
3 4456 0443272 7 



Printed in  the l l n i t ed  States of America. Available f r o m  
National Technical In format ion Service 

U S .  Department of Commerce 
5285 Port Royal Road, Springfield, Virginia 22151 

Price: Printed Copy $3.00; Microfiche $0.95 

This report was prepared as an account o f  work  sponsored b y  the Uni ted 
States Government. Neither the United States nor  the United States Atomic 
Energy Commission, nor any of their employees, nor any of their contractors, 
subcontractors, o r  their employees, makes any wacranty. express o r  implied, o r  
assumes any legal liability or responsibility f o r  the accuracy, completeness or 

usefulness of any information, apparatus, product  o r  process disclosed, or 
represents that i t s  use would no t  infringe privately owned rights. 

-. .. .. . . .......... . . . . . . . . . .- ....I_.- 



O R N  L-4844 
UC-34-Physics 

Contract No. W-7405-eng-26 

PHYSICS DIVISION 

A N N U A L  PROGRESS REPORT 

For Period Ending December 31, 1972 

J. L. Fowler, Director 
G .  R .  Satchler, Associate Director 
P. H. Stelson, Associate Director 

Felix E. Obenshain, Editor 

APRIL 1973 

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee 37830 

operated by 
UNION CARBIDE CORPORATION 

for the 
US.  ATOMIC ENERGY COMMISSION 

3 4456 0443272 7 



Repoi i s  previously issued in this scctioii are as follows: 

ORA L-27 1 8 
OKh L-29 10 
0 Kk' 1,- 30 8 5 
ORNL-3265 
OKNL-3425 
O K N l  -3582 
ORNL-3778 
ORNL-3924 
OKNL-4082 
0 RNL-4230 
OKNL 4395 
OMNI,-45 13 
OKN J.-dh59 
ORSL-4743 

Pel-iod Endin!: March I O ,  1959 
Period Ending February I O ,  1960 
Period Ending February 10, 1961 
Period Ending February I O ,  1962 
Period Ending January 3 1 ,  1963 
Period Ending January 3 1 ,  1964 
Period Ending December 3 1, 1964 
Period Ending December 3 1 ,  1965 
Feiiod Ending December 3 I .  1966 
Period Ending December 3 1, 1967 
Period Ending December 3 I, 1968 
Period Ending Decembei- 31, 1969 
Period hiding December 3 1,  1970 
Period hiding December 3 1,  197 1 



Contents and Summary 

FOREWORD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  xxiii 

hlON’THLY REPORTS OF ‘THE PHYSICS DIVISION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1 .  THEORY 
NUCLEON ‘TRANSFER FORM FACTORS CALCULATED WITH REALISTIC INTERACTIONS 
Y. K. So, W. T. Pinkston, and K. T. R. Davies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of paper to be published in Particles (e Nzdei .  

HIGHER-ORDER CORRECTION 0 BRUECKNEK-MARTR~E-POCK BlNDiNG ENERGf ES 
AND KADIl 
K .  7’. R. Davies, I<. J. McCarthy, and P. IJ. Sauer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of paper to he published in Physicd Review. 

RENORMALIZED BRUECKNER-I1ARTREE-T;OCK CALCULATIONS USING DIFFERENT 
PRFSCRIPTIONS FOR 1‘HE INTERMEDIATE-STATE SPECTRIJM 
K. 7‘. R. Davies, I<. J .  McCarttiy, and P. U. Sauer ........................ . . . . . . . . . . . . . . . .  

Abstract of published paper: Phys. Rev. C6, 1461 (1 972). 

IIAKTREE-POCK CALCULATIONS OF BURBLE NUCLEI 
K. T. R. Davies, C. Y.  Wong, and S. J. Krieger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of  puhlished paper: Phys. Letf. 41 B,  455 (1972). 

TME RENORMALIZED HKUECKNER-HAKTREE-FC)CK APPROXIMATION 
Richard L. Becker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of paper to he published in the proceedings of Symposiurn on  Present Status and Novel Developments in the 
hfany-Hody Problem, Rome, Italy, Sept. 19- 23, 1972. (Proceedings to be published in IlNifovo Ci?nento. j 

INFORMED BRUECKNER-HARTRI’,E-POC:K CALCULATIONS 
W. F. Ford, R. C. Braky, R. L.. Becker, and M. R. Patterson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract o f  paper to  he published in the proceedings of Symposium on Present Status and Novel Development.; in the 
Many-Hody Problem, Rome, Italy, Sepi. 19 -21, 1972. (Proceedings to be published in I1 Niiovo Ci?nenfo.) 

RENORMALIZED FOLDED DIAGRAM EXPANSION FOR THE NUCLEAR GROUND STATE 
Richard L. Becker, Robert W. Jones, and F’ranz Mohling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The extension of our earlier folded diagram cxpansiori in the bare interaction to onc in the Brucckner rcaction matrix tias 
been obtained. It includes the factorization of a renormalized Krueckner-~(artree-t;‘ock potential energy for “particle” states. 

PREDICTED INTERMEDIATE STRUCTURE IN HIGH-RESOLUTION DEEP-HOLE SPECTRA 
Richard L. Becker . . . .  . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . .  

The admixture into a deep single-hole state of 2 holc-1 particle slates nearly degenerate with it is shown to givc rise to an 
intermediate structure in quasi-frec knockout OJ pickup spectra. Detailed Brueckner theoretical calculatjons are presented for a 
0s hole in ‘6c). Higher-resolution @,2pj data are urged. 

I 

I 

7 

8 

8 

8 

8 

9 

10 

... 
111 



i v  

BiPLJECKNERIIATION Of: ' T M 5  BKANDOW SERIES WTH A NEW PRCQA~ATOR-WENOKMALIZED 
REACI'ION MATRIX 
RichardL.Becker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Introduction of a propagat(,r-renormalized reaction operator B ( w )  yield? an expansion in B which possesw ilic stationary 
properties of Brandow's scries in the bare inlelac'lion. 

TARGET EXCIT,4TIONS AND l H E  OPTECAL POTENTIAL PCK PR@'i'ONS SCATTERING PROM NUCLeI 
C. L. kro. M. Reeves 111. and G. R. Satchlei . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . .  

Abstract of papcr submitted for publication in ;VLic!eur Physics. 

EXC!-lANGE EFFEi-b'S ON THE EXCSTATION OF "Ne BY PROTONS 
G. K.  Satchler . . . . .  . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of p;lper to be published in Particles & Nuclei. 

IN'TERFEKENCE NEAR T!IE COUEQMR BAR-RIER ANQ COMPLEX lNTERACTIONS FOR 
INELASTIC SCRrIERING 
G.R.Satchler . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract o f  published paper: Phyr Lett. 3BC. 392 (1972). 

THE FOLDING AND r) POK INELASTIC SCATTERIN<: 
G.R.Satchler . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Absliai-t of published paper: Ph~vr. Lett. 39B, 495 (1972). 

RADIAL MOMENI'S Ob' FOLDING INTEGRALS POX NONSPHERICAL DISTRlSIJTIONS 
G.K.Satchler . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of pubhished p p e r :  J. Muth. Phys. 13, 11 18 ( I  972). 

'TIK OPTICAL MODEL 
<;. K. Satchler and I,'.  G. Perey . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

.4bstract o f  papcr to be publ ish4 in the proceedings of Conference on  Nuclear Structure Study with Neutrons; Budapest, 
Iliingary, July 31-August 5, 1972. 

EXCLTAI'ION OF GIANT MONOPaEE RESONANCES BY PROTON SCATTERING 
G.R.Satchlcr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of paper to be publislicd in Particla PU Nuclei. 

NUCLEAR GIANT RESONA E CHAKCES, AND SUCH-LIKE 
G. K .  Satchler . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of p ~ p w  subinitted for publicailon in Confnimts on Nuclear & Pavticfe Physics. 

EXCiTATilON OF GIANT DIP3LE ANI) GiANT QUADRUPOLE STKFES IN NUCLEI 
G.R.Satchler . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of published paper: Nucl. Ph'hys. A195, 1 (1972). 

EFFECTIVE HA3f:L I ONBANS FOR TRUNC4l'ED SHELL MODELS 
B.  R. Barrett, E. C. Nilbeit, and J .  B. McGrory . . . . . . . . . . . . . . . . . . . . .  . . . . . . . .  . . . . . . . . . .  

Several methods for determining appropriate effective Hamiltonians to be used in truncated shcll-model calculations are 
discussed. In particular, we discuss the determination of an effective 5amiItonian which will reproduce iil the d 5 p , , ~ 1 p  
two-orbit sp;icc the re:;ults of a calculation with a given (1 + 2)-body Hamiltonian in the d 5 p . s 1 p ~ d 3 / 2  three-orbit spacc. 

A PROGRAM FOR EXTENDED 'M<AK-COUPLANG CALCUCA'IIONS 
L. B. Hubbard and J .  3.  McGrory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

A computer program for making shell-model calculations in a basis of states formed from coupling of eigenstates in 
inequivalent spaces is describcd. 

SilELL-h4ODEk CALCULATIONS OF NUCLEI IN THE 208Pb REGION 
J.  H .  McCrory, C. M. KO, and r. T. S. Kuo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . .  

Shell-model calculations for zlO-zlzPb, 204.-206fi, 21cPo, 2 1  'At,  and '" Rn have been carrkd out .  In general, results 
are in excelleiit agreement with expeiiment. 

17 

18 

18 

18 

19 

19 

19 

19 

19 

20 

20 

21 

22 



V 

COULOMB ENERGY DWPERENCES IN s-~-SHILLL NUCLEI 1N ‘TIE CONVENTIONAL SHELL MODEL 
5.H.McGrory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Coulornb eriergy difierences for isobaric multiplets in A = 19, 20, and 21 nuclei have been calculated in terms of ii 

conventional shell-model calculation in a neutronproton formalism. 

ALPHA-PARTICLE SPECTROSCOPlC AiMPLITUDES AND THE SU(3) IMODEL 
Munetake Ichirnura, Akito Arima, E, C. Halbert, and T’okuo Terasawa . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of paper submitted for publication in N i r c l m t  Ph,hysics 

AN ANALYSIS OF SHELL-MODEL WAVE FUNCTIONS FOK s-d AND6-p SI-IELL NIICLF3 IN 
TERMS OF SU(3) REPRESENTATIONS 
J.U.McC;rory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Nuclear shell--model wave functious for  nuclei with A = 18 -22, 34--38, arid 42 4 4  have bccn transformed inio a basis of 
slates which cavry rcpresentatinns of the SU(3). As expected, SU(3) is a good represent.ation f o r  l ( ~ ~ - l y i ~ i g  states in the truclei 
with A = 18-L22. I t  is not a good representation for !he heavier nuclci, mainly because of et’fects due to thc single-particle 
spiii-orbit splitting. 

SHELL-MODEL CALCULATIONS FOR MASSES 27, 28, AND 29: GENERAL METHODS AND 
SPECIFIC APPLICATIONS ‘1‘0 2 7 ~ ~ ,  28si, AND 2 9 ~ i  
H. H. Wildenthal and 3 .  E. McGrory . . . . . . . . . . . . . . . . .  . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . .  

Abstract of paper to be published in Physical Kevirw. 

SHELL-MODEL CA1,CULATIONS FOR A := 18, 19, AND 20 NUCLEI WITH COKE EXCITATION 
INCL[JDED EXPLICITLY 
.I. l3. McGrory and B. Ii .  Wildenihal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of paper to he published in Phy.sicul Review. 

ANALOG AND CONPI(XJRATI0N STATES IN 49Sc (Jn  = 3/2- AND 1 / 2 3  AND ‘THE 
LOW-LYING LEVEL STRUCTURE IN “8Sc  
S .  D. Bloom, J. B. McCrory, and S. A. Moszkowski . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . .  . . . . . . .  

Abstract of paper to be published in Nzcck~ar Physics. 

ON THE TRANSITION 1XOM SHELL STRUCTURE TO COl,I,ECTIVE BEHAVIOR: 
A SIMPLtFIED SI-IELL-MODEL STUDY 
K .  T. Hecht, J. 13. McGrory, and J. P. Draaycr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

.4bslract of published paper: iVucl. P/z)Js. A197, 369 (1972). 

WHERE L1ES ‘THE INTEKAGTION BAKKIEK? 
C . Y . W o n g  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of paper submitted for publication in Physicul Reyirw Letters 

ON SIJPERHEAVY NUCLEI SYNTHESIS BY THERMONUCLEAR EXPLOSlONS 
C.Y.Wong . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of paper submitted for publication in Physical Review “Ci~tnna~nts & Au’deridrz. ” 

STABILITY OF A ROI’A’IING TOROIDAL MASS 
C:.Y.Wong . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of paper submitted for publication in Aafrophysictil J o w ~ a l .  

FUSION TI-1RESMOLU ENERGY IN HEAVY-ION REACTIONS 
C.Y.Wong . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of published paper: Phys. h i t .  JZK, 197 (1972). 

‘TOROIDAL NUCLEI 
C Y.Wong . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of published paper’ Phys Lett 41B, 446 (1972). 

22 

23 

23 

24 

2 ‘1 

25 

25 

26 

26 

26 

21 

21 



vi 

BUBl3J.I: NI.ICI,FI 
C.  Y. Wonp . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract o f  publistxd paper: Plr~s.  Lcri. 41 B, 45 1 (1972). 

'1'0 K 01 1) A. I I ,I Q U I D ST A R'I 
C .  Y. Wong , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstr:ict of papcr si.r!,rliittcti for publication in A'afiire. 

A !'EDES'TWIAN APP CZ TO TEE IN1 EKMSDIAT'E STRUCTUKS IN PXCT.3NUCLEAR 
KFACTiONS IN L:LW NUCi.El 
1.'. B. hlalik ; i nd  hl. G. hlu\tafa . . . . . . . . . . . . .  

Abstract of paper to  h e  published in F m ~ ~ e e d i  

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

A 1:iCO.K.Y O F  IN I'ERYEiIIATt S'IRUCIUKF, OVERL.4FPING K8SONANCES, AND 
P€lOTONUCLE.4hr, KBACTIONS IN LIGIii NUCLE! 
\I. C;. hluxtafa and F. Bary hlalik . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abxtracr of papcr \ubiii;tted for publication in Helvctica Pli.ysica Acto 

TliE GA!dh!h RAY ABSORBED FKAC'l'lON FOR SMALL OBJECTS 
Lincoln B. Hubbard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

l ' o r  objccts \vhose dimensions arc of the order of ;I iiiean frce piit11 or has tile absolbcd fraction for internally emitted 
~;initiia rays ciln be ca?cul:ttcd to reasonable accuracy with the most simple model. 

2. RICH-ENERGY PHYSICS 
i,,ViLXNC-E FOR A NhUI'KON HALO IN LIEAVY NUCLRX FROPA riNTlPKOTON ASSORYTIONS 

W. hl. Bug:, H. 0. Cohn, G. T. Condo, F. L. Hart. and R .  11. McCulloch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
ions in C, Ti, Ta. and Pb yield evidence for the presence of a neutron halo in Moasurcment of thc ;:)[io of tic-, to pn intel 

heavy nuclei. 

Tt iE FOUR-PION DECAY OF TNLP MESON 
W. hl .  Bug:, G. T. Condo, 1;. L. Ha::. ! I .  0. Colin, K .  D. McCulloch. R. J .  Endorf. 

C. P. Horrid:, and M .  M. Nussbaiim . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Abriract ot  paper wbmitieci for publication in the Physicd Review:. 

MUJ-TIPION DATA ON IHF T KEGION 
W. M. Sugg. G ,  T. Condo, C. L. Hait, H. 0. Cohn, R .  L). h,lcCul!och, 
%I. bl. NIIsLihaLiiil, C. P. Hornc. and R. J. F d o r f .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Abatract o i  paper submi t id  f o r  publication in P/ij,sic~s /,riirrh 

1:ISIIER-MASS BOS3NS FRO% 7.87-SeVlc n ld  INTERAC1'iONS 
W .  hl. B u ~ Y .  G. T. Condo, I'. I,. !lait. !:. '3. Cohn. R .  D. McCulloch, 
%I. h,l. Nu$rbaurn, K.  Endori', and C .  P. Home . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . .  
Abstract of published paper: PIiys. Rev. (PZ, 3017 . 50 (1972). 

3 .  NUCLEAR STRUCI'URE, REACTJONS, ,4NL) RAUIOACTIYS'TY 
30. Systemz.:ics 

ORFLA NEUTRON CAPI'URIE AND STELL.4R NUCLEOSYNTZ1ESIS 
B. J .  Allcn and  R. L. hlacklin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Absliact o f  paper submitted for publication in .4ustraliaii journal A forriic Eu~rgj~. 

STA1'US REPORT OF THE NUCLEAR DA'I'A PROJECT 
D. J.  Horen, K. L. Aublc, i.. li. Beitrand, Y. A. Ellis, W. B. Ewbanlc. '3,  farma at^, 

M. B. Lewis, M. J. Martin, S. Kaman, M. K. Schrnorak, and 0. C. West . . . . . . .  
The work of the Nuclear h t a  Project for the calendar year 1972 is reviewed. In addition io the data cqmpilation and 

research efforts, seivices rendered by the Project to both basic and applied userb of nuclear data are discussed. 

27 

27 

28 

28 

28 

30 

32 

32 

33 

34 

34 



v i i  

EVIDENCE PROM INELASTIC PROTON SCATTERING FOR A GIANT QIJADRUPOLE 
VIIBRA'IION IN SPHERICAL NUCLEI 
M. U .  Lewis and 1;. E. Uertrand . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abs1r;ict of published paper: Nucl. Pkys. 12196, 337 (1972). 

REACTION LIST F O R  CHARGED-PART1 
i? = 1 'IO Z = 99 (11 'TO Es), JULY 1971 
F. K .  McGowan and W. T. Milner . . . . . . . .  . . .  

Abstract of published paper: .&'/dam Uuta 7 h h l a  A1 1, 1 -1 26 (1972). 

REACTION imr FOR C~~~AII(;ED-PARTICLE-INDL~CED NUCLEAR REACTIONS. z = 1 AND 2 (1-1 AND 
He),MAY 1969-JUNE 1971;2= 3'1'O99(I, iTOEs),  1948-JIJNE 1971; 
COULOMB EXCITATION, 1956 - J U N E  197 1 
I:. K. b1cC;owan nnd W. T. Milncr . . . . . . . . . . .  . . . .  . . . . .  

Abstract of paper to be published in .4tomic and ;Rillc/etu Daw Kapr-ints, Vnl. I (Acadcmic Press). 

3h. '4 < 22 

IMPROVED UPPER LIMIT FOR THE ELECTRIC DIPOLE MOMElUT O F  THE NEIJ'I'KON 
W. 13. Llress, P. D. Miller, and N. P. Kamsey . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ..................... 

Abstract of paper submitted for publication in the P/zysica/ Ravicw 

PROGRESS REPORT ON 'THE EXPERIMEN CTRlCAL DIPOLE MOMENT 
OF THE NEIJTRON 
P. U. Miller, W. H. Dress, P. Perrin. K. Rouchez, N. F. Rdmsey, and R. Mdsshauer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

'The neutron intensity from the reactur at  Institut Lam-Larrgevin will allow a sensitivi!y of 1 0 - 2 5  c'ni as cornpared with the 
preseni upper limit of 1.0 x cm. 

'IHE p-p FINAL-STATE IN'lEKAC:'1'IC)N IN THE 311e(d,t)2p REACTION 
I<. W. Rutkowski and E. E. Gross . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of published paper: Phys. Lctt. 35B, 1 5 1  (1971). 

CHARGE-ASYMMETRY EFFECTS IN THE REACTION ZII(31-ie,31ie)31i 
E. E. Gross, e. Newinnn, M. 8. Greenfield, R. W. Kutkowski, 

W. J. Roberts, and A.  Zucker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Abstract of published paper: P!i,vs. Hav. C5, 602 (1972) 

SEARCH FOR A 3 H e  + 3f1c RESONANCE IN 6Be; ASTROPIIYSICAL IMPIXXTIONS 
M. L. Halbert; D. C. I-Iensley, and 11. G. Uingharn . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The reaction Li('3!k,i)61k' shows no evidence for a "He 1- 3He resonance just above threshold. Therefore, some other 
solution to the solar neutrino problem must be sought. 

ISOSPIN CONSERVATION IN COMPLICA 
C'. D. Goodman, D. C. Ilensley, A. van der Woudc, and S. Karnan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

I'he reactions ' I R + d 4 6Ha + 'He or 'Li" + 7Li have been studied and the ratio 06(0 ) /n7 (O)  has been compared with a 
prediction based o n  isocpin synimefry. 

ABSOLUTE NEUTRON YIELDS PROM THICK-TAKGE'T N A T C ( ~  ,n) 
J.  K. Bair . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of paper submitted for publica lion in Nuclcrrr Sciencc and E'ngirieeriiig, 'Technical Note. 

TOTAL NEUTRONYIELD PROM THE REAC'IIONS l 3 C ( ~ , n ) '  '0 AND ' 7 , t S O ( ~ , ~ ~ j z o 3 z f N e  
J. K. Bair and F:. Y. I-laas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract o f  paper submitted for publication in the Physical Review, 

THE LEVEL STRUCTURE OF 70 FROM NEUTRON TOTAL CROSS SECTiONS 
J. 1,. lowlev, C.  H. Johnson, and R. M. 1;eezel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of paper submitted for publication in the Pliysicul Kcview. 

36 

36 

36 

31  

37 

3'7 

37 

38 

39 

42  

42  

43  



... 
V l l ?  

IATRIX ANALYSIS WII'H 4 DiPFUSE-!3XE POThN'l'IA!, FOR ! 6 0  + n DATA 
. €1. Johnson. J. L. Fowler, and R .  hl. Feezel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Abstract of pu?,:ished paper: pp. 2 -3 En Contrihritiorrs - Cor~fcrei/cc 0 ~ 7  :V i idew S i i u c , i i o ?  Sf t id l  w i f / ~  Neutro/ fs  (Bud:lpesf. 

