atomic- Energy R e s e a r c h  Es tab l i shment ,  Harwell ,  England  

Experiments  Us ing  the Ruthnrford Laboratory 51-MeV Pro ton  Linac’’ <s 

L. C. Hiedenham, Duke Universi ty  

“Operator  Siructures  i n  the Unitary Groups” 

1’. A rinbnis te  r ,  Kemf o r s  c hun  gsa n le get J?Il i c h, Germany 

“‘Measurement of t h e  Mean Primary Charge for a 3 5 U  Fis s ion  Fragments” 

J. W. Reams,  Universi ty  of VirEinia 

‘%Some U s e s  o f  C o n s t a n t  Speed  Rota t ion”  

R. C. Block, O K N L  

“Research  wi th  the 30-MeV Elec t ron  L.inac a i  Ha1 wel l”  

0. 1). Clayton,  R i c e  Universi ty  

Current  E v e n t s  and  Developmenis  in  Cosmology” I‘ 



June  3 0  

July 2 

July- 7 

July 9 

July 10 

July 17  

July 2 3  

July 2 3  

July 30  

July 31 

August  6 

August  14  

August  21 

August  2 5  

August  2 5  

August  27 

September  3 

September  11 

Septei,iber 1 8  

S e  p t e t:i b e  r 2 5 

October  2 

Y. H a m a w c h i ,  Japan  Atortric Energy  Research  Ins t i tu te  

“Neutron Diffraction Study of Cr-Dilute Alloys” 

.J. A. Wheeler, P r ince ton  Universi ty  

“ Gra v i  ta t i ona 1 Contra c t ion a n d  Ba rj-on Con se rva t ion ” 

J .  L. ~ e e h q - , ’  Cnivers i t j ,  of I l l ino is  

“A Comparison of Propagator  Methods and  Band Structure  Ca lcu la t ions”  

Martin B l u m e , ’  Brookhaven Nat ional  Laboratory 

“Relaxat ion Problems in  thc MGssbauer E i f ec t ”  

K. !I. Bhat t ,  O R N L  

“Nuclear  Spectroscopy of the I so topes  of Nh, Mo, a n d  Tc” 

Joseph  Ford,  Georgia Ins t i tute of Technology 

“ T h e  Ubiquitous Non-Linear Osci l la tor”  

M. A. M e l v i n , ’  Flor ida S ta t e  Universi ty  

“Introduction to  General  Relativity:  I. T h e  Magnetic Universe” 

Sven Wahlborn, L o s  Alamos Scient i f ic  Laboratory 

Pari ty  Impurit ies in  Kuclear  S t a t e s ”  

M. A. ?Jelvin,’ Flor ida S ta t e  Universi ty  

“ 

‘C Introduction to  General  Relativity-: 11. E1ectrorriag:netism in General  

Space t imes” 

Marvin Abraham, ORNI. 

“Electron Spin Resonance  on Rare  Ea r th  Ions in T h o , ”  

A. I s ihar i , ’  Brooklyn Po ly techn ic  Ins t i tu te  

“ P a i r  Correlat ion Funct ion of a Many-Body System” 

Shiro Yoshida,  O s a k a  Universi ty ,  Japan  

“Nuclear  Spectroscopy of Deformed Nuclei”  

H. Ikegan i ,  Tokyo Inst i tute  of Technology, Japan  

“Capture  Gamma Ray Spectroscopy a n d  the Cap tu re  hlechanisr:i” 

R. D. Edge ,  Yale  University 

“Electrodis integrat ion in the Region U p  t u  100 MeV” 

S. Moszkowski,’ Universi ty  of Cal i fornia  a t  L o s  Angeles  

‘<Nuclear  Many Body Theory*’  

M. A. Melvin,’ Florida S ta t e  Universi ty  

“Introduction t o  General  Relativity:  111. Time,  Length,  L igh t  Veloci ty  a n d  

Ked Shift  in Curved Space t imes”  

41. A. Melvin,’ Flor ida S ta t e  Universi ty  

“Introduction to  General  Relat ivi ty:  IV. Energy and  Stabi l i ty  of a Universe” 

R. R. Muir, ORNL 

“ T h e  Interact ions of 3 3 0  M e V / c  K~- -Mcsons  in Helium” 

A, Chetham-Strode, ORNL 

b6‘i%e Transuranic  Program a t  ORNL” 

J. M. Kowell, Bell Te lephone  Laborator ies  

“Tunnel ing  in Superconductors”  

F. K. McGowan, O R N L  

“Coulomb Exci ta t ion of Vibrational S ta tes”  
..~ ........ 

~ 

'presented as  part of a S F c i a l  Theoret ical  Seminar Se r i e s  coordinated by R. I.. Hccker. 
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October  9 

October  2 3  

October  30 

November 3 

N ovembe r 1 3 

November 20 

December 4 

December 11 

De c ernb  t? r 1 1 

December 14 

De icmbc r 1 8 

P. R. Bell ,  ORNL 

“ D i s c u s s i o n  of Pictures from ‘Ranger-7 Moon Shot” 

W. M. Good, ORNL 

“Neutron P h y s i c s  in  the Kilovol t  Region” 

R. J. F o x  a n d  R u s s e l l  Robinson,  ORNI, 

“Fabr ica t ion  and  U s e  of Lithium-Drifted Germanium Gamma-Ray Detec tors”  

Marcos Moshinsky, Universi ty  of Mexico 

Group Theory and  Nuclear  Structure” ‘ b  

F. A. W e d w o o d ,  Massachuse t tx  Ins t i tu te  of Technology 

“ A  Theory of Spiral  Spin S t ruc tures”  

Sheldon Datz, ORNL 

“Molecula r Beam Sca  tterixig” 

P e t e r  Fong,  Utica Co l l ege  of S y r a c u s e  Universi ty  

“Sta t i s t ica l  Theory of Nuclear  F i s s i o n ”  

R. D. Birkhoff, ORNL 

Experiments  a n d  Theory  on the Elec t ron  Slowing Dowll Flux” L b  

D. W. Colvin,  Neutron Compilation Centre ,  Sac lay ,  F r a n c e  

“The ENEA Neutron Compi la t ion  Center  a t  Sac lay”  

J. B. French ,  Universi ty  of Rocslester 

“”l\iultipnle Sum R u l e s  in  Nucleon  Transfer  R e a c t j o n s ”  

C. M. Jones,  ORNI, 

“Nuclear  Reac t ions  Leading  to Three Par(jc1es’’ 
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