1.1 lulgary.  - July-..?ugust 1972), Cent;a: Research Institute F i j i  Physics. Budcry,est, 1972. 

A UNII;IED R-hl~'~.KIX-rtUS.?OTENTlAL ANALYSIS FOK "0 + n CROSS SECTIONS 
C.H.Johnson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Ah\irxct of' papei to be published in the f'h.b,sica/ Review. 

NEkjTRON CAPTURE IN I;LUORIN5 SELO!?' !SO0 keV 
R.  L. fvlacklin arid R .  R. Winters . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of paper si imbii ied f o r  publication in Physicnl Recieir. C'. 

TOTAL XiI:U'I'KON YIELDS FROM TYE PROl-CN Y3M3,%RSMENT OF 17, '*0  
J. K. Bair . . . . . . . . . . . . . .  . . . .  . . . .  . . . .  . . .  . . . . .  

Abstract of paper submitted for publication in the P/iy'Sicn! Rrview. 

T I X  ENEXGY LEVEJS OF "Na 
C. H. Johnson, ai id J. K. Bair . . . .  . .  . . . . .  . . . .  . . . . . .  

Abstract of published paper: N u c l  Ph'hys. A193, 65 (1972). 

ME.AVY-ION NEUlKON YIELDS 
J .  K. Hair, W. B. Dress, C. H. Johnson, and P. 13. Stelson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The cross sections for neutron prodiritioii b y  16'i80 bombardment of NA1-C, 1 6 , ' ' 0 ,  63 ,65Cu,  58'60'61'62'64Ni 
6 4 , 6 6 , 6 7 . 6 8  ,707- 

L n  :lave becn rneasur!d for bombarding crieigies below 55 MeV. 
and 

'TOrALNEUTRON YIELD PROM ?ME ( q n )  RSACTION ON 2 1 " 2 2 N e  
k. X. Waas :ind J .  K. Bair . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of paper submitted for publication in the Physicn/ RPview. 

M .  €3. Greenfield, C. K. Singham, E. Newman, slid :\I J. Salimaish . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Abstract of published paper: Phys. Rev. C6, 1756 (1972). 

3c. 22 < A  < 100 

NEU'i'ROK '1'0 I'Ai. CROSS SECTIONS FOX 3JLOVOLT NEUTRON ENERGIES 
W. M. Good and J. 4. Hsrv-ey- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

High-reso!irtion total neutron cross section meaiiirenieiiis have been made ;it 0KE;l.A LLpon 21 nuclides from 1 to  100 keV. 

SECl'ION MEASUREMENTS hT O K E I A  
. . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of Inkited Paper published in Proceedings of /INS 7bpical Mretiifg on :Vew Dcve l~p i i i e i~ i s  it? Rewfor Pltj?sics arid 
S/?ieldifig Culctilatiorfs, Kiuniesha I.akr. New York, Sc>picit/bc'i 12-15, 1972, USAEC CONI:-720901, Hook 2, pp. 1075 -85 
(1972). 

THE ''34:' 60,d), ' O B ( '  60,0), ANT! 

R. L. Robinson, and P. H .  Stelson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
The i°K('60,d). ' o H ( 1 6 0 , a ) ,  and ' 2 C ( ' 6 0 , a l  reactions have been investigated using ;L 60-cm-long position-sensitive 

proportional dctector at  the focal plane of the Enge split-pole spcctiogiaph. Stater at high excitation encrgica in "Na and 24Mg 
were populated. 

OYIICAC-hl~fPE.C, FAMILY AMBIGUITY RESOLVED FOX HELION ELASTIC SCiTIERING FROM 60Ni 

'C(' 60,0/) REACTIONS 
J .  L. C. Ford, Jr., J. Gomez del Campo, S. 'i. I'homion, 

C. B. Fulmer and J .  C. Hafele . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Abstract of paper to be published in Hi 

43 

43 

44 

44 

44 

45 

41 

47 

A7 

49 

50 

55 



ix 

ENERGY DEPENDENCE OF 'IXIE OPTICAL MODEL FOR HEtiON SCATTERING FROM "Ni 
C. B.  k'ulnier, J. C. Iiafele, and C" C. Foster . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . .  

Abstract of paper to be published in Phylysical R ~ V ~ C W  C. 

SPLN-ORBIT AND ' r A R c x r - s ~ i N  EF FKTS IN HELION ELASTIC SCATTERING 
C. B.l;ulmer and J .  C. llafele . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Ahstr:iit of a p;iper to be published in Pt~ysicd Review C. 

6'3'65Cu(n,n'y) KEACTIONS 
G .  G .  Slaughter, C .  L. Morgan, and J .  K. Dickens . . .  . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . .  

C;atnma-r:ty spectra from the (n,n'y) reaction on A were used ti) deduce gy levejs in 63%ll. Excitation 
functions obtained relatively were normalized to  absolute data obtained with a Nal crystal. with excellent dgrcement. 

NEUTRON c A P r u w  CROSS- 
G. J. Vanpraet, R. L. Macklin, 

[ON MEASUREMENTS r m  8 6 ~ r ,  "Sr, AND "sr 
Allen, arid R. R. Winters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of paper to be published in proceedings of IAEA C'onfkrerice on  Nuclear Structure Study w t h  Neutrons, July 
29-August 4, 1972, Budapest, Iluiigary. 

NE~JTRON RESONANCE PARAMETERS OF 9 2 ~ 1 ~ )  
0. A. Wasson, B. J .  AUen, R .  R. Wintcrs, K. I,. Macklin, and J. A. Harvey . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of paper submitted for publication in Physicul Review C. 

Y ALENCY NEUTRON CAfYl'URE IN Mo(rt, -y)93 MO 
0. A. Wasson and C. G. Slaughter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract o f  paper submitted for publication in I'tiysicd Review C 

VALIDI'I'Y OF THE VALENCE-NHJTRON MODEL FOR 9 8  Mo 
G, W. Cole, R. E. Clirieri, K. C. Byud. S. I;. M 

J .  A. Harvcy, and C;. G. Slauglrter 

'The validity of the valence neutr 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
ng partial radiation widths in the "8Mo(rz,y)99Mo renction is good for 

resotianccs with large reduced neutron widths, and seems to be less good for smaller I csonanccs where st:) tistical effects would 
be more important. 

THE O 1  zr@,t) REACT TRUCTURE OF " Zr 
J. R .  Ball . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abytracl of published paper: Phys. Rev. C 6 ,  21 39 (1972). 

sYsm,MaTiCs OF L = o TRANSITIONS OBSERVED IN THE Cp,r) REACKION OF NUCLEI NEAR N 50 
J. B. Ball and S. S. Larsen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of published paper: Phj~s.  Rev. Lett. 29, 1014 (1972). 

A REMARK ON THE LEVEL STRUCWRE OF "Mo AND THE FAILURE OF j I)E'I'ERILIINATION BY 
SPECTROSCOPIC FACTOR RATIOS NEAR CLOSED SHELLS 
J. B. Ball . . . .  . . . . . . . . . .  . . .  . . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract or publislied paper: ~ h y s  r,cit. 418, 5 

ENERGY LEVELS OP y 4  Ru OBSERVED WITH THE "Ru@,t) REAC'I'ION 
J .  B. Ball, C .  B. Fulmer, J. S. Lasen,  and G. Sletten .................................. . . . . . . . . . . . . .  

Abstract of paper submitted For publicatioo to Nticlertr I'hj,sicr. 

THE LEVEL STRUCTURE OF 9 2 M ~  ANI) y4M0 STUDIED Wl'rI-I THE 01.t) REACTION 
J. S .  I ~ r s e n ,  J. B. HaU,  and C. B. Fulmer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract o f  paper to be published in Physical Revif'w C. 

CALCULATED ENERGY LEVEIS FOR R9Y,  "Zr, 91Nb, "Mo, 9 3 T ~ ,  AND "Ru 
J. B. Ball, J .  B. McCrory, and J. S. Iarsen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of published paper: Phys. Lctt. 41B, 581 (1972). 

55 

55 

56 

57 

51 

5 8  

58 

59 

59 

59 

60 

50 

60 



X 

EXCITATION FUNCIIGNS FOR IBBLION-INEYCED REhCTiI9NS IN IRON 
C. B. l'ulmer, 1. R. Willianrs, Z'J. C. Palmer, and G. Kindred . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of published paper: Phys. Rev. Cb, 1720-30 (1972). 

ELASTYC SCATTERING OF HELIONS AND ALPHA PA^IR'il<:I,ES AT AND NEAR 180" 
W. W. Eidsnn, C. C. Foster, C. B. Fulnier, J. C. I lafek,  D. C. IIensley, 

and N.M.O'Paiion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . .  
Values of a(0) wzre ineawred for elastic SUi iCi i i i g  of alpha particles and helions ovci the ranee 155 185" for a number of 

incident particle energies and target nuclei. 

INTERFEKENCE BETWEEN COULOMB AND NUCLEAR EXClTATlON IN iNELAs'wc 
SCA'lTERiWG OF l60 IONS 
F. Videbaek, I .  Chcrnov, P. it. Christensen, and E. E. Groqs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of published papci: Phys. Rrv. Lef i .  28, 1072 (1972). 

TO'TAL CRCSS SECTION OF CALCIUM 
C. H. Johnson, J .  J.. Fowler, and N. W. Hill . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The total cross section of calcium has been n-;istiied in the range 60 to 100 keV with energy resolution of 0.1 to 1.0 keV. 

NEUTRON SHELL STRUCTURE IN 98zr:  9 5 ~ r ,  AND 9 7 ~ ~  BY (d,p) AND REACTIONS 
C. R. Binghain :rnd G. T'. Fabian . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of paper accepted f o r  publication in Physical Review C. 

GIANT KESI?NANCES iN THE HIGH-ENERGY INELASTIC SCA hTES ING CONTiNUUK 
M. 8. Le?vis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  

Abstract of published paper: Phys. Rev. I x t t .  29, 1257 (1972). 

RULES FOR SPIN AND PARITY ASSIGNMEWB'S BASED ON L O C f t  VALUES 
S. Rarnari a i d  N. B.  Gove . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of p q x i  to  be published in the Physical Review. 

L C S p  VALUES FOK SECONU-FORBIDDEN BETA 'TRANSITIONS AND ' M E  DECAY OF 24Na 
S. Ranian, N. H .  Golie, 1. I(. Dkkens, and T. A. Walkiewicz . . . .  . . . . .  . . . . . . . .  

AbstracL of published paper: Phyi L p t t .  40B, 89 (1972). 

CROSS SECTIONS FOR THE 6' Ni, 6 3 C u ( ' 6 0 ~ )  REhCa'fONS 
R .  L. Robinson, 9. C. Wells, Jr., El. 4 .  Kim, and J .  1,. C'. Ford, Jr. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Crosc sections for the vaiious exit channels of the 6 1 N i , 6 3 C u ( 1 6 0 a  rcactions are reported for E , 6 O  = 38,5 -48.5 MeV. 

INT'ERPWETATION 0 
R. 1.. Robinson and 13. J. Kim . . . .  . . . .  . . . . . . . . .  

The cross sections for the reactions produced by bombardment of 58,60Ni with 38-46 l 6 0  ions are compared to 
predictions of the optical inodel and for statistical decxy of a compound nuclear systeiii. 

IN-BEAM GAMMA RAYS FROM THE I 6 O  AND "C BOMBARDMENT OF SILICON ISOTOPES 
H .  J. Kim, R. L. Robinson, W. T. Milner, and 4 .  C. Wells, Jr. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

16 Properties of the high-spin stales populated by the (160 ,2n) ,  0 , 2 p ) ,  and ( l ' C . 2 ~ )  reactions on Si isotopes weie 
investigated. Preliminary results deduced from the gamma-ray singles, gamma-gamma coincidence, and particle-gamma 
coincidence stndies are reported. 

THE ' 'Pd, 6Cd@.p'r) RL4WBCPNS 
J .  A. Deye, R .  1,. Robinson, and J. L. C. Ford, J r . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract o f  paper submitted for publication in Nudear Physics. 

IC PROTON SCATTERING FROM 86Sr ELASTIC AND INELA 
A. V. Ramayya, J .  L. C. k'ord, Jr.. R. L. Robinson, and J. H. Hamilton . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of published papcr: Nucl. Phys. A193, 186 92 (1972). 

60 

61 

67 

67 

69 

69  

69 

70 

70 

71 

7 5  

76 

77 



xi 

3d. cl > 100 

TQTAL REACTION CROSS-SECTION MEASUREMEN'TS FOR 30- TO 60-MeV PROTONS 
AND THE IMAGlNARY OP'l'lCAL PO'TEN'I'IAL 
J .  J. 8. hilsnct, E. E. Gross, J. J. Malanify, and A. Zucker . . .  

PROPERTIES OF THE 2' AND 2" s'r,4Tw I N  *06,'  I2c:d MWD 14cd 

. . . . . .  .. 77 

Abstract of published paper: P/~ys.  Rev. C4, 1 I14 (1971). 

Z. W. Grabowski and R .  I.,. Robirison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  77 

Abstract of paper to be submit led for  publication in  Nuclear f ' /zj 

PROTON EXCI'M'IIONS IN loS.4g 
R. L. Aublc, 11. J. I-loren, F. E. Bertraud, arrd Y. A. Ellis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  78 

Proton st,ites in '"As arc  being studied by rrre;ins of the '08Pd(31He,d) reactiuii using 27-MeV 3'IIe ions from the ORIC. 

PROTON EXCITATIONS IN '08'1 "Cd PROM ( 3 H e , 4  KE.4CTIONS 
K. L. Auble, 1). J. Horen, F. E. Nertmnd. and .I. H .  Hall . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  78 

Abstract of  published paper: Phys. Keu. C6, 2223 (L972). 

SEARCH FOR A ZERO-PHONON GAMMA-RAY TRANSITION IN Lo*Pd AND 3*8a 
P. II. Stelson, S. Raman, J .  A. McNabb, K. W. Lide, and C. K. Hingham . . . . . . . . . . . . . . . . . . . . . .  . . .  78 

Abstract of a paper submitted for publication to the Physical Review 

THE '*Pd,' ' 6Cd(p,p'y) REACTIONS 
J. A. Deyc, R. L. RobiflSCJIl, and J. L. C. l:ord, J r . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  79 

Abstract of paper submiited f o r  publication in N m h r  Physics. 

p-WAVE RESONANCES IN 1"Cd(n,y)112Cd 
0. A. Wasson and 13. .I. Allcn . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  79 

Abstract of paper submitted Tor publication to Pkysicul Review C. 

COULOMB EXClTAllON OF 71 ' "Sn 
P. H .  Stelson, W. T. Milner, F. K. McCowan, K. L. Robinson, and S. Karrian . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  80 

Abstract of published paper: Nucl. Phphys. A190, 197---217 ( J  972). 

NEUTRON SHELL STRUCTURE IN 2 5 S ~ 1  BY ( d p )  AND ( u , ~ H ~ )  REACTIONS 
C:. R. Bingharu and 1). L. Hillis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  80 

Abstract of paper submitted fur publication to Physicd Kcview C. 

NUCLEAR SPECTROSCOPY OF NEUTRON-DEFICIENT LANTHANUM, DYSPKOSItJM, 
AND ERRIIJM ACTIVITIES 
B. Harma1.r. ;ind 'T. 11. Handley . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . .  80 

Abstract of published paper: Nucl. Phys. A191,497 (19'72). 

NEUTRON HOLE STATES IN 1 3 8 1 ~  AND 140Pr 
V. D. Helton, J. C .  lijcbert, and J. H. Rall . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  81 

Abstract of paper submitted for publication to Nuclcur Pk,vsics. 

ENERGY LEVELS IN '"'Nd 
S. Raman, J .  1.. Foster, Jr., 0.  Vjetzsch, D. Spalding, L. Birtibol, 

and B.  El.  Wildenthsl ........................................... . . . . . . . . . . . . . . . . .  81 

f\bslrdct of paper to  be published in Nuclciir Ykysics A. 

THE LOW-LYING EXCITED STA1'ES OF '45Nd POPULATED BY TflE CAPTURE 
OF THERMAL NEUTRONS 
D. A. McClure, S .  Raman, and J. A. Harvey . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  82 

Abstract of paper to be published in proceedings of Confererice on Nuclear Structure Study with Neutrons, Budapest, July 
1972. 



xii 

NEIJ'TRON XIELL S ~ R U C T ~ J R E  OF 1 4 ' ~ n  PROM (4 .p)  AND ( a , 3 ~ e )  REAC~IONS 
C. R. Bingham, D. I.. HilIis, and J .  5. Hall  . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Pieliniinary results for the Siuliy of the l 4  N ~ ( u , ~  He) reactions indicate that a large fraction of the 
single-particle strength for the i'i = 82 

DECAY OF 5.9-DAY 14'Eu TO LEVELS iN l4'Srn 

126 shell has been located 

I:. Newman, K .  S. l'oth, and I. R .  Williams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . .  
Abstiact of p a p a  accepted for publication in Physical Rrview C. 

:IK;!I-LYING 2+ STAP'ES IN  14*sm OBSERVED IN m E  EECAY OF 5 -  ' 4 8 ~ 1 1  

K. 5. I 'oth and E. Newiiian . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . .  
Abstract of paper accepted f o r  publication in Physical Rrview C. 

?.-- 
I ~ E  LOW-LYING EXCITED STATES OF I 'Nd POPULATED BY 1'HE CAPTURE OF 

'I'HERMAL NEUTRONS 
D. A. hlcClurc, S. Raman, and J .  A. Harvey . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of paper p~ l i l i~ l l ed  in Corifi-ihrrtiorlr to IAEA Cotifererice on Nuclear Strzic . turp Stud-v wit// Neurrons, Jrrlj, 
31 August  5, IY72.  Budapcut, ffuungarj., p. 128 (1972). 

STUDY OF HAFNIUM ALPIIA EMi'ri'ERS: NEW ISOTOPES I s 9 H f j  '6014f, AND 1 6 ' H f  
K. S. l o t h ,  R .  L. Hahn, C. R .  Kingham, M. A. Ijaz, and 

R .  1:. Walker. Jr. . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Abstract of paper wbmitted for publication in Plzysical Review C. 

NONSTATISTICAL EFFECTS IN TIHE 4s GlhWT RESONANCE 
S. I:. .tiu@abghab, M. R. Bhat, G .  A. Bartholomew, R. E. Chien, 

G. W. Cole. 9. A. Wasson, and G. C;. Slaughter . . . . . . . . . . . . . . .  . . . . . . . . . . .  
Abstract of  paper published in Conrribiiriori.~ to  IAEA Corifercric~e O H  Nuclear S/ructrire S/ztd.v with Neutrons, July 

31 i l i i @ s /  5, 1972. Budapest, Hurigary, p. 214 (1972). 

LIFETIME MEASUKEHENTS OF 8+, I O + ,  AND 12+ ROTATIONAL 
S'I'A'IES IN 164Dy 
G. B.  Hagemann, t.'. Eichler, D. C. Henrley, N. R. Johnson, 

W. T. Milner, and L. 1,. Kiedinger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Lifetimes of the 8+,  lo+,  and 12+ rotational state.; i n  164Dy  werc dcduced from the shape.; of the corresponding 

Doppler-broadened gamma transitio(os~ 

FOR TI-BE ALPHA CIECAY OF TXb N t W  ISOTOPE ' 6 9 0 s  
K. S. Totb, R .  1 , .  Hahn, C. R. Kingham, M: A. Ijaz, and R. i-. Walker, Jr. . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of puhlirhcd paper: F'hys. Rev. C6, 2297 (1972). 

ALPHA-DECAY FROPER'FIES OF THE NEW OShflUiM ISOTOFES 700s  AND 7 1  Cs 
K .  S. Toth, R .  L. Hahn, M. A. Ijaz, and R. I-'. Walker, 91.. . . . . . . . . . . . . . . . . . . . . .  

Abstract , I f  pubhhed paper: Phys. Rev. C5,2060 (1972). 

SEARl i i  FOR INTER~E!.)!~..,';E-STBTE S'I'KUCTURE FROM RESONANCE NEUTRON 
CAPTURE 1N *' Re AND * Re 
J .  A. tlarvey, N. W. Hd1, A. Stolovy, and A. I. Narnenson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

G:IJ-II~XI rays with energiei; >4 MeV from nettiron capture have been mcasured a t  ORELA for -1200 resonances in 
1 8 5 ' 1 8 7 R e  IJP to 3000 eV in search of intermediate-state structure. 

COMMENTS ON THE DOORWAY STATE IN '06Fb 
B.  J .  Allen, R .  L. Macklin, C. Y. Fu,  and R. R .  Winters . . . . . . . . . . . . . . .  

Abstract of paper submitted for publication in Physical Rcview C, Conzmeriis lrrid Addenda. 

INVESTIGATION OF THE 208Pb(12C;1 €3)'09 Bi AND 208Pb{1 'C,"C)207Pb 
REACTIONS Al' HFddCR BOMBARDING ENERGIES 
J .  S. Larsen, J .  L. C. Ford, Jr., R. M. Gaedke, K. S. Toth, 

J .  H. Mall, and R .  1," Hahn . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
.4bstract of published paper: Phys. f x r r .  425, 205 (1972). 

82 

84 

84 

84 

85 

85 

85 

86 

87 

87 

88 

88 



xiii 

GIANT RESONANCES IN THE IIIGB-ENERGY HELIUM INELASTIC SCATTERING 
M . U  Lzw1s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of papei to be published in I'hysicul Rrvicw Leitrrs 

INVES'TiGATION OF THE 2081'b@,p') REACTION A'T E = 54 McV 
. . . . . . . . . .  M. H. Lewis, I:. E. Bcrtrand, and C:. B. J:ulnier . .  . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of paper to he published in the Physical Review. 

POSSIBILITY OF STRONG MIJLTIPOLE VlBRATIONS IN THE LOW-EXCITATION 
REGION OF THE NUCLEAR CONTIN[JIJM 
M. 13. Lewis arid F. E. Bertrand . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of published paper: Phj~s.  RFV.  C6, 1108 (1972). 

THE SIGN OF THE ItEXADECAPO1,E MOMl<,NTS OF 
E.  Iiichlcr, N. R. Johnson, R. 0. Sayer, D. C .  Hensley, 

2'13~ A I D  "* U NIJCkEl 

and t. L. Riedinger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Abstract of paper submitted for publication in Physicid Rrvierv Lctlrrs 

COMPOUND-NUCLEAR AND TRANSFER REACTIONS iN * 'C REACTIONS 
WITH 2 3 8 U  AND 23'Pn 

. . .  

. . . .  

. . . .  

. . . .  

R. L. Malm, P. 1:. Dittncr, K. S. ' loth? and 0. L. Keller . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Angubr and range distributions wcre mc:mred for 244Cl. and 24sCf rcc 

2 3 ' ) P ~ i ( 1  2 C , ~ ~ r r ) .  The evidence indicates that the  first set of reactions pro 
secorici szt involves transfer of a part oi' ttie incident 

NEUTRON TOTAL CROSS SECTION OF 2 4 x C ~  AND 242Pu PROM 0.5 TO S O 0 0  eV 

oduczd in tlrc rz,ictiuns 2 3 8 - ~ ~ ( 1  2 ~ : , x n )  and 
ia compound-nucleus formation, while the 

2 ~ : ,  t'o~lowed b y  neutro n t ~ t m  the excited nucleus. 

J. A. Harvey, N. W. Hill, K. W. Senjamin, C. E. Ahlielct, P. B. Sirripson, 
0~ 1). Simpson, and li .  G. Miller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. ?  lransmissiori measurements have been made at 0 R R J . A  upon 248Cn1 and 24zPu from 0.5 to 5000 eV. 

m t x : m i C  HEXADECAPOLE MOMENTS ~ I V  'THP, ACTINIDE NUCLEI 

P. 1-1. Stelson, a n d  R. 1,. Robinson . . . . . . . . . . . . . . . . . . . . . . . .  
F, K. McGowan, C. E. Bemis, Jr., J. L. C. I:ord, Jr., W. T. Milncr, 

. . . . . . . . . . . . . . . . . . . . . .  
Large contributions to the excitation of 4 rotational states from /r'S trsiisitions havc becn observed jn precision 

Coulomb-excitalion experiments with 17-MeV 41-Ie ions for 12 even+! actinide nuclei (230 5; A < 248). 

4. Fission 

S'I'IJDIES OF 235 U AND 23'7Np (SUBTHRESHOLD) FISSION AT ORELA, USING 
POLARIZED NEUTRONS AN13 POI,ARI%ED TA 
G.  A. Keyworth, J .  W. 7'. Ihbbs,  F. T. Seibel, 

N. W. Hill, and J. M. Anaya . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . .  . . . .  . . . . . . . . . . . .  
Relative J values have becn obtained for a large number of resonances, but target polarizatioiis of 10-bl5'% require 

iniprovernenl. 

85 

88 

89 

89 

89 

90 

91 

94 

SMA1,LSAMPLE FISSION CROSS-SECTION MEASUREMENTS ON 24 ''Cf 
J. W. T. Dahbs, C. E. k n i i s :  N. W. Hill, M. S. Moore, and A. N. Ellis ............................................. 100 

A very large resonance at 0.7 eV azcoirnted for -7S% of all fission events observt;d between 0.3 eV and 1 MeV. 

ASYMMETRIC FISSION IN THE IWO-CENTER MODEL 
M. G. Mustafa, U. Mosel, and H. W. Schrnitt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I02 

Abstract of published paper: f'hyr. Rev. Lett. 28, 15% (1972) 

ASYMMETRY IN NUCLEAR FISSION 
M. G. Muctafa,  11. Mosel, and 1%. W. Schmitt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  102 

Abstract of paper submitted for publication in Yhysicrd Kcvicw C. 



xiv 

POTEN1 fAL ENERGY FOR Ti!E FISSION OF A SUk'BRIJE.4VY NUCLEUS 
hl .  C. h1ustaf:i. U .  Moscl, ;ind H. W. Schinitt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  102 

'1 he potential energy surfacc foi- the fission of the superheavy nucleus : y i X 1 8 4  has been calculsted 

J>SPZNDENCE CF FZSSION MASS ASYKMEl 'RY ON TIlE IN'TERNAL bXCjTA~ilOii  li'l\rEKGY 
OF 'THE FlSSIQNING NUCLEUS 
M. G .  Mustafa and 11. W. Schniitt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  103 

Preliininarjr calculations based on the  asyliiilictiic two-center model have b in  an et'foii to htudy changes in the effective 
p8jirLitial energy- wrface f o r  fission with increasing compound-nucleus excitation energy 

REALISTIC SiNGLE-PAP.?'ICLF K MA'IKLX FOR DLFOKMED AND FiSSiOKING NUCLFI 
I< .  Y. Cusioji, I). Lolb, and H. W .  Schmiii . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Realistic c:ilcul:itions bascrl o n  thc Biucckncr-Goldman dcnsity-dependent and i,~oriientu~ii-dcpendent single-particle 
Hamiltonian have bccn perfDrnied for light nuclei froni "Hc to 40Ca and are in progress for heavy nuclei. 

SYS'I'EMAI ICS CT FRAGMtN'L MASS ANI) ENERGY CISI'RiBL~TIONS FOR PROTON-IKi)UCED 
FISSLQN QF 2 3 3 ~ ~ ,  2 3 5 ~ .  *38c 

Robeii L. t.'crguson, L ranz Plasil. 1:ranccs Pleasonton. S. C. Uurn?t t ,  and !T. IW. Schmiti . . . . . . . . . .  

Abhtruct of paper submitted for publication in P/fj'.sico/ Rcview c' 

FISS:ON CI: * 0 9 B i  BY 36.1-?dcV FXOTONS: SEARCH FOR AN ASYXMETRIC COM?ONENI iN 
TlfE l"il.%SS CJSTRiBUTION, AND NEUTRQN EMISS!CW RESUL'lS 
b r a n z  Plasil, Robert I-. Ferguauii, I.'ianccs Pleasonton, and H. W. Schmitt . . . . . . . . . . . . . . . . . .  

Absti4i:t of paper subiilitted for publication in Pliysical Review L' 

MASS ANI) TOTAL K I M ,  ['IC EPJFGGY I>ISTIPiBUIIONS FROM I'HF, S?ONT/(.N%oIIS 
FISSION OF 246Crn 
L. rances PlrasoIitoiI. Kobert L.  I'ergubon, Fr:~n7 Plasil. and C. t. Beinis, Jr .  . . . . . . . . . . .  

I"ragiiicnt niass and total kinetic energy distributions havc bccn detcimincd in an enzrgy-energy correlation ckpcrinicnt on 
ymntmcoua  fission o f  2 4 6 ~ i n .  

NEIJTRON MULTi?L.BC:TY DIS'iXIBUTIOIVS LN TIHE SPONTANEOUS FISSION 
Cm, 2 4 8 ~ i n ,  AND 2s2Cf 2 4 6  

R. W. Stoushton, 3 .  fiaipcrin. C. E. Beii~is, Jr.. and E. i+. Schmitt . . . . . . . . . . . .  

106 

106 

106 

107 

109 

Abstract of p a p a  accepted for publication in Nudeor Scirrice oud En&cering, 

PRDMP!' GAMMA MAYS EMITTED IN M E  ?II8RMAJ--NEUTRO~-INI?UC7ED FISSION OF 2 3 3 U ,  2 3 5  U, 
AND 239Ppu AND 'HIE SPON'I-ANEOUS FkSSION OF "*Cf 
I'rancch Fleaqonton, Robert L.  I:crguson, and 8. W. Schmitt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  109 

Reaults are given for the average energy a n d  avciagl: nuinber of gamma i-ay-s emittcd within -5 nscc after fissioii as functions 
of fragment iilass. Similarities are noted in the ina\s dependence of gamma-ray and neutron einisuion. 

LIMI'TS OF ANGULAR MOMENTUhf IN HEAVY-ION COMPOUND-N~JCLEUS REAC 3'iONS 
hf. Hlann and Franz Plasil . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  112 

Abstract of published paper: P h ~ ~ s .  Reo. I,rff .  29, 303 (1972). 

PREDICTIONS FOR HEAVY-ION REACTIONS BASED ON TfIE RO I'ATING LIQUiI) 
IJROP MODEI. 
br~nzPlasi1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  113 

Abhlract of papzr published i n  proceedings of European Conference on Nuclear Physics, Aix en-Provznce, June-- July 1972, 
vol. 11, p. 5 1 ,  J.  Pliys., Paris;, France (1972). 

TiQllILIBRIUhl CONFIGURA'l'lONS OF ROTATING CHARGED OR GRAVITATING LIQUID MASSES 
WI Ti4 SURFL%CE I'ENXQN. PAMZ I1 
S. Cohen. Franz Plasil. and V;. 3 .  Swiatecki . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 13 

Abstract of paper subinitted for publication to Arin0;i cif  PI??-sics 



xv 

5 .  MOSS B A U E R S PEC'T'K 0 SC OPV 
EXPERIMENTAL TEST 01; WEYL'S GAUGE-INVARIANT CIOMETRY 

E. 6. I-Idrris, Paul G. I-furay, I:. I;. Obenshairi, J. 0. Jhotnson, and R.  A. Villecco . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  119 

Abstract of  paper accepted for publication in the Physical Xevicw. 

GIANT MAGNBTIC HYPERFINE FIELDS OF 6'Ni O N  RAHEDKAL SITES OF SPINELS 
John C. Love and Felix E. Obenshain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  114 

The 6 1  N i  nuclear gainma remilanee (NGK) spectrum of thc nickel chromite (NiCr20,) spinel s h o w  both rht: largcst 
magnetic dipolc and electric quacirupolc hyperfine (hf) interactions yet reported for nickel in any host lattice. 

'THE Ni MOSSBAUER EFPEC'T IN N1CKEL-PALLADIUM ALLOYS 
JohnILTansi l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  115 

Abstract of  OKNL-TM-3930. 

MOSSBAUER STUDIES OF FXEC'I'KOSTATIIC €IYPERPINE iNTEKAC'1'lONS 1N 2 3  * [I, tJ, AND 34 [I 
Joyce Anne Monard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  115 

Abstract of  OKNLTM-393 I 

6. ATOMIC AND MOLECULAR PHYSICS 
ELECTRON-OPTICAL FACIORS LIMITING RESOLIJTXON IN 'VRANSMISSION 

ELECTRON MICROSCOPES 
?'. A. Welton . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . .  116 

Abstract of published papcr: pp. 125 --~157 in Proceedi?igs of Worksliop Confererzce on ibficwrcopy of Cltrster iViiclei in 
DefcaL'terl Crystiils (Clzulk River, Cunudu, Se[3temher 1971 1, CHNL-622 -1, edited by J. R. Parsons (1972). 

RELATIVE ENERGIK~ OF THE LOWEST LEVELS OF T B E P ~ ~ ,  P&, ANDP +ls2 i x E c r R m  
CONFIGURATIONS OF THE LANTHANIDE AND ACXINIDE NEUTRAL ATOMS 
K. L. Vander Sluis and L. J .  Nugent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . .  . 116 

Abstract of published paper: Ph.vs. liev. 60A, 86 ( 1  37%).  

SYSTEMATICS IN THE KELA'TIVE ENERGIES OF SOME LOW-LYING ELW"RON CONFIGURATIONS 
1N THE GASEOUS ATOMS AND IONS OF THE LANTIIANIDI:, ANI) ACTINIDE SERIES 
K. 1,. Vander Sluis and L. J .  Nugent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  117 

Abstract of paper submitted for publicnticin in the .lournal of the Opiical Society of America. 

STUDIES ON THE ORIGIN OF THE 3400-CK' -REGION INFRARED BANDS or: NATURAL 
AND SYN'TIETIC ALPHA QUARTZ 
0. C. KiJpp arid P. A. Staats . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  117 

Results of doping experinients on synthctic quartz crystals arc given. Boron has been shown to produce a band in synthetic 
quartz sirnilar to one found in natural quartz. 

VIBKA'1'IONAL DETERMINATION OF CRYSTAL STLJKCTURES 
John M. Springer, E.  Silberman, and Henry W. Morgan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I19 

Abstract of chapter to be published in book i'roceedings of lhe Third I~itterrialiorid Cori fert7nce on Kanzutz Specrrosco(?v, LCJ 

be published by Iieydzn and Son, Ltd., Lntidon, 1973. 

PHCY'I'OELECTRON CHEMICAL SI-IIFI'S 1N INORGANIC COMWUNUS 
GaryElderMcGuire . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  119 

Abstract of OKNL-TM-3820. 

USE OF X-RAY PIIOTOELEC'TRON SPFK'TROSCOPY TO STUDY BONDING IN CHROMIUM, 
MANGANESE, IRON, AND COBALT COMPOUNDS 
J .  C. (.?drVCr, G. K. Schweitzer, arid Thomas A. Carlson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  120 

Abstract of published paper: J.  (,'Iizvn. f'hys. 57, 973 (1972). 



STUDY Or' TlIH X-RAY P!:3TC)ELECTR 
FUNCTION OF TSICKNFSS OF TIIE S 
1 honias A. c1xIion and G. h:. McCuire . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

M OF ~ ~ l N ( ~ S T ~ ~ ~ ~ ~ ' l ~ ~ G S ~ E ~  OX 
DE LAY'EK 

-- 

Abstiact of publish::! paper: J. Electrori Sprciimc. 1 ,  161 (1972). 

F.NT AND N ' i U K E  APP5ICATIONS OF AUGER SPECTROSCOPY 
i i ~ a \ A . C u l s o n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of p a p e ~  to be published in Inricr Shell Ioiiizilrioir l ' / iCi i<I i?;Z?;C uird hirtnre .Applicaiio/is. vol. IV, 11. Vi. l'ink, S. 1'. 
Mrncon. J .  M. Pallii\, m d  P. V. Rao,  cds., Technical Inforiliation Center. USA;::', Oak Ridgc, rennessze. 

ANGULAR DiSTRIBiJ FiON OF T f i t  WI3TOEL RON SPEC'i'MUM OF C 0 2 ,  COS, CE., 

'Thoinas 4. Carlqon and G. fl .IcGuire . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
NzO, H,O AND 32s 

Abstract of puliliqhed paper: J .  h'lectrori Spcctrosc. 1, 209 (1973) 

E ANGUL.AR IXSTRiZUTION FOR THE PHOTOELEC TKON SFEC1'KA 
OF HALOGEN-SUYSTiTUTEU hli?TYiANE M0LECULE.S 
Thoiila? A .  Carlson ai id  R .  M. White . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of pspcr to be published hy the Chemica: Society ns part of the General Discussion on the Pbotoelcctr3ii 
Spcotioscopy of Molecules. University of Susses, 12 14 September, 1972, sponsored by the 1:araday Society. 

X-XAY PYWI OELECTKON SP6CTRA OF ETI5YLhiVEDiAMINk TRAACETIC ACID AND I IS  
KETAL COMPLEXES 
E;. 1.. Cheng, J .  C. Citi-v~r, and lhoiii,  +..Carlson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstraci of paper to be publishzd in  Irior@nii. Cheriiictri 

E OF TiiE X-RAY PRODLC r'iCJN CROSS. SECTION BY 5-MeV/nmu 
YEAVY IONS 

A .  van der Woude, M. J .  S;dtmarsh, C. .4. Txdemann, K. L. Plahn, and I:. I k h h  . . . . . . . . . . . . . . . . . . . . .  
tract of' paper published in Inner Shell luriiiniiixi Phcnorneria arrd Future Applications. cd. by R. W. Fink, S. T. 

I ,  M. Palms. aiid P. V. Rao. published by USAEC Techcical Information Center, Oak Kidgc, 1973, p. 1388. 

ENERGY S:!IP'I'S AND RELAriVE INTENSII'IES OF K X KAYS PRODUCED BY 
SWIFT HEAVY i o N s  
M. J .  Saltiiliti<h, A. van der Vioude, and C. A. l.udeiiiam? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of published paper: Phys. Rev. Lett. 29(6), 329 (1972). 

METASTABLE STATES OF HIGIILY EXCITED IIEAVY iONS 
U .  J. Pcgg, F. M. Griffin, 1. A.  Sellin, W. V/. Smith, and B. Donnally . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abit iact  of paper to be publkhed in Afomic Pi7ysics. PIenuril Priss. 

ON METASTAHLE AUTOIGNBZING STATFS (OF :Y:GELY EXCITED HEAVY IONS 
I .  .4. Sellin. D. J .  Pegs, F. M. Griffin, and W. W. Smith . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . .  

Abstract of published paper: P ~ w .  Rev. Le f t .  28, 1229 (1972). 

METAS ?'A%&& AUTOIONIZlWG STATES 
I.A.Sellin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Ahitiact of papcr presented at the Third International Conference on Beam-Foil Spectroscopy, Tucson, Arizona, October 
1972, :and to  be published in the proceedings, which will be publkhed in Nuclear Inshuments and Methods. 

ELECTRON SPECTROSCOPY OF FOIL-EXCITED CHLORINE BEAMS 
D. J .  Pegg, P. M. Griffin, I .  A. Sellin, and W. W. Smith . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of paper presented at the Third Inteinational Conference on Bearn-i:oil Spcctroscopy, Tucson; Arizona, Octobcr 
1972, and to bc publishcd in the proccediiings, which wiil be published in Nudeor rfzsiwinents nnil Methods. 

PROJ%CTILE STRUiXUIIE EFFECTS ON NEON K X-RAY PRODUCTION BY FAST, 
IIIGHLY IONIZED ARGOlrr BEAMS 
J .  R. Mowat, I). J. Pqz9 K. S .  Peterson, P. M .  Griffin, and I. A. Sellin . . . . . . . . . . .  

Abstract of published paper: Phys. Rev. Lett. 29, 1577 (1972) 

I20 

121 

121 

121 

122 

122 

122 

123 

123 

124 

124 

124 



xvii 

BEAM FRACTIONS IN 'I'HF, LOWEST QUARTET METASTABLE AUTOIONIZING STATE FOR Ow 
AND Fe BFAMS AFTER PASSAGE TflROIJGI-I PC91LS 

. . . . . . . . . . . . . . .  W. W. Smith, K. Donnally, D. J. Peg):, M. I.). Brown, and I. A. Sellin . . . . . . . . .  . . . .  124 
Abstract of paper to bc publisBcd in the Pysicnl Rrview. 

~ ~ M E - D B P E N l ~ E N ' ~  'THEORY OF STARK QUENCIfINC OF 2~ S'1'ATES IN HYDROGEN AND HELIUM 
H. K Nolt arid J .  A. Sellin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . .  125 

Abstract of publistled paper: Pkys. liw. A6, 508 (1972). 

PROJECTILE STRCJCTIJRE EFFECTS IN X-RAY PRODIJCI'ION BY FAST, 
HIGHLY STKIYPEU HEAVY IONS 
I .  A. Sellin, D. J .  Pcgg, P. M. Giiffin, J. R .  Mowat, 

W. W. Smith, and R. S. Pcterson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  125 
Strongly chargedependent inncr-shell electron ejection cross sections in light atoms struck by highly- ionized heavy ioris are 

described. 

AUTOlONiZATlON OF FAST HEAVY IONS: SPECTRA AND LIFETIMES 
I .  A. Sellin, D. J. I'egg, P. M. Griffin, J. K .  Mowat, W. W. Smith, 
M. D. Brown, J. R. Macdonald, and R. S. Peterson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  125 

New inforniation concerning production of previously iinknown metastable aiitoioni2ing states of elwrgetic heavy ions is 
described. 

SPIN-FORBIDDEN TRANSITION PRORA BIIXTIES IN NIBrAS'TAI3LE STA 
OF WIZLIUM-LIKE HEAVY IONS 
1. A. Sellin, D. J. Pegg, P. M. Griffin,J. R. Mowat, W. W. Smith, 

M. D. BIOWJI, J. R. Macdonald, and K. S. Peterson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Strongly %dependent spin-forbidden soft x-my transitions in helium-likc heavy ions are described. 

WYBERCHANNELING: AN AXIAL CIIANNELiNG BRENOMENON 
B. R. Appleton, C. D. Moak, T. S. Nogglc, and J. If .  Barrett . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of published paper: Mys.  Kcv.  I,ctt. 28(20), 1307--11 (1972). 

COLLISIONAL X-RAY EXCITAflON IN SOIdr> AND GASEOUS 'TARGE1'S BY NEAV-Y-ION 
BOMBARDMENTS 
E L  0. Lulz, J. Stein, S. Datz, and C:. D. Moak . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract o f  published paper: I'hys. Rev. Lett. 28(1), 8-  1.0 (1972). 

ME'I'AS'I'ABLE AUTOIONIZING STATES IN SODIUM-LIKE CI-1LOIUNE 
D. J .  Pegg, I. A. Sellin, P. hf. Griffin, and W. W. Smith . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of published papzr: f'hys. Rev. Leu.  28, 1615 (1972). 

7. INSTRUMENTATlON AND EXPERIMENTAL TECIiNlQlJES 
MEASUREMENT OF SURFACE CON'TAMINATION USING OXYGEN-ION-INDUCED X RAYS 

. . . . . . . . . .  126 

. . . . . . . . . .  126 

. . . . . . . . . .  121 

. . . . . . . . . .  127 

. . . . . . . . . . . . . . . . .  M. 1. Saltmarsh, A. van der Woude, and C. A. Ludernann . . . . . . . . . . . . . . . . . . . . . . .  128 

Abstract of published paper: Appl .  Phys. Left. 21(2), 64 (19'72). 

HYDROGEN CONTAMINA'T1ON ON THE SURFACE OF THIN METAL FOiLS 
M. J. Saltmarsh, C.  E. McGuire, and A. Wolfenden . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  128 

p + p scattering has been uszd to measure surface hytfrogn contamination in  the range of 10--100 rig/crn2 on prepared 
samples of stainless steel and aluminum alloy. 

HALF-VALUE TIHCKNFSS OF C)RDINAKY CONCKEI'E FOR NEUTRONS FROM CYCLOTRON 'I'ARGKlS 
H. M. Butler, K. hf. Wallace, and C. B. Fulrner . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  129 

Abstract of a paper to be published in Heulth I'hysics. 

KADIATION LEAKAGE THROUGH THIN CYCLOTRON SHfELD WALLS 
C. B. Fulrner, 11. M. Butler, and K. M. Wallace . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  123 

Abstract of published paper: Particle Accel. 4, 63 -- 68 ( 1  972). 



xviii 

NEUTRON YIELD FROM A SMALL i:m:-IF-wRi T'Y z38pUo2 SOURCE 
J .  K .  Bair and H. M. Butler . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  130 

Abstract of papcr submitted for publication in Nuclenr Tcchrrology, Technical Note. 

DELAYED GAMh4.4 RADIAT!ONS FROM TIHE ORELA TARGET 
C. H. Johnson and N. W. Hill . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  130 

Delayed gamma rays of 0.5 and 2.2 MeV are observed from the ORELA source 

A SBhiiPLE METHOD FOK ACCURATE MEASUREMENTS OF 'TOTAL INTERNAL 
CONVERSION COEPFlCLENTS 
S.Raman . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  132 

Abstract of published paper: h'ur.I Ir?sfrurn. Methodr 103, 407 (1972). 

IIIGH-RESOLU'I'ION ELECTRON MICROSCOPY PROGRAM 
R. E .  Warsham, J .  E. Mann, E. C .  Richardson, and N. 1:. Liegler . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  132 

Development of the field crnission gun and the superconducting objective lens column for the high-coherence electron 
microscope continued. 

TRACK DETECTOR CALIBRATION 
13. K. Hart, Jr., M. J. Saltmarsh, and A. van der Woude . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  133 

Beams of 182-MeV Ar3+ and 130-MeV Few have been used to calibrate the response of materials employed as  track 
detectors. 

A SIMPLE ?'r+ DEUX:TOR FOR LNEKGIES 07 10  TO 70 MeV 
M .  J .  Saltmarsh, B.  hl. Preedom, R. D. Edge, and C. W. Darden I11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  133 

Abstract of published paper: Nucl. h s t m r n ,  Methods 105, 31 1 (1972) 

)-r+ DETECTOR DCVXEOQMENT 
M. J .  Saltmarsh, E. I: Gross, C. A. Ludemann. and 8. Prccdom . . . . . . . . . . . . . . . .  

A resolution of 1-MeV (FLVHM) fol 67-MeV protons has been achieved in one of the plastic scintillator segments of a 
proposed n+ detector. 

133 

DETERIORATION OF LARGE Ge(Li) DIODES CAUSED HY FAST NEUTRONS 

Abstract of published paper: Nucl Instrum. Methods 98,481 -84 (1972). 

P. H. Stelson, J .  K. Uickens, S. Raman, and R .  C. Tra~niilell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  134 

rflE MEASUREMXNr OF THE ABSQLUTE TRANSPORT EFFICIENCY FOR RECOILS 
FROM Hb:AVY-IQN REAC'TIONS WTi6 H6kllJM JET SYSTEMS 
W.-D. Schmidt-Ott, R. E. Mlekodaj, and C. R. Bingham . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  135 

Abstract of paper to be published in Nuclear Instruments atid Methods. 

PROPOSAL FOR A NA'b'llONAI, IPEAVY-ION LABORATORY 
P.M.Stelson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  135 

Abstract of National Heavy-Ion Laboratory proposal. 

A PRCPOSED NATIONAL HEAVY-ION ACCELERATOR AT OAK RIDGE 
J .  A.  Martin, E. 1). Hudson, R. S. Lord, M. L. Mallory, 
W. T. Milncx, S. W. Mosko, and P. H. Stelson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  136 

Abstract of published paper: Cyclotrons - I IP Conference Proccedings No. 9 (Vancouver, Canada. 18-21 July 
1972), pp. 54-62, ed. by J. J .  Burgerjon and A. Stxdthdee, American Institute of Physics, New York, 1972. 

AL'TERNATES TO THE CYCLOTRON FOR HEAVY-ION ACCELERATION 
J. A .  Martin . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . .  . . .  136 

Abstract of published paper: Cyclotrons - 1972, AIP Conference Proceedings No. 9 (Vancouver, Canada, 18 -21 July 
1972), pp.  33-53, ed. by J. J .  Burgejon and A. Strathdee, American Institute of Physics, New York, 1972. 



xi x 

THE URIC AS A HEAVY-ION INJECTOK FUR A SEPARATED-SECTOR CYCLOTRON 
E. 1). Hudson, K. S. Lord, M. L. Mallory, and P. I f .  Stelson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  136 

Abstract of published paper: Cyziotrons 1972, AIP Conference Proceedings No. 9 (Vancouver, Canada. 18.- 21 Jllly 
1972), pp. 274 82, ed. by J. J. Uurgerjon and A. Stratbdce, American Institute of Physics, New York, 1972. 

h MUL'I'IACCELERATOR SYSTEM FOR HEAVY IONS 
13. D. Iludson, R. S. L,ord, C. A. Ludemmn, M. I.. Mallory, J. A. Martin, 

. . . . . . . . . . . . . . . . . . . . . .  W. T. Milner, S. W. Mosko, P. M. Stelson, and A. Zuckcr . . . . . . . . . . . . .  136 

Abstract of paper to be published in proceedings of the I 9  73 Particle Accelerator Confercncr: (San  l'rancisco, California, 
March 5 7, 1973). 

ION STRIPPING CONSIDERATlONS FOR TANDEM-CYCLOTRON HEAVY-ION A( 
J. A. Martin and P. (-1. Stelson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  137 

Abstract of paper to be puhlislied in proceedings of the 1973 Particle hccelerator Chnlirence (San I.'ratici~xj, CalifOrnid, 
March 5 7, 1973). 

ENERGY MULTlPLICATlON BY BEAM RECYCLING IN AN ISOCI-IRONOIIS CYCLOTRON 
E. I>. Hudson, M. I... Mallory, I<. S. Lord, A. Zucker, H. G.  Klosser, and D. A.  Johnson . . . . . . . . . . . . . . . . . . . . . . . . . .  137 

Abstract of paper to be published in proceedings of- the 19 73 Particle Accelerator Conference (San Francisco, California, 
March 5-7, I9 73). 

APPENDIX A: CYCLOTRONS - 1972, AVF AND Fh3 
b'.T.FIoward . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . .  

AbstIact of published paper: ~ ~ c ~ o l v o n s  1972, AIP ~.~onferznce Proceedings N o .  9 (Vancouver, CdnZlda, 18.- 21 JUIY 
19721, pp. 689 -429 ,  cd. by I. I. Uurgerjon and A. Stratbdcc, Arncrican Institute of Physics, Ncw YoLk, 1972. 

CONTROL OF THE OAK RIDGE ISOCHRONOUS CYCLO'KKON 
riiann, I.  M. Domaschko, S. W. Mosko, and R. Hageniann . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of paper to be published in proceedings of the 1973 Pxticle Accelerator Conference (San Francisco, California, 
March 5 --7, 1973). 

37 

38 

COMPUTER CONTROL SYSTEM FOR w r E  ORIC 
C. A. Ludemann, J. M. Domascliko, and S. W. hfosko . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  138 

Abstract of published paper: Cyclotrons ~~ 1972, Ail' Conference Procccdirigs No. 9 (Vincouvcr, Canads, 18 -21 July 
1372), pp. 500--509, ed. by J. J. Uurgerjon and A. Strathdee, American Institute of Physics, New York, 197%. 

LIST OR SORT? - SOME EXPERIENCE WITH THE OKfC MIJL'1'IPAKAME'TEK 
TJAL'A ACQUISITION SYSTEM 
D.C.Hensley . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abstract of paper to he published in the February 1973 lk'k'h' Transactiorrs on Nuclear Sciefrce. 

138 

A NEW RF SYSTEM FOR THE ORIC 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  S.W.Moski) . . . . . . . . .  . . . . .  139 

Abstract of paper to be published in proceedings of the 1973 Partick Accelerator Canfcrtmce (San Francisco, California, 
March 5~ 7, 1973). 

CYCLO'I'KON LAHOKATORY ACCELERA'TUR DEVELOPMENT PROGRAM 
E. 1.1. fIudson, R. S. Lord, C. A. Ludeuianri, M. I,. Mallury, M. B. Marshall. J. A. Martin, 

Progress in computer control, r f  improvement, and the ion cxtraction is cumiiiarized 

S. W. Mosko, \V. K. Smith. J. M. Domaschko. arid K. Hiigemann . . . . . . . . . . . . . . . . . . . . . . . .  139 

CYCIDTKON IN1 ERNAL, ION SOURCE WII'W DC EXI'KAC'J'ION 
M. I_. Mallory, E. I). Hudson, and R. S. Lord . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  140 

Abstract of pap-r to be published in proceedings of the 1973 Particle Accelerator Coriference (San Francisco, California, 
March 5---7: 1973). 

FEASIBILITY AiiD COST OF A SUPERCONDUCTING HEAVY-ION LINEAR ACCELI',KATOR 
C.M.Jones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  140 

Abstract of paper to be published iri f'article Accelerufors. 



XX 

SUFERCOND~JtXlNG RESONANI' CAVITIES 
J .  P. Judish, C. hl. Joncs, 1:. I<. McGowan.. and P. Z. Peeblc.;, J r .  

Dc:slgn and construction of a second superconducting helically loaded cavity and measurermini system are reportcd. 

140 

KbNJNANT FREQUENCY CONTROL OF SUPERCDKDUC riNG RF CAVITIES 
P.Z.Peebles ,Jr .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  141 

Abstract of paper accepted for publication in the proceeding< of the I973 P:rriicle Accelerator Conference, March 1973 

M:i';ASlJKkK!iNT SYSTEM %OK SC'FERCONDUCTING RF RESONANT CAVITIES 
P. Z. Pccbles, Jr., C .  hl.  Jones, R. F. King, and J .  P. Judish . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  141 

Abstract of paper pieseiited at IEEE Region 3 Conference, April 1972 

TrESiGN AND EVAI,IJATIBN OF A H PDWER VOL IAGE-VARIABLE REACI ANCE 
S. i;. Smith and P. Z. Peebles, JJ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

A voltage-variable rzai'tance for frequency contiol of supcrcoiiducting cavity icsonant frequency has bzcn developed 
tlirougli ,j subcontract with the Electrical Engineering Dept., University of Tcnncsscc, Knoxville. 

A SLOW TUNER FUR SUPERCONZ.UC1'ING HF:L,ICALI.Y LOADED RESONANT 
CAVITIES 
C. h.1. Jones. J .  L. Fricke, B. Pioaczyk. and J .  1:. Vcttcr . . . . . . . . . . . . . . . . . .  

4biiract of published papcr: fioceeditigs of fire I Y  72 Protori Liriear Accelerator Confererice, LA-51 15, pp. 163 ~ 67. 

141 

142 

SI'AI'US OF THE 4JNISOR PROJECT 
11. I<. Carter, R. L. Mlekodaj. W-D. Schmidt-Ott, and E. H. Spejewski . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  142 

Dcvclopnient of the UNISOR on-line isotope separator facility is described. 

SIA'I'US REPORT ON i H %  3-MV VAN DE GRAAFF ACCELg:KA.TOK 
J .  P. Judich . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Activitic.; ascociatcd with us? of ihe 3-hi\' Van de Graaff are discussed. 

146 

STATUS REPORT OF THE 6-MY VAN DE GRAAFF ACCELERA'TOK 
J .  A .  Biggcrstaff and W. T. Newton . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  146 

Activities associated with usc of the 6-hlV Van dc Graaff are discussed. 

STATUS REPOR 1 OF THE TANDEM VAN DE GR.4.4FP ACCELERATOR 
G. 1:. Wells 2nd R. L. Robinson . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  146 

Activities performed on the Tandem Van de Graiiff'duiing the yedi 1972 ilie summarized. 

STATUS REPORT ON TEE OAK K i I i m  ELECTRON LINEAR ACCEI.EKATOR (ORELA) 
J .  A. Haivey, T. A. !>ewis, I:. C. Maicntchein, and H. A. Todd . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  148 

' lhe  performance of the electron lincar accelerator and the data handling equipnient are summarized 

OAK RIDGE !SOCIRONOIJS CYCIBTRON OPERATIONS 
R .  S.  Lord, A. W .  Riikola. 1%. L. Dickersoxi, C. L. War, M. B. Marshall, S. W. Mosko, 

I<. M. Wallacc, E.  Newnian, H. D. Hackler. J. W. Ifale, E. W. Sparks. 
C. L.  Haley. C. A. Fyliiier, and I>. A. Slover 

The operation of the OKIC is sun-iinarired 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  150 

PUBLICATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  154 

Book and Journal Articles . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . .  . . 154 
Theses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  162 
AnnualReport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  162 
TopicalReports . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  163 

PAPERS PRESENTED A T  SCIENTIFIC AND TECEINICAL ME2 iTNGS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  163 



xxi 

ANNOUNCEMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  169 

PERSONNEL ASSIGNMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  '69 

Guest Assignees from Abroad . . . . . . . . . . . . . .  . . . . . . . . . . . . .  169 
Guest Assignees from the Unit . . . . . . . . . . . . . .  . . . . . . . .  
Staff Assignments . . . . . . .  
Staff Appointments . . . . . . . . . . . . . . . . . . . . . . .  
Staff 'I'ermination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  171 
Staff Appoiritces ... Intmlaboratory Loam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  172 

bIISCE1, LANIEOUS PROFESSiONAC ACTlVI1'IES OF DIVlSIONAL PERSONNEL . . . . . . . . . . . . . . . . . . . . . . . . . . . .  172 

COLLOQUIA AND SEMINARS PRESENTED BY TIlE PHYSICS DIVISION STAFF . . . . . . . . . . . . . . . . . . . . . . . . . . .  174 

PHYSICS DLVlSKON SEMINARS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  176 

Mi.D . THESIS RESEARCH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  177 

M.S. 'THESIS RESEARCI-1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  178 

STUDENTGUESTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  179 

COOPliRA'IIVE EDUCAI'ION PRO(;RAM FOR UNDERGRADUATE STUDENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . .  179 

GU6ST ASSIGNEES . STUDENTS NOT ENGAGED IN 'IHESIS RESEARCH AT OKNL . . . . . . . . . . . . . . . . . . . . . . . .  180 

CONSULTANTS (JNDER SUBCONTRACT WITH UNION CARBIDE CORPORATION NtJCLEAR DIVVSICN . ORNL . . . .  180 

CONSULTANTS UNDER CONTRACT ARRANGEMENT WITH OAK RIDGE ASSOCIATED UNIVERSITIES . . . . . . . . . .  181 

ANNUAL INPORMA'TION hlEE7'1NG OF 'THE PHYSICS DIVISION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  182 

RADIATION CONTROL AND SAFETY IN THE PHYSICS DIVISION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  182 

UNISORPROGRAM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  182 

YAK'rlClPAT1ON 1N VARIED INSTITUTES AND SYMPOSIA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  183 

OKIENlAIION MEETING AT THE O W L  NUCLEAR D A I A  PROJECT FOR NSF-SPONSORED 
NUCLEAR INFORMATlON RESEARCH ASSOCIATES (NIRA) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  183 

ORNL HEAVY-ION SUMMER STIJDY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  184 

AUTHORINDEX . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  185 





Foreword 
This annual progress report of the Physics Division 

covers the calendar year 1972. As in previous years the 
report contains the abstracts of  papers pitblished since 
the last annual report arid those prepared for publica- 
tion. Reprints and preprints of these articles are 
avajlable upon request. Preliminaiy results of research 
work in progress are reported in more dct.ai1. Since this 
work is of a preliniiriary nature, reference to  or 
inclusion of these results in  any other publicatioris 
should be done with the express consent of  the author. 

Each month the Division Director submits a report 
which si~niniaiizes sortie research activity within the 
Division. These reports follow itninecliately and will give 
the reader an overview of the research efforts in 
progress. 

Looking to the future, in June 197% the Oak Ridge 
National Laboratory sponsored a summer study on 
heavy-ion research. A short report of this meeting may 
be found near the end o f  Sect. 8 ,  and reports on 
heavy-ion acceleration are given in  Sect. 7. 

xxiii 





Monthly Reports o f t  e Physics Division 

'The Divisional. monthly reports, which consist of 
about 200 words, suini-riarize at least one activity of the 
Division for each morith o f  [tie year. 'These reports for 

the Division for  calendar year 1972, with references to 
the literature updated ;is of tlie time of submission of 
this arinual report, are a s  follows: 

Preliminary Measurements on a Low-Phase-Velocity 
Superconducting Resonant Cavity - Yaniiary 

Since the Oak Ridge National Laboratory has had for 
some time now a proposal before the Atomic Energy 
Commission for a heavy-ion accelerator, i t  must keep 
ab reast o f  developments in heavy-ion accelerator tech- 
riology , such as the superconducting linear accelerator. 
Consequently, a sinall experimerital group in the 
Physics Division has irivestiga ted one type of supercon- 
ducting cavity possible for a heavy-ion accelerator. An 
important problem for the design is the low velocity of 
the i ( J i ~ s  being accelerated, which requires cavities o f  
!ow phase velocities. Since a helically loaded cavity has 
this property, Jones et a].' have constructed such a 
lead-plated cavity with a lead-plated helix arid have 
measured its electrical characteaisl.ics in a superconduct- 
irig state at relatively low frequencies (-136 MHz). 
They operated the cavity as ii self-excited oscillator 

effectively at l i i e top  of the resonance curve where tlie 
rf arid mechanical systems are decoupled, so that 
rnechanical vibral.ions iritr oduced esseritially no prob- 
lems f i x  the measurements. They obtained the follow- 
ing approximate fields a t  a power consumption of 320 
niW/in: rnaxiniiiiri magnetic field, 187 C ;  rnaxirnurn 
electric field, 4.7.5 MV/m; axial accelerating field, 0.7 
MV/m. Altliougli foi-midahle problems remain to be 
solved, C .  M .  Jones et al., in their preliminary investiga- 
tion, discovered no insumiountable obstacles to the use 
o f  helically loaded structures in an accelerator. 

~~~ 

I .  (2. M. Jones, J. Y. Judish. R. F. Kirrg, F. K .  Mcl;owdn, 
W. T. Milner, ,md P. Z. Pebbles, Jr., Pmticle Accd. 3, 1 0 3 ~ ~ 1 3  
t1972j. 

The Two-Center Model and Fission Barriers 
€or Light Elements (A = 180-212) -- February 

F o r  properties of deformed nuclei near their ground 
states, such as quadrupole rnoxnents and collective 
restoring Torces, the Nilssori deformed sliell model gives 
a good theoretical description of the experimental 
information. For larger deformations, such iis those 
encountered in the fission process, however, the Nilsson 
niodel has proven to be inadequate, probably because it 
does not permit a suffjcient pararnelerization of' the 
ouclear shapes. 'The twocenter model,' a model con- 
sisting of a two-center oscillator potential, allows a 
smooth trarisition from the ground slate via the 

preformation of fragment shells to a system of two 
compleiely separated fragment nuclei. Ln pracficc, 
detailed two-ceriter-model calculations for the nuclear 
potential energy surface as a function of the shape 
pal-ameters Follow the procedure developed by 
Strutinsky. I n  this procedure the total potentia1 energy 
of a iiucleus i s  divided inio two parls, a smoothly 
behaving liquid-drop energy arid a strongly defornia- 
tion-dependent shell correction. For nuclei in the range 
A = I80 to 212, Mosel and Schmitt2 have calculated 

ion barriers on the basis of the two-center rnodel. 

1 



2 

.~~ . .... . -,. 1 heir theoretical w9ik gives an overall satisfactoi-y 
descriptioii ( i f  tlie fission baiiiei-s foi- these relatively 
light fissionable nuclei within the accuracy of the (1971). 

I. P. :!olzer, U.  Mosel, and W. Greiner,Nucl. Phy~).. A138, 24 
(1969); U. Mosel and : I .  V:. Schmitt, Niicl. Phys. A165, 7 3  

known experimental values, which is about 1 MeV. 2 .  U .  Mosel ~ c d  :-I. W.  S<hiiiitt.Pirys. Left. 376, 335 (1971). 

, .  I he  Enge split-pulc aagnetic spectrograph associated 
the ORNL tandeiii Van de Graaff iias a sufficieatly 

large accepirince angle that i t  is competitive ii1 effi- 
c.ieIrcy with good-resoliition semiconductor detectors. 

te particle detectors ilsually iiseci 
with such magnets have well-known disadvantages. Not 
only is tlii- leading o f  tlie plates tedious and time 
c<)iijiliTii1ig. but one also loses the ability to monitor 
and modify an exper imat  on line. Furthermore. with 
plates there is a limitation in precision because of the 
large number of events qliich must be recorded to 
obtain statistical accuracy. Ford, Stelson. and Robin- 
sonI have gotten around these difficulties by using a 
position-sensitive detector in the focal plane of the 
Enge magnet. The Roikowski-Kopp type of detector2 is 
a single-wire, gas proportional couiiter, which derives 
the position i[ifonmtion from the rise time of the 

pulses from tlie two ends of a 1iigh-i-e~is;arice wirs 
anode. With 15- to 45-kleV alpha particles through the 
magnet, a 20-cm-long detector and also a 60-cni one 
gave resolution in positioli 01’ O.J  mm. ‘The deviation 
froni spatial linearity was less than 3%, and the detector 
coirld liaodle counting rates up io several tens of 
thoi.ir;lnds of zouills per second. i’oid e! aL3 have used 
this detector for  a systeniatic: study of alpha-particle 
scattering from transuranic eleincnts. 

1 .  J .  1. C .  i-(3rd. Jr.. P. 11. S:elson, and R. L. Robinson, Nucl. 
f ~ c t r i l i i i  Mer:iods 98, I99 ( 1972). 

2. C. J .  Borko\vski and M. K. Kopp, Rev. Sci. Instrunt. 39, 
1515 (1968). 

3 .  J .  1.. C. Ford. J r . ,  P. H.  Stelson, C. E. Beiiiis, Jr.. F. I<. 
hlcGo\van, R. L. Robinson, and W .  T. Miln-r. P ~ J ~ s .  Rev. Left. 
27,  I232  ( I97 I ) .  

X-Ray L’i.oduction ‘ y r  “ast Heavy Ions - April 

?ihen a n  ion passis through maiier it can excite 
inner-shell electrons of the target atoms into the 
continuum by direct Coulomb exciidiioh, dnd some of 
these resulting inner-shell vacancies will decay by 
emission of x rays. Kecently there has  been an increased 
interest in studying the characteristics of x-ray produc- 
tion by fast ions, not only because this could be an 
attractive way of detecting trace elemeiits, but also 
because of its intrillsic irlierest as a new tool in the 
s tudy  of atomic structure. ‘4s long a s  polarization 

production of vacaiicies in the K shell for projectiles of  
the same velocity should be ploportional to Z 2 ,  where 
L i s  the pro;ectilc charge. The same should hold for the 
x ray production cross section sx if one assumes that 

2ff” ’ t i  s can be neglected, the cross section ut  for the 

the fluorescence yield, that is, the fraction of inner-shell 
vacancies that decay by emission of an x ray, does iiot 
depend on 2. Using the ORIS. van der Woude et al . ’  
have mcasuI-rd uk for 5 MeViamu 20Ne,  I 60, 2 C ,  and 
4He ions on Ti. Fe, Co, Zr,  Sn. arid Nd targets. They 
found large dev-iations in ul from the expected 2’ 
dependence and conclude, at least in thc case o f  the K x 
rdys from Zr, Sri, and Nd. that there is very likely a 
need for a Z’ term in the expiession for the ionization 
cross sectioji 

1 .  A. w i n  der Woude, hl. J .  Saltmarsh, C. A .  Ludemann, R. L. 
Hahn. arid E. Fichkr ,  subrniiicd for publicatinn in Proceedings 
Infernatioi7~i/ i‘onfbrence on Inner Shell Ionization Plierioinena 
(Atlanta, Georgia, Apiii  1972). 

Improvd [Jpper Lirnit for the Ekctr ic  Dipale Moment of the Neutron - May 

Dress, Miller, and Ramsey’ have concluded their evidence for instability in the spectrometer. In par- 
ticular, they removed the principal limitatioli of their 
previous experiment2 arising from the nonparallelism of 
the E and B fields, ‘which gives a spuiious effect through 

experimental search for the electiic dipole moment of 
the neutron at the Oak Ridge Research Reactor. After 
measriring all known systematic: effects. they find no 
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a ierni LZ, = ,-(v X E)/c. They placed the spectroineter 
and tlie magnetic shields on a modified, surplus gun 
mount so that the direction of the neutron beam 
ihrough the applied fields could be easily reversed, thus 
reversing the sign of v in BE.. Thz final result of the 
expetirnental search i s  p/c  = 3 -1- 6 X I D - - 2 4  cin, which 
Dress et  al. jnterpret as meming p/e  < 1 X cm 
wit11 :i pcohahility of 75%. They are moving tlie 
spcctroniefer to the High Flux Keactor in Grenoble, 
where the liquid deuterium secondary moderator and 
the high flux sliould provide a factor of 2000 io the 
intensity of the very slow neutrons required. If (lie 

Lewis and Bertrand have analyzed data on inelastic 
scattering of 62-MeV protons frorn targets o f  17A1, 
'"Fe, ''o!3n, and '09Bi, where 1he protons were 
accelerated with the Oak Ridge Isochronous Cyclotron. 
The irielastic proton spectra, w1iic.h covered the 1 .S- to 
62.0-MeV range, showed peaks in the continuum struc- 
ture near the energy region of the giant dipole 
resonarice -- that is, the resonance arising frorn the 
protons and the neutrons vibratirig against each other. 
But the observed inelastic protons peaked a t  iiri 

excitalion eneigy consistently lower by -2 MeV (tian 
the dipole resonant energy. On the basis o f  the energy 
o f  this proton peak as well as the strength of the 
resonances, Lewis and Bertracid suggest that they have 
excited another giant colleclive state o f  the quadrupole 
type, an exxriple of which is a collective motion in 
which i h e  nucleus vibrates between a prolate arid ail 
oblate slzape. At 62 MeV the angular distributions ot 

anticipated iniproved sensitivity o f  a few times IO-'' 
cin gives no electi ic dipole nnoxnent, the experiment will 
provlde overwheln~mg evidence for the superweak 
theory 01 CP vloldtiori, if the result shows dri electric 
dipolc moment. then tlie superweak theory IS not 
responsible and ihere niust be a wnall CP violation in 
the weak or  htrorig interactions. 

1 .  !V. 13. Drers, P. 0. Miller, and N. F. Kamsey, submitted for 

2. J. K. Baird, P. 11. Miller, W. H .  Dress, and N .  E'. Rnmsey, 
publiiation in the Pliysic~l Review, D. 

Phys. Rev.  179, 1285 (1969). 

Excitation of Giant Quadrupole States iii Nuclei - June 

Hyperchanneling, :~n  Axial Channeling Phenomenon - July 

the irielastically scattered protoxw are consistent with 
the interpretation of the peaks as quadrupole reso- 
nances, althoiigh other interpreiations are not  rigor- 
ously niled out.' Data at 182 MeV definitely indicate 
a qu;idrupole transition. Satchler2 has applied the 
deformed optical potenlial to calculations of dipole 
and quadrupole trarisitions in nuclei. Me shows that the 
strengths of l.he observed resonances are consisterd with 
the quadrupole interpretation, whereas the giant dipole 
is insufficierit to  explain 1tie data. He also points out 
that virtual excitation of the collective quadrupole 
resonance would explain the effeclive chaIge for quad- 
rupole transi tions needed in shell-model calculations. 

I__ ____ 
1. M. €3. Lewis and F. E. Bcrtrand, submitted for publication 

in iVi/cleur I'kjvics; original data from F. E. fkr t rand and R. W. 
Peellr, OKNL-4455, -4469, -447 1 ,  and -4638. 

2. G. R. Siltchlcr,Ntccl. Phys. A19S, 1 --25 (1972). 

The channeling o f  collimated 11eavy ions of bromine 
or iodine by adjacent atomic planes of thin crystals of 
silver or gold has allowed a mapping of interatorriic 
poteritials in crystills and has, as well, yielded insights 
into the electron capture and loss processes in the heavy 
ions Ll~ernselves.~ , 2  With very lightly collirnated 2 1.6- 
MeV iodine ioos, Apple tm et aL3 have recently studied 
the channeling of a distinct group of ions in single gold 
crystals which show, over a very srnall range of 
incidence angles with respect to the 10 1 11 direction, an 
unusually 1ow energy loss. They identify this group as 
ions wtiich remain within a single axial channel througli- 
ou t  the passage through the crysld, and call this type of  

channeling hyperchantieling. ln planar channeling an 
ion travels in a single channel between adjacent atomic 
planes, wliereas iri axial charuieling the majority o f  the 
channeletl ions wander from 011e axial clianriel to 
amther.  In hyperchanneling, I-towever, the trarisverse 
energy o f  the ions i s  less than the potential barrier 
between I h e  rows, and thus the ions are constrained lo 
travel through a single axia I ckannel. The energy 
spectrum of hypei-chantielecl 2 I .&MeV iodine i o n s  
transmitted within 50.0 12" of the incident beam 
direction shows a rate or energy loss o f  3 .  i S MeV/pin, 
compared with a rate of 3.9 MeV/pm for planar chan- 
neled ions. Analysis of the results indicates that hyper- 



channeled ions provide a new means  for studying 2 .  1:. 0. LutA, S. Data, C. 0. Moak, Jnd 1 .  S .  Noggle. P h y . ~  

multiple scatteiiilg, radiation damage, and ioii-atom f x t t .  33A3 309 (1970). 
3. B. R.  Appleton, C. D. hlnak. T. S. Noggk, :tad J .  1-1. potentials in solids. 

Ba,ictt,Ph,vs. Rev. Ceii. 7.8, 1307 (1972). 
... 

1 .  11. 0.  L u t z ,  S.  L ) a i ~ ,  C. D. Moak. and T. S. Noggle, Plzys. 
Rev. I'ett. 15, 285 (1966). 

R-Matrix Am.lyds with a Diffusc Edge Potential for 6 O  t ,, Zata - A q l r s t  

The R-iixltiix analysis, introduced by Wigncr and 
Eisenhud some 25 years a.go, is today the rncst useful 
and physically significant way of desciibing resonances 
in nuclear reactions and scattcriug. The selection of the 
boundary radius on which reduced resoliance widths 
depend rather critically, however, has been something 

. in ail X-iiTatrix analysis of I O(n,rz) and 
' O ( 4 a )  cross sections,' Johnson2 has found a self- 

consistent method of selecting this boundaly radius. He 
fits the off-resonance cross sections by calculated 
scattering froin a real Saxon-Woods potential with a 
Thomas-type splii orbit term. For s and d waves he 
chooses the well parameters to bind correctly the 2s / 2  

arid the ld3/2 states, to give the observed :-wa\Je cross 
sectioiis at thcrmal energy, and to place the ld3Iz state 
at the centroid of the five 3/2+ statm observed as 
neutron resonanccs. Placing the R-matiix boundary 

radius inside the tail of the resulting potential a t  3.86 
fnn. so that the Id3,* 1-ediiced width is equal to hz / 8 ~ J 2  . 
gives an excellent fit to  the total and (n,a.) cross section 
up to 5 .X MeV neutron cnergy.' Besides riiaking the 
r e d x e d  widths of the five 3/2+ resonances equal to the 
single-particle reduced wid?Li, this proced!irc shows that 
the sum of the reduced widths of the and the 5/2+ 

states is veiy s m a l l  and that tlie summed reduced widths 
of the p 3 ,  , p , a176 fs  / 2  states are. respec tivcly , 
I ? ,  5 ,  14. and 1 %  of single-particle values as predicted 
qiialilatively by the shell moilel. 

. f7 

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

I .  C. H. Johnson, J .  L. Fowler, and R. M. Feezel, pp. 2 - 3  in 
C'onirih tioris -~ Cotifererice on Nuclem Structure Strii/;t with 
Neutrons (Uudapc,t, Buiigary, July Augu j t  I972), Central 
Research Institute for Physics, Budapest, 1972. 

2 .  C. 13. Johilion, sub'nittcd for publication in the Phy&u; 
Review. 

Ne.i/ I s o t c p  of Osmium - Os, 7" Os, and ' ' 'Os - Scp:ommbe~ 

The highly ionized neon beams, 2oNe6+, from the 
Oak Ridge Isochronous Cyclotron allow sufficient 
energies (-150 MeV) to produce new isotopes by 
bombarding targets in the rare-exth region.' , 2  With 
56Dy targets, -10th et  al.' discovered two new 

isotopes of osriliuin with alpha energies and half-lives as 
follows: ( 1 )  1700s,E'ir = 5.40 f 0.01 MeV,TI l2  = 7 . l  
20.5 sec ; (2 ) i7LOs ,Eo i - -5 .114+0 .01MeV,TI12=8 .2  
f 0.8 sec. They made the isotopic assignments on the 
basis of t h i  alpha energies, half-lives, and the rcaction 
energy systematics. i h e y  also observed a weak alpha 
si-oup with energy consistent with that expected from 
L 6 9 C s  decay. but the beam energy limitation at the 
time prevmted a n  identification from yield vs energy 
data. More recently, Toth,  Hahn, Eingham, Ijaz. and 
Walker have taken advantage of a 1.7-MeV higher 

energy '"Ne beam to reinvestigate the possi'oie 
Os. They 

found that the yield of the 5.56 * 0.02 MeV alpha 
group of 3.0 t 0.5 sec half-life increases with energy in 
tlie rangc 140.6 to 153.4 MeV, coilsistent with the yield 
expectcd from the ' 5 6 0 y j 2 0 ~ e , 7 n ) L 6 ' O ~  reaction, 
which has a threshold a t  117 PAeV and a predicted 
maximum yield. at 160 MeV. They climinated other 
possible reactions on the basis of the yield data. 
Furthermoie, the 690s assignment is confirmed by the 
h c t  that the alpha energy, 5.56 +_ 0.02 MeV. f d l k  
almost exactly on that expected for ' 6yCs.  

'' Dy(20Ne.7nj reaction which leads to  

__ ..____ 

I .  K .  S. 'I'oth, R .  L !lahn, h.1. A. Ijaz, and R. F. Walker, Phys. 

2,  K. S. Toth,  R. t. Hahn, C.  K. Bingliam, M. A. Ijaa, arid 
Rei:. C5, 2060 (1972). 

R .  F. W;rlker, to be published in the ?hysicnl Review. 

Neutron Captare in "Sr. 7Sr, arid "Sr and Nucleosynthesis - OC~DSCT 

hccording to  cosmologists. nucleosynthesis in the capture of neutrons on a time scale .which is slow 
interioi of red. giant stars takes placc by multiple coinpared with beta-decay half-lives. Under these condi- 
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tioiis the product of the neutron capture cross section 
for an effective 30-keV temperature and tlie isotopic 
abundance is expected to  be a slowly varying function 
of atomic weight. Vanpraet, Macklin, Allen, arid 
Winters' have measured the capture cross section of the 
separated isotopes '"r, " ~ r ,  and 8 X ~ r  in  tlie energy 
range 3 to 100 keV at the 40-in time-of.4ight station of 
the OKEJLA. Using a pair of total gamma-ray energy 
detectors wilh suitable pulse-height weighting so that 
the detecting efficiency w a s  inserisilw lo the shape of 
tlie capture garnrna-r;iy spectrum, they measured the 
total capture cross section relative to that of the 
' Li(n,oc) reaction in a 0.5-mm-thick glass scintillatcir. 
Since the 50-neutron shell closure occitrs for ' 8Sr, the 

30-keV capture cross section changes abruptly at tlie 
nucleus, decreasing from 38 nib for "SI and 54 nib for 
87Sr i o  5.6 mb for 88Sr. Nevertheless, the product of 
the isotopic abundance, cvrrect.ed for a small effect 
arising from fast Iieutron capture, and the 30-keV 
capture cross secliori is remarkably constant, in agree- 
ment with ilie ccmnological predictions. 'This product i s  
216, 204, and 259 for the isotopes "Sr, '''Sr, and 

Sr respectively. 

1. 6. J .  Vanpraet, R .  L. Macklin, R .  J. .4llen, and R. A. 
Winters. pp. 208---9 in Corilribzitions - Coriference on Nuclear 
Structure Szudy with Neulrons (Budapest, Hungary, July - 
August 1972), Central Rz.;earc.h Institute for Physics, Budapest, 
1972. 

Giant Quadrupole or Giant Monopole Resonances? - -  November 

One of the recent rnajjur accoinplislirnents of the 
Physics Division is the discovery that inelastic proton 
scattering strongly excites nuclear states just below the 
giant dipole resonances. Lewis and Berti-and' togetlier 
with Satchler2 have interpreted these states as being 
consistent with the excitation o f  collective giant quad. 
rtrpole resonances whose strength exhausts the eriergy- 
weighted sum rule. Additional measurei~ients~ of in- 
elastically scattered 67-MeV protons from the Oak 
Ridge Isochronous Cyclotron with the high-I-esolutiorr 
broad-range magnetic spectrograph have confirmed the 
earlier counter results' and ]rave yielded more precise 
resonant energies. In the meantime, SatchIer4 has 
shown, using a breathing-mode reaction mechanism, 
that the available proton inelastic scattering data are 
consistent with a giant inonopole interpretation of the 

excited states as well as with the quadrupole interpreta- 
tion which is somewhat favored by tlie data. Since, as 
he points out, scattering of polarized protons will 
distinguish between the giant monopole and the giant 
quadrupole excitations, experimenters are setting up 
apparatus to measure ttie scattering by appropriate 
nuclei o f  polarized protons which will be produced by 
the cyclotron's polarized ion source. 

- 
1 .  M. B. I,ewis ;ind F. E. Bertrand, Bull. Anzer. Phys. Soc. 17, 

462 (1972);Nucl. Phys. (in preqs); M. N. Lewis,Phys. Rev. Lett. 
29, 1257 (1972). 

2. G. R. Satchler, NZLC~.  Phys. A195, 1 (1972j. 
3. F. E. Rertrmd, C .  K. Satchler, M. B.  Lewis, and I). J. 

Iloren, BfilI. Amer. 1'hys. Soc. (New York Meeting, January 
29 --February 1, 1973). 

4.  G. R. Satchler, Purlirks undNuclei (to be published). 

The ' Pb(' C,' C ) 2  ' 7Pb and ' Pb(' ' C,' IBi Keactioiis 
at High Bombarding Energies - December 

Use of the position-sensitive proportional detector in 
[lie focal plane of the broad-range magnetic spectro- 
graph of the Oak Kidge Isochronous Cyclotron has 
allowed precise investigations of heavy-ion reactions 
produced by bombarding '" * Pb with high-energy ' C 
ions. Larsen et al.' have measured the ditferential cross 
sections of the neutron pickup reaction, 
zo8Pb(1ZC,'3C)'07Pb (Q = ----2.42 MeV), arid the 
proton stripping reaction, '08Pb( '2C, '  B j Z o Y B i  [Q = 
-12.15 MeV), with I 2 C  energies of 77, 98, arid 116 

MeV. With  ttie detector system resolution of 250 kzV, 
they see groups of ' C  and B niiclei corresponding to  
population of  five states in each of the '07Pb and 

2 0 9 S i  product nuclei. They find [hat (lie angular 
distributions of i.be C and ' ' R lightproduct nuclei 
are smooth arid single peaked and that tlie peak shifts 
to forward angles with increasing ' 2C incident erieigy. 
They interpret these observations in terrns of semi- 
classical concepts. Sinal1 detector angler correspond to 
large separation distances; consequently, the probability 
for nucleon transfer should he low. As the angle 
iricreases, the transfer probabilities should increase up 
to the point where nuclear absorption sets in and 
compound nuclear reactions begin to predominate. ?Tie 
peak arigles in the differential cross sections are thus 
related to the optimum distance for nucleon transfer to 
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occur. 4 more detailed analysis allows T-arsen c t  al.1 to 
conclude that the proton stripping reaction is corn- 
patible with a mechailisin which depends on the initial 
*08Pb + ' * C  system whereas the neutron pickup case 

suggests a desciiption dependent on the final '07Pb + 

-j-; J ,  s, s. Toth. 
J .  B. Ball, and R. L. llahn, submitted to  PlzysicsLetters. 

3c system. 
.~ .  . 

J ,  L. c. Ford, J r , ,  R ,  M.  Gaedke, 



1. Theory 

NUCLEON TRANSFER FORM FACTORS CALCULATED WITH REALISTIC INTERAC‘I’XONS’ 

Y. K. So2 W. I‘. Iainkstori2 K. T. I<. Davies 

I -1 1 ne microscopic approach to  calculating single- 
nucleon transfer form factors is applied to  reactions i n  
ttie region near Ca, for exanple,  C; i (p ,~l)~ ‘ Cn and 

C;4d,p)4 Ca. The interaction of the transferred 
nucleon with the “C‘a core is taken to be the 
single-particle I-Iartrec-Fock potential of Tarbutton an3  
Davies, based on a two-body potenti;d developed by 
Nest or. Realistic eflective interactions, iricludiiig core- 
polarization renormalization, are used for the inter- 
action of the transferred nucleon with valence nucleons 
arid holes. The results are compared with form factors 
calculated with Woods-Saxon core interactions and 
phetionierrological residual interactions. I t  is found that 
the use of the ffartrec-Fock potential yields results that 
are significanfiy different f rom fliosr obtained Lroni 
Woods-Saxon wells of standard geometry (r,) := 1.25 fin, 

4 0 

c1 = 0.65 fin). Form factors calculated with the 
Hartree-Fock potential tend to  be larger in  the surf;ice 
and smaller in the interior, compared with those 
calculated witti the Woods-Saxon. A Woods-Saxon well 
equivalent to  Hartree-Fock gives almost identical results 
in some, but not all, cases, but the parameters of Oiis 
well are quite different from the standard geometry and 
itre highly state dependent. The form factors are found 
to be much less sensitive i o  the effective two-body 
interaction of the trarisfcrred auclron witti the valence 
particles and holes. 

1 .  Abstract of paper to be published in P a r t i c k  mid N/.iclei. 
2. Department of Physics, Vanderbdt University, Nashville, 

I enn. , -  

HIGHER-ORDER CORRECTIONS TO BRUECKNER-HARTREE-FOCK ]BINDING 
ENERGIES AND RADII’ 

K. ‘1’. K. Davies I<. J .  McC>artiiy2 P. U. Sailer3 

Some higher-order corrections to renormalized 
Brueckner-fiartree-Fock calculations are estimated fcor 
the nuclei I ‘D ,  “Ca, and 208Pb.  The Liiagrams of 
interest are the potential insertions in particle lines and 
the two-body correlation corrections to the rins radii. 
Studies are rnade o f  the sensitivity OT these corrections 
to the shift in the intermediate spectrum used to 
calculate the G matrix. The correlation corrections to 
the radii are srnall and seetn to increase sotnewhat as ttie 
intermediate spectrum is lowered, but there is no 
appreciable change in  the overall saturation properties. 

The errors involved in estimating the corrections are 
discussed. “‘Off-di~gonal occupation probabilities” are 
also calcu1:ited arid found lo be small, thereby justifying 
ignoring such diagrams as is usually done in reriorrnal- 
izcd Bruecknec calculations. 

1. Abstract of paper to bc published in Ptiysical Review. 
2. Ucpartrnent o f  Physics, Indiana University, Bloorrington. 
3. Pliysikalisches lnstitut dcr Univcrsitzt, Idermann-Herder-~iari~i-Ht~~der~ 

Strassc 3 ,  7800 Freihurg im Brcisgau, Gcrriiany. 

7 
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RENORMALIL b, l l  RRUEC~CX-WARTFREE-FOCK CALCULATIONS USING D1h I'ERENT 
YRESCX [PI KlNS FOR TPIX: INTERMEDIATE-S YhTE SPEC I'RIIM' 

K. T. R. Davies R. J .  McCarthy2 P. U. Sauer3 

Calculations of the spherical nuclei 60, 40Ca ,  and 
"'Pb are presented for C; matrices that differ in the 
definition of the particle spectrum. Detailed coinpari- 
sons arc made using pure harmonic oscillator, shifted 
oscillator, and QTQ intermediate-state spcctra. Atten- 

between the Q-TQ results and some results obtaincd by 
Negele. A study is also made of the importance of the 
relative partial waves not defined in thc Reid soft-core 
poteiitial. 

tion is particularly focused o n  the saturation properties 
of the various G matrices. 'The QTQ prescription seeins 
to pve somcwhat better saturation properties than the 

-- 

1. .4bstracl of published paper: Phys. Rev. C6,  1461 (1972). 
2, Department of physics, Blooir;ington. 
3. Phvsikalisches lnstitut der Univercitat. IIextnann-Herder- 

oscillator prescriptions. A comparison is made in 40Ca  Strasse 3 ,  7800 1;relburg in Breisgaa, Gcrii>.any 

HAM! KEE-FQCK CALCULATIONS OF BUMBLE NUCLEI' 

K. T. R. Davies C. Y. Wong S J Knegei2 

Hartree-Fock calculations of 36Ar :ind of "'Hg in 
spherical configurations exhibit densities that are very 
much depleted in the interior region. The depletion 
agrees well with- previous theoretical predictions of clrclc, Chicasn. 

bubble nuclei. 
--i. Abstract of 

...-..-... ~ 

41B,455 (1972). 
2. ~ ~ ~ ~ ~ t ~ ~ ~ ~ t  of phy\ics, (jniversity of Illinois at Chicago 

paper: p~ lys ,  

The renormalization of inany-body perturbation 
theory by factorization of insertions in single-particle 
(SP) lines having the significance of "true" occupation 
probabilities is reviewed. The renormalized Bxeckner- 
Hartree-Fock (RBHI;) approximation is defined, and its 
analogue of Koopmans' theorem on the near equality of 
separation energy centroids and SP energies is dernon- 
strated. 'I'he plane wave and hari-rionic oscillator bases 
of SI' states and the energy spectriirn of the virtual 
excited SP states are discussed. Binding energies, charge 
densities, and SP energies of light spherical nuclei 
obtained with RHHF calculations in the oscillator basis 
are presented. Corrections to the REHF approximation, 
associated with correlations and rearrangement, are 
considered. Configuration mixing leads to a distribution 
of SP strength over many eigenstates. Values are given 

for the second-order rearrangement energy, the main 
contribution to the shift away from the centroid of  the 
eigenstate of greatest SP strength. For deep holes the 
strength function broadens as 211- lp states, etc., become 
quasi-degenerate with lh  states: as an example? the 
(Os)-' strength function in I 6 O  is shown. Correlation 
corrections to the RBIII: charge density are discussed. 
Results of RBHF calculations for nuclei with a neutron 
excess are cited, and prospects of future itnprovements 
in calciilations employing the RBlIF approximation are 
contemplated. 

... I 

1. Abstract of paper to be publishcd in the proceedings of 
Symposium on Fresent Status and Novel Developments in the 
Many-Body Troblcni, Rome, Italy, Sept. 19-23, 1972. (Pro- 
ceedings to be published in I1  Nuovo Cimento.) 

DEFORMbl9 BWUECKWER-HARTREE-FWK CALCiJLATIONS' 

W. F. Ford2 R. C. Hraley2 K.  1 , ~  Becker M. R. Patterson3 

The renormalized Hrueckner-Hartree-Fock ( U H F )  ized to permit calculations for intrinsic states having 
theory for many-body nuclear systems has been general- permanent deformation. Both Hartree-Fock and 



Brueckrier self-corisisteiicies are satisfied, and details o f  
the numerical techniques are discussed. The Iiamada- 
Johristoii interaction is used in ;I study of deformations, 

with predictions of ortlirl2u.y aotl density-depentleni 
Martree-Fock theory. 

- 
binding, size, atid separation energies for sever:ll1illc1ei. 
i:,lectrornapnetic transition rates, and electron 
scattering form factors arc calculated using ~iuclear 
wave functions o b  tairied by angular nionientum pro- 
jectioii. Comparison is niade with experiment as well as 

1. Abstract of paper to be published iii the piocccdings of 
Symposium on Present Status and Novel Developmerits iri the 
Many-Body Problem, Komc, Italy, Sept. 19 - 2 3 ,  1972. (Ro- 
cecdings to be published in I I  Nuovo Cimpr2to.) 

2.  NASA, Lewis ~ < ~ ~ ~ ~ ~ ~ f ,  (:enter. (:leveland. 0 1 , ~ ~ .  
3.  Matfiematics Division. 

RENORMALIZED FOLDED DIAGRAM EXPANSION FOR THE NUCLEAR GROUND STATE 

Richard L. Becker Robert W. Jones’ Franz h.lohliiig2 

The Brut:ckner-Croldstorie expansion for the iiiter- 
action energy in the ground state of a many-fermion 
system involves effective interactions (Brueckner re- 
action matrices) that are off  tlie energy sliell wlien they 
occur iti virtual intermediate states. ‘The p r i m  dis- 
advaniage o f  this expansioti is that difl’iculties associ- 
ated with the off-shell propagation appear in arr 
extreme form. Through a series of investigations culmi- 
nating in those of’ Brandow, a rearrangement uf the 
Goldstone expansion by sunimitig terms related by 
getwalkzed time ortlzring, which we sliall call 1 he  
Brandow serics, has been obtained. Brandow’s series 
involves a vcry satisfactory definition of the single- 
particle potential Tor tiole stales and for “p;irticle”-liole 
creation or annihilation but, as with the Urueckner- 
Goldstone expansion, does not yield a factorized 
self-energy generalizing the I-lartrce-Fock potential en- 
ergy for “particle” states. 

By adding and subtracting folded diagrams, tliose in 
which nornially empty states ;ire included in the sum 
over states for hole lines and norrnally occupied states 
f1.x “particle” lines, one may obtain an extension of 
generalized time ordering th;i t permits factorization of 
an on-shell Uruecktier-Hartrer:-Fock potential for “ pparti- 
d e ”  states. This was achieved earlier3 for an expansion 
in the bare interaction, v. The cxpansioni with folds is ;L 

“’global” expansion, meaning that it is a sun1 of- 
diagrams in which the propagators refer to all the 
“particles” and holes present in the entire system ‘The 
Goldstone arid Urariclow series itre also global ex- 
pansions. Global expaisions are complicated to work 
with, however. For formal work it i s  more convenierit 
to use sin~e-p;jrticle-propagator formalisms. The folded 
diagram expansioo can be related to expansions ob- 
tained by applying “field theore tic” (Feyninan propa- 
gator) methock. Jones and Mohlirig“ had used time- 
dependent propagators, and Kleins had used frequency 
(encrgyr-depcndent propagators in this way. 

For iiuc1e;ir theory it is essential to convert ex- 
pansions in v into expansions in ii renormalized inter- 
action such as the Brueckner reaction operator. We have 
found that the energy-dependent singl+particle propa- 
gator foriilalism i s  best suj ted to  lhis “Brueckneri- 
zation” of the “field theoreiic” or “folded” expansioii, 
and wc have obtained t l ie formal expansion. 

If the reriottiialized propagators are expanded in bare 
ones and tlieri the corresponding global expansion is 
worked out, it rnay be compared with the uiirenor- 
rnalized globxi expansion obtained from the Rraridow 
series. The lowest two tcrnis in our single-particle 
potcntial are corriparzd with Brandow’s in Fig. 1. ‘The 
“cost” of the increased fiictorizabili ty in our unretior- 
tnalized expansion is t h e  presence of iiew folded 
skeleton diagrams. For this ;ind other re:asons we be1.ieve 
it is far preferable not to expand ttie rcnorrnalized 
propagal on.  [f one truncates thc rcnormdized propa- 
gator at second order and ilicii triliicates the s11m over 
irreducible skeletons at first order, ocie obtains a 
renc)rrnializetl Urrieckner-liar tree-Fock (KBHF j approxi- 
mation which is very similar to that of a similar 

ORNL-DING 72- 10165 

NORMALLY UNOCCUPIED 

Fig. ,I. A comparison of the single-particle potential energies 
proposed by Brandow and by the present theory. 
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ttuncation of d i e  Braridow sicrieq,6 but it contaiiis an 2. IJcpartment of Physics, 1;iiiversity of Colorado, Boulder. 
RBHF potentia] energy for “paiticle” states. We fee] 3 .  K. 1. Hecker and R. W. Jones, Micl. Phys. A174, 449 
thi: n e w  cxpansion looks very promising and deserves 
further investigation. 

(1971). 

(1970). 
4 .  R. W. Jones and F. hlohling, Nucl. Pliys. A151, 420 

__ 5. A. Klein,Plzys. Rev. 121, 950 (1061). 
1. Deplutrnenr of Physics, University of South Dakota, 6 ,  K, L. ~ ~ ~ k ~ ~ ,  p/zys R ~ ~ ,  I ~ ~ ~ ~ ,  24,400 (1970). 

Vermillion, and Consultant to the Physics Division. 

A potentially interesting, bilt so far relatively uii- 
explored, region of niiciear spectroscopy is that of high 
cxcitations (2tira) of a ilucleus A - 1 produccd by 
nucleon-reiiioval processes such as @,2p) or ( e ,  e’$;) 
(“knockout”) or (d,3 Ec) (“pickup”). With sufficiently 

volts, the  dominant reaction mechanism is the relg tively 
simple one of quasi-free scatteiing, so the experiments 
can be analyzed in terms of the impulsc approximation. 
1 he interest in the experiments sterns from the presence 
of gross stiiictures in the cross sections as functions of 
the momentum and energy given to  the target nucleiis. 
These broad resonances have been interpreted in terms 
of shell structure: the energies of the  peaks are assumed 
to correspond to the separation encigies of nucleons ii1 

lov-lying’ shells and their widthr to the lifetimes of the 
single-hole states. 

lxpcrirnental knowledge of separation energies is of 
great interest to nuclear many-body theorists. A nec- 
essary ingredient of calculations of nuclear saturation 
properties (binding energies and sizes) is the self-con- 
sistent determiriaiioii of the energies and wave func- 
tions of single-particle states. ‘The “single-particle en- 
crgics” e (k )  depciid on the foriiiulatiun employ-ed and 
are not necessarily measurable. They can be defined so 
as to yield good approximations to various kinds of 
centroids of experiineiital distributions. Rut, in general, 
single-particle energies diffei from theoretical separa- 
tion cncrgies. I’his difference is called a rearrangeiiieni 
energy-. Thus. a thcorctical separatioil energy is calcu- 
lated from 

1 ’  liigh incident elieigics, hundreds of million electron 

Depeiidiiig on whether the experimental separation 
energy under consideration is that of an eigenstate or a 
centroid, one needs to calculate ail eigenrearrangeinent 
energy or a centroid-real.raiigement energy.’ A virtue of 
the renormalized Brueckner-Hartree-Fcck (RBHI:) 

a p p r ~ x i r n a t i o n ~ ~ ~  is that the centroid rearrangement 
ericrgy nearly va r i i~hes .~  ~igenrearrangemeii; cmrgics 
remain large for deep-lying hole states in the RHI-IF 
theoiy, for example, 13 and 19.5 MeV for Os holes in 
I 6 O  and The identification of 
the eigeiistate to which this eigenrcarrangeineni refers 
will be discussed beiow. The rearrangement energy 
calculated is the real part of the diagram shown in Yig. 
I .  

I n  analyzing data from quasi-free reactions, a good 
deal of theoretical attention has  heeii paid to  the 
distortion of the waves of the ingoiiig and outgoing 
particles: for (p ,?p)  some consideratjon has been given 
to the off-eneigy-shell properties of the nucleon- 
nuclcoii scatterinp, amplitude. On the other hand, for 
the “deep-hole” spectra only the simplest model, the 
single-particle shell model, has been employed for the 
structure of the target and residual nucki. The residual 
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( 3 )  STRONG MIXIP4G OF l h  STATES TWO OR MORE 
SHEILLS SFLOW THE FERMI LE‘JElL WITH 2h  -1p 
AND 3 n . 2 ~  STATES. EXAMPLE: ( L . s ) - ’  IN 4 3 c ~ .  

0 ........... .......... .......... 

..II ........... 

“ 
1 !21 STRONG M i X I N G  OF t h  STATES ONE SHELL BELOW 

T H E  F E R M I  L E V E L  WITI i  2h -! p STATES SECAUSE OF 
DEGENERACY. E X A M P L E S .  (os)-’ IN “0, (npl-’ IN 4oCa.  

‘ I  ..B ....... . .“ .i ......... 
-* ~ ~ _ _  

Fig. 2. Mising of 1h with 2h- lp  and 3 h - 1 ~  states in closed shell nuclei in the harmonic (equal spacing) model. 

nucleus is then in a pure single-hole configuration. 
Ktjliler’s estimate6 of the width of the hole state goes 
one step beyond this; he cvahiated in lowest order of 
perturbation theory the imaginary part of the self- 
energy of virtual transitions to (degenerate) two-hole 
one-particle states, the imaginary part of Fig. 1 without 
the renormalization. Widths of 14 and 22 MeV for  the 
Os holes jri “ 0  atid “ea were obtained; these are of 
the same order of magnitude as those seen experi- 
mentally. This level o f  description is about as  far as one 
c m  go iri the coil text of cooventional nuclear rnatter 
theory, either with the perturbation theoretic 
Briieckncr-Goldstone expansion or the Landau-Migdal 
quasi-part icle approximation of the Green’s function 
formulation. One may anticipate that such information 
is crude from the well-known fact that the quasi- 
particle approxirnai.ion is accurate orily for single- 
particle slates near the Fermi level. [n particular, these 
dwxiptions do not involve the concept of splitting of 
single-hole ~ t rength’ .~  which has been c:f great interest 
for high-lying holes. For this, one needs explicit 
configuration mixing. 

We believe that the increasing width o f  “Iiole states” 
with excitation energy is assochted with the availability 
of more and more configurations which are quasi- 
degenerate with the hole statc. Ttlis is shown iii Fig. 2 .  
When the hole is in the major shell just below the 
uppermost one; there are 2h-lp (two holes and one 
particle) states which in the harmonic oscillator shell 
rnotlel are exactly degenera le with it. IT the hole is two 
major shells down there are, in addition, 3h-2p states 

degenerdte with i t  ‘The degeneracies x e  made approxi- 
mate by the K And splitting4 ot the substiells and by 
resitlual interactions amorig the holes and paiticles 

The role of configuration mixing of the stdtes of the 
residud nucletrs in in teipreting the deep-hole spectra 
can be seen ds follows. df IA) is the ground sh te  of the 
target, lhen u(q)lA) IS the nonstdnon,jry slate of the 
‘4 I nucleon system obt,jioed by rernovmg nucleon 
of niomentum q. In a good-resolution experiment it 1s 

hnown that eiiergy W (<O) as well as mornenturn q have 
been removed. ? h e  residual nucleus will be in any of 
the stdtes <cv, 011 of energy w, I = ft$ W with 
dmphtude ” A - I ,  cy lu(q)IA)  In the pldoe-w~vve mi- 
pulse appioxmatioti the ~ r o s s  szctiori i’or (p,2p) or 
(e ,  e’p), 

d6 ci 

wlietc I and 2 Label the outgoing particles, is propor- 
tional to the strength function (stiucture f‘actur, form 
factor) 

where (in thc notation of ref” 7) b and c Idbel. bound 
(particle stable) and mntanuuni (particle unslable) 
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states and d tlistiiigilislies aii*lOtig degenerate states. The 
I h r s c  delta function will be siiiiiothed when oiic 
restores the “i~attiral” wid.rh fro111 iieglectcd electro- 
ma gn e t ic and weak in te :3 ct ion s. For the “de e p-h.o!e ” 
pait of tlie spectruiil irnder consideration. only the 
continuu1-12 tzriii contributes. lli I ’ N, for example, the 
states of interest are at  an excitation eiiergy of 2 2 0  
MeV. 

into coiitribuiions froin the va~ious  shell-model states 
Ik), including both those normally occupied in A ,  ii 
(holes), or iioriinliy empty, p (“particles”). Thus,  

The 1 ~ ~ j m e l ~ L u i ~  cigenstatc Iq) may be dc 

and 

where the expression S(kk’;W) involves the amplitudes 
(W, -~ 1 ,dink I A ) .  One sees that the reiiioval process 
coiiiains interferences between removals from different 
silriis. If one neglects ilicse because the n ionien~i~m 
distributions in different shells tend to be different (this 
ii?ay be a poor approximation for certain values of q),  
one obtains the diagonal approxiination 

S,(q,W) =El &(q) I *  q ! 2 ; w  
h 

w i t h  S(k,W) given by Eq. ( 2 )  with q replaced by the 
shell-inodel-state label k .  

If configuration mixing in the target is neglected, then 
only hole states k = h reiliaiii in Eq. (S), and only those 
states ~ , d )  wliich have an appreciable single-hole 
strength :Wi ~ , ,d lh- ’ )  contribute strongly. The states 
1 P i  . Cn are mixtures of configurations of type Ih, 
2h- lp ,  3h-2;11, etc. Ihe states It6 .. d )  :ire particle 
unstable by virtue of components with one or inore 
“particles” with e(p)  > 0. The lower part of the 
con tinuuln of singie-particle states may be replaccd. to 
good approximation? by discrete localized states wiilt 
the energies of single-particle resonances. Alternatively, 
one may use the discrete virtual “particle” states of aii 

oscillat or-basis R BHF calculation ; the single -particle 
energies of these states are calculated off the energy 
shell and coiisequently lie soliiewhat higher than the 
remilance energies. In either approximation the coli- 

tiriuuiil pari of S(h: I!)) is converted into the forin 
appropriate for particle-sta‘iie states IW: ,&, and 
consequently the spectruni consists of discrete peaks. 
I hesz would be broadened by inclusion of the widths 
of the single-particle resonances. One obtains the 
prediction of an intermediate structuie ii; the single- 
hole giant iesowince. The single-hole strcngili is split 
ariiong various approximate eigenstates of the residual 
nucleus. The subpeaks are weighted according to tlie 
single-hole strcngth i n  each eigcnstate and have widths 
deterniined by the single-particle resonance widths of 
the u n b o u d  “particles” in thc approximate eigei~st;~tes. 
The shape of the gross “single-hole” resoiiaiice liiay be 
asymmetrical; it  depends on the locations of the 
unperturbed 212-Ip, etc., states and 01-1 thc matrix 
eleriienis of the residual inteiaction. More generally, 
one obtains R stiength f!inction of the foiin 

.... 

where P“ is the decay width of the approxirtiate 
eigeiisiato. 

We have carlied out for 6 O  B- .  liwckner theoretic 
calcIil:, tioiis iri the Hloch-Horowiiz formulation of 
degenerate perturbation theory to obtain eigenstates 
consisting of mixtures of the hole state and the 
17 2h-lp states quasi-degenerate with it. For simplicity, 
neutron removal was considered. Figures 3 and 4 show 
the spectra and the single-hole strengths obtained wit!i 
two sets of single-particle energies. For virtua! pr t ic les  
with e y: S.4, 10.9, and 15.8 MeV for 1s112, and 
Od3jz,  respectively, the 22-ip states lay above the 
  OS^/^)-- * state and (Fig. 3) shoved it downward by aii 
amount -13 MeV in good agreement with that calcu- 
lated’ froin Fig. 1> when couplings among the 211-lp 
states are ixglected. An additional 4.4-MeV rearrange- 
ment energy is produced by these couplings in the full 
18-state basis. With separation energies of the s-d shell 
states in 7O used for the e@)’s, the 2iz-lp states lay 
below the Os hole and shoved the dorninant eigeristate 
upwaid (Fig. 4). Comparison of Figs. 3 and 4 shows a 
strong seusitivity to the single-particle energies, the 
eigenstate of greatest single-hole strength being at 25 
MeV in Fig. 3 and at  54 MeV in Fig. 4. 
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particles in ' 60, for comparison with rearrangement energy calculations. Spuriosities not removed. 
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The calculations of Figs. 3 and 4 ignoie a small 
technical poilit, namely, that the states of the basis 
contain “spurious” components corresponding to  ex- 
citation of the center o f  mass. For example, the Os hole 
state is 20% spurious.8 By repeating the calculations in 
a 16-dirnensiotial purified basis furnished by J. B. 
McGrory, we obtained the spectra shown 111 Figs. 5 and 
6. These are shown to differ strikmgly from those of  
Figs. 3 and 4, the strength below 30 MeV being 
removed. Unlike the earlier results, thc centroid is 

UNPERTURBED 
SPECTRUM 

- 

D OF (os)- ’  STRENG’ 

) SPECTA 

shifted upward from  OS,,,) to  about 49 MeV; the 
amount of the shift is in agreement with the center-of- 
mass cor rec l io~i~  to the analogue of Kooprnans’ 
theorem4 There is still a striking difference between 
the two strength functions. The one obtaincd by using 
expe~imenlal separation energies gives a concentration 
of strength in a state at 54 MeV (Fig. S) ,  whereas the 
virtual “particle” energies lead to  a more symmetrical 
distribution about the centroid. The latter appears to  be 
in good agreement with the best available &ita of Tyrth 

A CALCUL.  :ED IN 16 
DIMENSIONAL N0N;SPURIOUS STATE BASIS 

TOTAL ( o s ) -  STRENGTH -80% 

SQUARED AMPLITUDE OF ( O S ) - ’  (70) 

2 - I  

0RNL.-DWG 7 0 - l Q 7 0 2 R  

0 20 40 
d4cr/dE2 dQ2 (pb/MeV2 sr21 

8= 38.7 E, 

(p ,  2p) EXPT 
T Y R ~ N  et a/. 

Fig. 5. %; mixing of (O.F)-’ with quasidegenerate top)-’ (s-d)‘ states. Spuriosities have been eliminated. s-d shell 
single-particle energies are centroids of separation energies of states in 70. 
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Fig. 6 .  ”0; mixing of (Os)-’ with quasi-degenerate (Op)-’ (3-d)’ siat~s .  l‘he two spurious states have been eliminated. s-d shell 
single-particle energies are those of virtual particles in 60;  0p3,* and Op, ,? energies are RBMF t SOCj energies; and the Os energy i s  
RUHE (SOCj plus the second-order rearrangement energy from taraway configurations. 

et a].,” for which the energy- icsolution of the proton 
detectors i s  unfortunately not less than several MeV. 

In conclusion, we believe that nucleon-removal ex- 
periments with energy resolution capable of separating 
the interinediate structure peaks coiild provide valuable 
infoi-illation regarding deep holes in nuclei. 

1. The % m e  reactions have been used also to study nucleon 
removal from the levels of the uppermost inajui shell, where the 

narrower peaks havc yielded additioml spectroscopic informa- 
tion, namely, occupation probabilities for partially occupied 
subshells. 

2. R. I.. Hecker, “l’he Renormalized Hrueckncr-l’i;nrtree-~oc~ 
Approximation,” ”VUOVO Ciinerzro (to be published). (Invited 
paper presented at the Symposium on “Present Status and 
Novel i)evelogmciitc in the Nuclear Many-Body Problem,” 
Rome, Septembcr 1972.) 
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BRUECKNERIZATION OF THE BRANDOW SERIES WITH A NEW 
PROPAGATOR-RENORMALIZED REACTION MATRIX 

Richard L. Becker 

Brandow has partially summed Goldstone’s linked 
cluster expansion for the interaction energy in the 
ground state of many-fermion systenis by generalized 
time ordering.’ The Brandow series is an inipiovement 
because i t  allows the factoiimtion of certain kinds of 
insertions in single-particle lines. The factori7ed tn- 
serlions are of two kinds, which lead, respectively, to  a 
self-consistent single-particle potential and to  ienormali- 
7ation (line-weighting) factors for the lines of the 
diagrams that represent the terms of the expansion. in  
this propagator-renormalked expansion the binding 
energy of an infinite termi system is 

where Nk is the unperturbed occupation probability of 
the single-particle state k ,  pk its “true” occupation 
probability, uk and Tk its potential and kinetic energy, 
ek = Tk + its single-particle energy, and D = &-D i ,  

the sum of all irreducible closed Goldstone diagrams 
with each line renormalized with the weighting factor 
(1 - Nkj f ( 2 N k  - 1jPk. ‘rhe expansion satisfies the 
variational principles 

These may be used in defining stationary truncations of 
the series. One chooses a subset D’ of D atid then 
defines uk and& by Ey. (2) with 

For application to nuclei it is essential to  convert the 
expansion to  one in a renormalized interaction such as 
Brueckner’s reaction matrix. In all the work done so far 
the “3ruecknerization” (summation of ladder diagrams) 
has been done first (giving the Brueckner-Goldstone 
series), and then for the lowest terms occupation 
probability line weighting factors have been factorized 
by generaked time ordering. This has really been 
discussed in detail only for the lowest-order approxi- 

replaced by D T .  

mation, the renormalized Brueckner-Hartree-Fock 
(RBHF) approximation.’ Unfortunately, this form of 
Bnieckner-Brandow series does iiot possess the station- 
ary properties of Eq. (2). For example, the dominant 
term in Brandow’s potential U for “particle” slates, 
which is of second order in Brueckner’s reaction matrix, 
does not enierge,frorn Eq. (2) applied to any skeleton 

We have found that the stationary properties are 
recovered by renornializing l‘irst and then summing 
ladders. Our renormalized Bruecktier reaction matrix3 
B(w) contains “true” emptiness factors on the lines for 
intemiediate “particles.” ‘The salient properties are 
exhibited i r i  Fig. 1 for the MI-IF approximation to this 

Vi.  

ORNL-DWG 72-4984 
If renormelize then Bruecknwize: 

8 (1 )  = 7 1 T- L,NkNkt (kk‘\BA({N,U,PF]; eik,lkk‘) P P 
k k’ 

kk 

Renormalized reaction matrix 

QR B(m) = v + v - B(w) 
w-h 

Fig. 1 .  New RBIIF approximation involving the propagator- 
renormalized reaction matrix H A .  The subxcript A denotes 
antisynimetri7ation. 
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new expansion. The on-energy-shell matrix elements of 
B arc shown by dashed jagged interaction lines, and 
renor~nalized “par:icle” and hole lines are also dashed. 
One sccs t h a t  Eq. (2) yields the RBMF potential for 
holes and a renormalized form of Brandow’s second- 
order potential for “pariides.” The “true” occupation 
probabilities also are given correctly. 

The new renoi-malized rcaction matrix is expected to 
be o f  use chieily for foriiial work. However. its 
cleriients may djffer signiiicantly froiri those of the 
unrcnormalized matrix whcnevcr a “particle” state has 
a iioanegligible true occupation probabiliLy. Thus will 
occur only if an unoccupied “particle” state lies close 

to the Fei-il>i level, as in the case of nuclei with paitially 
open major sheik. In ’ C. for exaiilplc, “spherical” 
calculations based oii the ( O S ) ~ ( O ~ ~ , ~ ) ~  configuration 
have yieldcd Po111 ,2  = 107L.‘ The inclusion of the 
emptiness factor, 0.9 in this case, can be handled as a 
part of the “Pauli coirection,” u,hic!i is now routinely 
made for our reaction matrix elements. 
-. . . . . . . . . . . . . . . . . . . . 

1. B. 11. Brandow, Phys. Rev. 152, 863 (1966);Ami. Phys. 
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3 .  I<. L. B e c k c r , H d .  Avzer. L%\ ,T .  SOC. 17,608 (1971). 
4. K. L. Becker, R. C. Biaiey, CV. 1:. Ford. and M. R. 

57,214 (1970). 
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TARGET EXCI‘TA I’IONS .4ND IHE OQTiCAL POTENTIAL FOR PROTONS 
SCATTERING FROM NUCLEI’ 

C. I d ,  Ran2 M. Reeves H I 3  G. K. Satchler 

We calculate the contribiitionr to the optical potential 
for 30-MeV protons due to inelasiic excitations of the 
target nucleus. I’he scattering due to  this nonlocal 
potential is calculated exactly, and soriie uf the results 
are subjected to conveniinnal optical-modcl analysis. 
\C\Jicn only one excited state is incluilecl, a iesonailt 
dependerice on the excitation energy is observed. Even 
with ten excited states. the position of a single one can 
strongly influencc the scattering. It i s  possible to 
ac(:oiiiit for about three-fourths of the observed abs0i.p- 
tion in ”Ca and 2 0 8 P b ,  but only by postulating 
unobserved states which exhaust the remainder of the 
energy-wei&ted sum iules at  somewhat unreasonably 
low energies. It was not possible to  find simple local 

potentials that gave the same scattering becailse of the 
strong L-dependence of tlic absorption. The con- 
structed potentials concentrate the absorptioii a t  too 
small radii. It is suggested that rearrangcnieiii (pickup) 
processes contribute a substantial arnount of ahsorpiion 
at larger radii, vd~ile cornpourid forination wi!! gve  rise 
to a volume term in the imaginary potential. 

1 .  Abstract of paper submitted for publication in iVuclear 
Physics. 

2. I;ormerly consultant and graduate student from the  
University of T c n n c w u ;  present address: DepartiileI1t of 
Physics, Lava1 University, Quebec, Canada. 

3 .  hlathematicr iXvision. 

EXCHANGE EFFECTS ON THE EXCITAHON OF 20Ne MY PROTONS’ 

G. R. Satchler 
r -  Ihe iriipoitance of knock-on exchange is studied for potential is studied. Results are also presented for the 

the riiicioscopic description of the excitation of col- dependence on the shell-model orbits involved and the 
lective states by inelastic scattering. Much of the effect? of imaginary, Couloi1ib, spin-dependent; and 
discrepancy found earlier beiiveen theory and experi- odd-state components in the interaction. 
ment may be removed by the inclusion of exchailgc. . . . . .~.. . . . .____I..-------- 

‘rhe ilsefuli1ess of an equivalent Leio-range pseudo- 1 .  Abstract of p a p a  to be published j n  Parficles and Nuclei. 

lNTBIWZW5NCE NEAR TIIE COULOMB BARRIEP, AND CBiMPLEX INTERACTIONS 
FOR 1NEZhST.K SCATTERING1 

G. R. Satchler 

‘The interference between nuclear and Coulomb ex- 
citation amplitudes for inelastic scattering at  enzrgies 
iiear the top of the Codoliib barrier is very sensitive to 

the phase of the nuclear interaction. The I “Cd(h, h’)  
reaction ~. ~ i g  used as an . exiirliple. . .___ 

I .  Abstract of published papci: P ~ J ) S .   err. 39-3, 492 (1972). 
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THE FOLDING AND DEFOWED POTENTIAL MODELS FOR INELASTIC SCATTERING' 

G. It. Satchler 

It is important to  include exchange effects Whet1 
generating transition potentials for inelastic scattering 

and density deformations is discussed. Transition densi- 

ties aiid transition potentials are sensitive to tlle form of 
deforrnat.ion assunled. 

from a folding model. The relation between potential II_ -. 
1. Abstract of published paper: Phys. Lett. 396,495 (1972). 

RADIAL MOMENTS OF FOLDING INTEGRALS FOR NONSPHERICAL DISTRIBUTIONS' 

G, R. Satcliler 

Simple relations are exhibited between the radial ization to nonscalar functions is indicated. 
tnoments o f  two nonspl-ierical distributions when one is 
obtained by folding a scalar fimction into the other. 
Sonie applications are mentioned, and the general- (1972). 

I. Abstract of published paper: J. M d z .  Plzys. 13, 11.18 

THE OPTICAL MODEL' 

G. R. Satcliler F. G. Perey' 

The use uf the optical model to describe neutron Confererlce on Nuclear Structure study tvith Neutrons, 
interactions with nuclei is reviewed. Budapest, Fhngary, July 31 --August 5 ,  1972. 

2. Neutron Physics Division. 

1 .  Abstract of paper to be published in the proceedings of  

EXCLTATION OF GIANT MONOPOLE RESONANCES BY PROTON SCATTERING' 

G. R. Satchler 

Data from proton inelastic scattering to the giant 
resoriance region are exanlined for evidence of the 
excitation of an isoscalar monopole breathing mode. 
Two slightly different mcidels for the interaction are 
constructed and studied. The currently available data 

strength exhausts the energy-weighted sum rule, al- 
though ihc quadrupole interpretation is somewhat to be 

preferred. Asymmetry nieasiirenierits on the excitation 
by polarized protons could easily distinguish between 
these two possibilities. The asyrnrnetries predicted for 
monopole excitation are sensitive to  the deformation of 
the spin-orbit coupling. 

are conipatible with such a monopole excitation whose - 
1. Abstract of paper to be published in Particles ~ r t d  Nuclei. 

NUCLEAR GIANT RESONANCES, SUM RULES, EFFECTIVE CHARGES, AND SUCH-LIKE1 

G. R. Satchlzr 
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EXCITA'TION OF GIANT DlPOiE AND GIANI QIJADRUPOLE S'IA41 ES IN NUC1.M' 

G. R. Satchler 

Calciilations are presented for the excitation by 
protons of giailt dipole ( r  = 1 )  and quadrupole ( T =  0) 
states in nuclei. Two simple riiodels are used for the 
transition densities and potentials in the dipole excita- 
lion. The usual deformed optical potential is applied to 
the qiiirdrupole transitions. The strengths are deter- suremenis. 
mined by exhausting the h e a r  energy-weighted sum 
1-des. The relationship i o  the effective charges needed 
for transitions between low excited stxtes is discussed. 

The isovector coupling potential is determined by 
analysis of (p, 1 1 )  transitions to analog states. Coinpari- 
son with data for 61- and 182-MeV protons shows that 
the dipole excitation i s  too weak, but inclusion of the 
quadrupole state gves good agreement with the me:+ 

1. Abstiact of published paper: : V U ~ / .  Phys. A195, 1 (1972). 

EFFEC f I V  E HAMlk'WNIhNS FOR fRLJNCAT'ED SHELL MODELS 

B. K. Harrett' E C. Halbert J .  3.  McGrory 

We coniiriue our study' of the construction and 
properties of renorlidized Haid to i~ ians .  In  this project 
we cunceiitrate on the nuclei A = 1 7  -20. and we try to 
constriict SoIile (d512, s , l 2 ) / 1  l 6  models that will 
siiiiuiate the results of a given ( d 5 I 2 ,  s , j 2 ,  d312)A 
model. Hereafter we refer to the larger vector space as 
dsd, and the truncated space as ds. 

In  all our work we assi.iine for the dsd model a 
Hermitian (, 1 -1 2)1-body- Ilamiltonian If. We investigate 
thiee distinct iiiethods to find renorrnalized d , ~  
Hamiltonians ;ieff. One method is a simple sccond- 
order pertuiliation scheme. The second method is 
least-squares search t o  fit se!ected dsd eigenvalues. 'b'he 
third is a "projection method," by which we construct 
a ds Hamiltonian whose eigenvalues exactly match 
selected dsd eigenvalues, and whose eigenvectors ex- 
actly match the corresponding projections of dsd 
eigenvectors on the ds space. 

Several variations of each method are examined. In 
the study of perturbation and projection methods, our 
i-eceilt efforts are to  extend these methods so as to take 
account of three-body-operator terms induced in ?he 
effective 1Iainiltoniai1, as well as the (1 -!. 2)-body terms. 
For t h e  least-squares method, our recent efforts are t o  
refihe our criteria for selecting the d ~ d  levels to be 
fitted by least squares. 

For  the siriiple truncation d . d  + ds, a complete 
second-order perturbati-on scheme ekes an effective 
Hamiltonian having (1 -1 2 t 3)-body terms (but no  
terms of higher particle rank). In our previous work' 
we found that the (1 f 2)-body terms of second-order 

were surprisingly successful in reproducing the dsd 
results for A = 18, 19, and 20. Given this moderate 

succcss, we guessed that we would only improve things 
by adding in the missing terin of second-order , 'feff. 
kZowever; we now find that this addition does not yield 
general improvement. Instead, we find very serious 
deterioration for "F, 'OF, and "Ne. Thus, the simple 
second-order scheme seems to be qualitatively correct 
for the two-body pari of the effective Hamiltonian but 
misleading for the three-body part. 

111 our study of the projection inetbod, ihe three- 
body-operator part of ii,ff has been used so far only 
for A = 19. In this case we are interestcd in the 
importance of non-Hcriniiicity . (Non-Mcrmiiicity arises 
in i f e f f  because the d~ projections of the dsd eigen- 
vectors are not mutually orthogonal.) I n  our previous 
wuik we learned that the non-Hermiticity of the 
projcction-method !'feff is unimportant for A = 18. 
Now we find that for A = 19, non-Ikrmiticity is slightly 
more important, but still alrriost inconsequential for 
iliQSt levels. One exception is the lowest 7/2+ in F, 
where symmetrization of the non-Hermitian ;leff leads 
to a 2-MeV error in the energy eigenvalue. 

The aim of our least-squares-search study is to 
deteirnine whether there exists a Hermitian (1 Ji 

2)-body operator ;jeff which somehow incorporates the 
advaiimges gained in the other methods by resorting to 
ds Warniltonians which are non-Hermitian (1 f 2 f 

3)-body operators. It is advisable t o  take considerable 
care in selecting the set of dsd levels to  be fitted by 
least squares, becaure the emergent least-squares 
Hamiltonian will be unnecessarily distorted if the 
least-squares-fitted subset includes too many states with 
considerable "intruder" character. Two separate least- 
squares searches are studied. Case A concentrates on 
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f1tt.ing low-lying dsd levels and also any others that 
scem to be rnenibers of gruntid-state bands. Case B 
concentrates on fitting clsd levels that we hopefully 
identify as “~ionintr~iders,” because their wave func- 
tions have large projections on the ds space arid because 
these projections almost orthogonal to  eacll other. 
Unfortunately, our results from these searches itre not 
so clear-cut. In particular, we find no clear coniirmation 
of the hope that our criteria in case B are useful for 
dcfiriiri g and identifying “nonititrude I” states. The 
op tinlized fits frorri cases A ;ind B each include SOITE 

disappointingly large deviations from dsd eigenvalues --. 
even for levels that were explicitly fitted by least 

squaie\. Still, each of A arad 13 yields fits \vliich :ire, 
overall, obviously better iliaii those produced by the ( I  
+ 2)-body parts of i f e i f  ($eclJIld ordcr) and {!e,f 
(projecituii). This xiperiority does not extend lo tht 
eigenvectors of ifetf For low-lying states, d l  our 
renoitnalized Hanultoniaris {feff have J s  eigenvzcrors 
lhdt look very much like d s  projections of tlie dsd 
eigeiivrctvis, thz exceptions dre no fewer 01 milder for 
tieff (least sqwres) than for tlie ( 1  i- 2)-body puts  of 
Cjefi (seccmd ordei) aiid (piojection). 

1 . Department of Physicb, llniversity of ..\rrionn, Tucson 
2. Phyx I>w.  Annii. Pvoxr Rep. Dec 31, 1971, OKN1,-4743. 

A PKWKAM FOR EXTENDED WEAK-COUPLING CALCULATXONS 

L. B. Hubbard’ J .  B. McGrory 

I t  i s  now established that large shell-model calcu- 
lations are extremely useful in the study of nuclear 
st.ructure. I t  is also well known that the region of 
applicability of such calculations is severely limited by 
the dimension explosion problem; that is, as the 
nuniber or  active particles or the number of single- 
particle orbits in the model space is increased,  he 
dinlc nsions of the matrices to be diagonalized rapidly 
increase until the problzm is intractable in practicc. I t  is 
thus very desirable to find a truncation scheme that 
izads to results in a small-tlimensional space that are in 
g i d  agueenicnt with calculaiioiis in a larger more 
coniplcte space. We have developed a program that 
should be useful i r r  investigations of some types of 
truncation schemes. We assume that the rnodel space is 
divided in to two completely inequivalent spaces (so 
that antisyrnrnetrization between the two spaces can be 
ignored). The model interaction can be writteri in tlie 
form 

where I :itid I1 label the two iriequivalerit spaces. One 
can always work in a basis of states o f  the form 

approach would be to di;igonalize H ,  and H[, it1 the 
large inequivalent spaces, choose only 9 sinal1 set of 
low-lying eigenstates of HI rand [IIl to form a truncated 
coupled basis, and diagoiialize H I _  in this truncated 
space. We have developed :L program to carry out this 
procedure. One type o f  calculation that might be 
carried out with the program is for nuclei where there is 
a significant neutron excess, so that the vdence neutron 
orbits are quite different f rom the valence proton 
orbits. One might then expect the neutron-proton 
interaction to  be relatively weak. The prescription is 
then to diagonalize the proion-proton arid the rteutroo- 
rieutron interaction separately, use a truncdted set of 
neutron states aiid 11 truncated set of pri>Lorl states, and 
diagonalize the neutron-proton interaction in the space 
generaled by coupling these inequivalent states. 

The program has been checked out by repeating 
comp1e1.e s-d sbell-model calculations in ii neutron- 
proton formalism, that is, treat ”Ne as ’ 8 O  statzs 
coupled to “ N c  states, and making no truncation in 
the t w o  spaccs. These results have then been coinpared 
with calculat.ions made of rlie same nuclei with the Oak 
Ridge ---I< ochester shell-rriodel program. 

Applicatiorts of tlie program will include studies of 
transitions from sphcrical to deformed structure in 
nuclei with neutron excesses and studies of the coupling 
of niultiparticle multihole states in nuclei near closed 



2% 

SHELL-MODEL CAIdCUIATIQNS OF NIJCLXX IN THE ' 
J. B. McGrory C. M. KO' '1'. T. 3 Kuo' 

REGION 

Thc properties of the following nuclei have been 
calculated i i l  t e r m  of a coiiventional shell riiodel: 

212Kn. The icad isotopes 2047205,206Pb were treated 
as nuclei with four, three, and iwu neiitlon holes in 
'08Pb. The isotopes 210,21 1,212Pb were treated as 
nuclei with two, three, and four neutron particlcs 
outTide 208Pb. 'Ihe remaining threc iiuclei were treated 
as two, il?i.ee, and four protons outside 'O'Pb. :'he 
model space for the neutron-hole states calculations 
included the lowest six single-iieutron-hole orbits in 
208Pb. The model space for the proton-particle nuclei 
included the lowest six single-proton particle orbits 
outside 208Pb. The model spacc for the neutron 
pai-ticle states included the lowest fivc single-neutron 
particle orbits outside 208kb. Eicpeiiiiieiital singlc 
pariicle energies were used, and for the two-body part 
of the model Hamiltonian, we used the "realistic" 
inteiaction of Kuo and Herling.' The properties calcu- 
lated include binding energies, excitation energies, 
magnetic dipole and electric quadrupole moments, 
B(M1)'s and fl(E2)'s; and strengths for one- and 
two-particle transfer reactions. With a few exceptions, 
the calculated values for these nbservablcs are in good 
agreemcnt with measured values. The main discrep- 
ancies involve thc two-nucleon transfer stxngths. For 
the lead pal-tide states, thc d312 and g7/2 orbits were 

2 0 4 , 2 0 5 , 2 0 6 , 2 1 0 , 2 1 1 , 2 1 2 p b ,  210po, 2 1  LAt, aiid 

oinitted froin the inodel space. For the case of '"Pb, 
these orbits can be included in the rnodel space, and it 
is found that although they comprise only 4% of the 

"Pb grouiid-state wave function, this 4% accounts for 
almost 50% of the ground-state transition strength for 
the '08Pb(t, p)" 'Pb reaction. The observed relative 
strengths for transitions to  states of the saine Jvalue in 
the "*Pb(p, t)'06Pb and '06Pb(p. t)'04Pb reactions 
arc accurately reproduced by the calculations. 
'4 "paiiiiig-vibration" phonoil model for ' 2Pb and 

'04Pb has beell investigated. The phonons consist of 
the lowest few cigrnstates in '"Pb aiid '06?b. The 
spectrum of low-lying states is found to be very 
accurately reprotiuced in a space formed by coupling 
the five lowest "phonons" of ' "Pb, that is, 

$("'Pb)= cf j  $i(210Pb) X $j(210Pb),  
ij 

where $ j  is an eigenstate in *I0Pb.  Similar results are 
found for 204p10, when treated as the coupling of 
low-lying "phonons" of '''Pb. 

1. Department of Physics, State Univrisity of New York dl 

2. 'r. r. S. Kuo  and G. H .  Herling, N.R.L. mernoraridurn 
Stony Brook, Stony Brook, I 3 o q  Islsnd, N.Y.  

report 2258 (1971). 

COULOMB ENERGY DIFFERENCES l N  s-d-SHELL NUCLEI IN TI'E CONVENTIONAL 
SHELL MODEL 

J. R. McGrory 

A subject of long interest in n!.iclear physics is the 
Couloinb energy difference between members of iso- 
baric Inultiplets. I have calculated these C ~ u l ~ ~ i i ' o  
energy differences in nuclei with masses A = 19, 20, and 
21 in terms of a conventional shell iiiodel. An inert I 6 O  
core is assumed, and particlcs are distributed in the 

s112, and ~ 3 1 2  orbits. All possible states of all 
Pauli-allowed configurations of active paiticles dis- 
tributed among these oibits are included in the model 
space. The calculations are done in a neutron-proton 
(n, p )  formalism. For neutron states, the single-particle 
energies are taken from the experimental spectrum of 
70; for proton states, the single-particle energies are 

taken from the expeiirnental spectrum of F. The 
same single-pxticle energies are used for all the calcu- 

lations. For the two-body part of the effective nuclear 
Hamiltonian, I used the "realistic" intciaction of Kuo. 
For the two-body Coulomb interaction, the bare 
Coulomb interaction and harmonic oscillator wave 
functions were used, with the oscillator parameter 
rvaluated frolil the relationship i u  = 4 1A- I 3  MeV. In 
Table 1 ,  I have tabulated the difference in binding 
energies, measured with respect to l60, of the ground 
state and its isobaric multiplet partner for 1 1  different 
nuclei. For the 11 cases shown, the typical energy 
difference is about 4.00 MeV, and the average, absolute 
deviation between theory and observation is 0.05 keV, 
'The calculations have been repeated with only the 
one-body Coulomb interaction included, and with only 
the two-body Coulolnb interaction included. The pre- 
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ponderance of the rouloJrib energy tljfference coines 
frum the one-body part, whicli probably ,iccounts for 

Table 1.  Energy differences of lowest member of isobaric 
multiplets in light s-d-shell nuclei 

Nuclei 1' Eupcrinieritf' Calculation 

"2 4.02 
72 3.5 3 

72 3.98 

1 4.03 
1 4 .42 
2 3.48 
2 3.97 
14 4.33 
34 3.95 
"/, 4.44 
"/, 4.95 

3.94 
3.50 
3.93 

3.93 
4.40 
3.47 
3.91 
4.36 
3.9.5 
4.36 
4.78 

thc good agrecrnerit. 111 the calculation of both the 
nuclear and Coulomb two-body matrix elements, the 
siiigle-particle wave functions are approximated by 
chalge-iiideperident ha1.inoriic-oscillato~ wave fiinctions. 
This should be especially bad fur the case o f  the 
relatively 1on.g-ranged C:oulomb interaction. 'The isospin 
r t ixed wave functions generated with the full 1-body + 
2-body charge-dependent i u  teraction have beeti ana- 
lyzed for the degree of isospin impurity. h i  a majority 
of cases, the mixirig is very srnall, less thm 2%#> but in 
several isolated cases: the mixing i s  as r11uclr as 20%. 
This is due to accidental degeneracy of states with the 
same J and different 7' values in the calculated 
spectrum, arid not because of any strong Coulornb 
matrix eleinerits. This type of shell-rnodel cdculation is 
not nearly accurate etic)u~Ii  to  predict when such 
mixing will occur, but i t  clearly poiiits to the possibility 
of such sircing mixing due to similar tlegencracies in 
nature. 

Janczkc, Isospin in Nuclcar I',Jiy2ysios, p. 376, ed. by D. €1. 
Wilkirison, North-Hollarid, 1969. 

ALPHAPARTICLE SPECTROSCOPIC AMPLI TUDES AND THE SU(3) MODEL' 

Munetake Icliirnura2 Akito Ariina3 1:. C. Halbert Tukuo Terasawd4 

Formulas for calculating ~[~ectroscopic amplitudes for 
eruission o r  transfer of alpha particles are developed in 
the framework of the harmoiiic-oscillatt,r shell rriudel 
with SIJ(3) c1:issificatioi-r. 'These formulas are applied to 
some interesting states d" ''Ne, for exarnple, Iow-lying 
(st1I4 shell-mode~ states, members of the lowest K .= 0- 
barid with SIi(3) label (9(3), and 2fw-excited states with 
SIJ(3) babel (lo$). Spurious center-of-mass motion is 
removed. The formulas are also applied to  the ground 
and some excited states of "C7. The l60 Wave 
furictions of Btown and Green are used in at) investi- 
gation of how die mixing among Op-Oh, 2p-2h, and 
4p-ilh states affects the wave fuoctiem f o r  relative 
motion between the alpha cluster ;ind the inass 12 
nucleus. 'Thesc calculations indicak much larger alpha 

reduced widths for states which are mainly 4p4h than 
for states which are mainly @-Oh (.)I 2p-2h. Spec- 
troscopic amplitudes are ;ilso calculated for sornr: ' ' 0 
and 1 2 C  states described as linear chains of alpha 
particles. 

I .  Abstract of paper submitted for publication iri ii'uclear 
Ph ysicx 
2. Department of Physics, Shatc University of New Yolk at 

Stony Brook, Stony Brook. Long Islalid, N.Y.; on  leave from 
lnstitiitc o f  Physics, College of Genersl Ediic'it.ion, LJniversity o f  
Tokyo. 

3 .  Department of Physics, Statc University of New York at 
Stony Brook, Stony Rrook, Long Island, N.Y. 

4. Institute of l'hysics, Collcge of General Education, Univcr- 
slty of 'Tokyo, Konlaba, Meguru-ku, 'Tokyo, Japan. 

AN ANALYSIS OF SHELL-MODEL WAVE FUNCTIONS FOR S-d ANDf-JJ SHELL 
NUCLEI IN TERMS OF SU(3) REPKESENTATIONS 

J. B. McCrory 

It WAS suggested' by J P. Elliott that states which 
carry represeiitations ut ihe gioup SU(3) would make 
up a "good" representdlion foi nuclei i n  t11i: light s-d 

shell nuclei. Shell-model wdve functions for s-d shell 
nuclei with A = 18 22 and A = 34 -38 have been 
detcrrnitied by diagoiiahmig so-called "redhstic" Intel- 
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actions in the cornpletc space of s-d shell wave 
functions in a j - j  coupled representation. States which 
carry representations of the group SU(3) have been 
determined by diagonalizing the one-body plus two- 
body Casimir operator for this group in the complete 
space of j - j  coupled s-d shell states for A = 18 32 and 
A = 34-38 nuclei. I t  is then possible to express the 
“realistic” eigenstates for these nuclei in terms of 
SU(3)-labeled states by computirrg overlaps between the 
“realistic” eigenstates and the SU(3) eigenstates as 
expressed in the j - j  representation. T’he members of the 
ground-state b u d s  of ”F, ’OF, 20Ne.. ’INe. ”Ne, 
arid ”Na are all dominated by one SU(3) state, as 
expected. In Table 1 we list the dominant component 
for each band and the average v:j!ue of the probability 
that this colnponent exists in each member of the 
;round-state band for these nuclei. Some members of 
2xcircd bands in these nuclei also have large admixlures 
of one or two SU(3) states. Arguments have been made 
to show that the spcctroscopic factor for use in thc 
calculation of alpha-transfzr cross sections and alpha- 
decay widths is proportional to how “good” the SU(3) 
is for the involved states. so that the type of analysis 

Table 1. Aveiage piobabi!nty amplitadc for indicatd SIJ(3)  
repicsentation in the mc-ik-r of the g 1 5 ~ n n d 4 a t ~  

potential band in some light s-d shell wciei  

Averagc probability (%) Nucleus SU(3) label ( A , u )  

75 

70 

78 

14 

5 1  

71 

made here might be useful in the cadciulation of 
alpha-transfer processes. For A = 34-38 nuclei the 
SU(3) representation is no longer “good.” For theTe 
nuclei the largest SU(3) coinponent typically is 
15 -20% of the total wave function. Similar calculations 
for f p  shell nuclei with A = 44 also show that SU(3) is 
no longer a “good” represeniatioii iri these nuclei. This 
breakdown can be traced to strong spin-orbit effects. 

1. J. P. Elliott. Proc. Rov. SOC. A245, 128 and 5 6 2  (1958). 

SHELL-MODEi.. CA1,CULATION FOR MASSES 27,28, ANI9 29: GENER4L ME M O D S  
AND SPkCIFHC ,4PPkXhTIONS 1’0 AI, ’ Si, AAJD Si’ 

B. II. Wildenthal’ J .  B. McGrory 

A shell-mode! calculation for A = 27, 28, and 29 that a unified and qi.iantitative explanation of nuclear 
nuclei has been carried out in a trunmted structure around A :: 28 can be obtained via shellmodel 
Od, /2 -  Is, / z  -0d3j2 basis space wiLh an MSDl I-Iamil- techniques. 

energies, single-nucleon spectroscopic factors, and E2 
and MI transition strengths in 7A1; ”Si, and ’ Si 
with the corresponding experimental values indicates 

toniail. A comparison of the calculated results for level - ................... .......... - 
1. Abstract of paper to be published in Physical Review. 
2. Cyclotron Laboratory, Department of Physics, Michigan 

State University, East 

SHELL-MODEL CALCULATIONS FOR A zz B 8,19, ,4ND 28 NUCLEI WITH CORE 
EXCITATION INCLUDED EXPLICITLY’ 

J. B. McGrory H .  M. Wildenthal’ 

Eigenvalues and eigenvectors for all low-lying positive and the corresponding shell-model eigenvalues. The 
and negative parity nilclear states of A = i8, 19, and 20 energy-level spectra and single-nucleon spcctroscopic 
are calculated in a shell-model basis of all Pauli-allowed factors from these calculations are compared with the 
O p l  /2-Od5/2-1s1/2 configurations outside an inert ”C available experimental data in this redon. The calcu- 
core. Two different effective Hatnil toilians are used. lations are also examined for the existence and charac- 
One is based on a reaction matrix treatment of the teristics of sequences of levels which mi&t be called 
Ilamada-Johnston potential. The second one is obtained “rotational bands.” 
by varying the 33  effective Hamiltonian matrix ele- ,..abst~~~;’~f~~~er to be pubiisl,ed in physical 
rnents to reach a least-squares fit between 1-53 eXperi- 
mental level energies in nuclei in the A = 13-22 region State University, East Lansing 

... 

2. Cyclotroil Laboratory, Department of Physics, Michiran 
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ANALOG AND CONFIGURATION S T A E S  iN "Sc (Jr = 3 / 2 -  AND 1/2-) AND 

S. 1). Rlouni2 J. 13. McGroiy S. A. M o s ~ k o w s k i ~  

THE LOW-LYING LEVEL STRUCTURE IN ' Sc' 

JT  = 312- and l / 2 -  states in 49Sc generated by the 
conligurations I( V ; I ~ ) ~  ( 2 p 3 / z , i / z ) ]  are discussed. 
Excitation energies, M1 transitions, and E2 transitions 
anion;: the seven 3 / 2 -  and five 1 / 2 -  levels, including the 
3 / 2 -  analog state at Ex -I 11.56 MeV and putative 
excited analog 1/2- state at -13.6 MeV, were calcu- 
l a ~ c d  and compared with experiment where possible. 
'The beta decay of 49Ca to  the 3 / 2 -  level at 3.08 MeV 
arid to  the (prcsuinably~) 1/2- level a t  4.49 MeV (the 
lowest-lying 3 / 2 -  and 1/2- levels) werc also calculated. 
Two in tcractions were used, the wcll-known Kuo- 
Brown (,KB) Force and a new inreraction that we call 
the PMM force, the latter being derived mainly from 
direct-reaction cross sections of nucleons on various 
nuclei. Both K.B arid PMM interactions lead to cancella- 
tions which cut down both the beta decay of4 'Ca and 
the Mi decay of the ii state to the lowest-lying 3 / 2 -  
atid 1/2- states, as observed experiinentally. In addi- 
i i o n ,  strong iM1 decays to several 3 / 2 -  and 1/2- levels 
with excitations or '7 i o  11 MeV arc predicted, as i s  

obseived experimentally . The E2. decays of all the 
predicted 3 / 2 -  states to thc 7/2- ground state were also 
calculated. ~ I I  the case o f  the E2 decay of the A(:3/2-.) 
state, (;omparison with experirnent is hampered by thc 
role of fine structure; experiment is weaker than theory 
by a factoi- o f Z S 0 X .  

The (1f7,2,)8 group of levels in 48Sc werc also 
calculated (J" = 0' -+ 7+j. Yhe PMM force gave 
excellent agreement with recent experimental results, 
while t h e  KB force gave relatively poor agreement, as 
might be expected from the severe truncation of the 
shell-model basis. 'The suggestion is that the phenonie- 
nological basis of the PMM force corresponds physically 

(1f7/2)8(2p3/2 or 2 1 1 ~ / ~ )  space o ~ ~ ~ s c .  
to the (lJ;,2)'- space of " S C  as well as the 

1 .  Abstract of paper to be published irr Nuclew PJiysics. 
2. Lawrence Liverinore Laboratory, Liverinore, Calif. 
3 .  Depxtmcrit of Physics, UCLA, Los Arrgclcs, Calif. 

ON THE TRANSITION FROM SHELL STRUCTURE TO COLLECTIVE BEHAVIOR 
A SIMPLIFIED SHELL-MODEL STUDY' 

K T. Hecht' J. B McGrory J .  E'. Draayer' 

Tu study the feasibility of carrying out shellmodel 
calcubticm in nuclei with active protons and neutrons 
in different major shells, the following simple idealized 
model has been studied: (1) Protort and neutron 
configurations are chosen to be ( j . 5 1 z p 3 1 z p 1 , 2 ) ' Z P  and 
( 5 ' 7 / 2 d 5 / 2 d , , z ~ i , ~ ) ~ ~ n ,  so that resu1l.s for ttie separate 
proton and neutron basis states to be used in any 
approxiination sclieme can be compared with the 
results fo r  exact shell-model calculations. (2) The 
proton and neutroti single-particle energies t'or these 
active shells are separately taken to  be degenerate. ( 3 )  
'The two-body interaction is approximated by the 
simple surface delta interaction (SDI). 

To zffect the severe truncation of the full shell-model 
space needed to  make such ;i shell-niodel study possible, 
the separate proton and iieutron puts of the shell- 
inode1 basis arc built from a superposition of the 
favored pair states of tlic SDI (with J f 0, ;is well as J = 
0). In the neutron configuration 

for exarriple, only three of the 94 shell-model states 
with Jn = 2 are retained in the truncation sclieme. In 
this highly truncated basis both the energies and the 
strong HEk values for the transitions from these states 
to  siniilar favored states with other J values are within a 
few percent (or better) of the results of exact shell- 
tnodel calculations. A truncation of the shell-tnodel 
spiice based on such superpositions of Favored pair 
states leads to a manageable shell-model basis (dinien- 
sions G ! O O ) .  (1) The number of states in the separate 
protori and neutron parts of the basis are sinall enough 
(S to 13 for the proton space, 15 to 30 for the neutron 
space). They are also the key stales in the foIlowirig 
sense. (2) They include the low-lying energy eigeristates 
of  the separate p-p  and n-iz parts of the interaction. (3) 
'They contain most of the collective colierence of the 
separate proton aiid neutron configural ioiis. (4) 'l'he 
iiiatrix elements of tlie il-p part of the interaction 
tielween the favored stales is in general very large 
ctjinparcd with the rnatrLx dements between a favored 
and ;in excluded state. The latter effect is studied from 
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several aspects, in particular in terms of Suin rules for 
the matiix elcments of the surface multipole operators 
from whicli the n-p part of the SDI is built. For most of 
the low-lying favored states the sum over all favored 
states gives more than 90% of the total sum rule for the 
squares of matrix elements of the surhce rnultjpole 
operators. The resiilts of shell-model calculatioris in this 
truncation scheme, with nl, = 4 or 6 and il, := 4, show 
many of the features of a qiiadrupole vibrational 

spectrum. l’he presence and cxact nature of a 0’ 
meinbei of the 0’, 2’, 4’ “two-phonon triplet” is 
dependent on the inclusion of thc key favored ytates 
with seniorities of 6. 

1. Abstract of published paper: Nucl. Phys. A197, 369 

2. Department of Physics, University of Michigan, Ann 
(1972). 

Arbor. 

WHERE LIES I’HE INTEWA%@TIBN EABKIUER?’ 

c. Y. Wong 

Simple expressions are obtained for the total reaction ._ 

cross section in pr lns  of the interactioil barrier for the 1. Abstract of paper submitted for publication in PJiylysical 
Review Letters. wave. Ihese expressions allow the interactjon barrier to  

be determined experimentally. 

ON SUPERHEAVY NUCLEI SYNTHESIS BY THEKMONUCLEAR EXPLOSIONS’ 

c. Y. Wong 

Simple estimate shows that with presently available 
technology the yield of superlieavy nuclei obtained in 
theirnonuclear explosions is vcry small. A recent claim 
of a possible production of inacroscopic quantities of 

superheavy a t o m  with thermonuclear explosions is not 
well substantiated. 

1. Abstract of paper submitted for publication in Physical 
Revjetv “ C O ~ Z ~ C M ~ S  arid Addetzdo, ” 

STABILITY OF A MOrATING TOROIDAL MASS’ 

C. Y .  Wong 

Idealizing a rotating toroidal star as uniform and 
incompressible, Kowalewsky. Poincare, and Dyson in 
the last century showed that a toroidal Inass has a 
mininiuin in its energy vs breathing dcforinations and 
therefore can be stable against expansion and contrac- 
tion of the major radius because of the balance between 
the gravitational and the centripctal forces. Dyson also 
investigated other distortions and found that such a 
breathing deformation minimum is stable against all 
distortions except “sausage” defomiations. in which the 
toms is thicker in some sections but thinner in others. 
Sausage deformations are therefore the only large-scale 
distortions leading to instability. It should be realized 
that Dyson‘s proofs made use of approximate expres- 
sions for the gravitational potential and the moment of 
inertia appropriate for large aspect ratios of major to 
Ininor radius R/d. The conclusion on instability of the 
toroidal mass against sausage deformations should be 

considered proved for such a case only. The case of 
small and moderate aspect ratios, for which a high 
degree of accuracy is required, was never discussed. 
Attention is therefore fixed on a toroidal mass wi th  an 
arbitrary aspect ratio which need not be large. The niass 
is likewise idealized for simplicity to  be a uiliforrll and 
incoinpiessiblc mass distribution rotirtirig about the 
central syi11ii1etry axis with a uniform angular velocity. 
A high degrec of accuracy in the evaluation of the 
gravitational potential is achieved by expandine the 
potential as an infinite series of hilnctioils of toroidal 
haimonics. Our result indicates iiiat for a given angular 
momentum. one obtains a definite breathing defornia- 
tion minimum characterized hy ail aspect ratio of major 
to minor axis. The aspect ratio increases monotonically 
as a function of the angular momentum, being nearly 
unity for iio rotation. However, not all the toroidal 
masses at their respective breathing deforrnatioii min- 
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iriia are unstable agajrist sausage deforniatioos. AI- Thus, the possibility is opetied up for a rotating toroidal 
though a toroidal Illass with a large aspect ratio (R/d Z m i s s  to  have its independent existence, iund i t  rleed not 
6.7) is indeed unstable against sausage deformation ~ as necessarily be the companion of a central nucleus, as a 
was already pointed out by Dyson a toroidal inass ring structure has, u11 to now, alw:iys been held to be. 
with an aspect ratio R/d in the range 1.05 S K/d 5 6.7 
is stuhle ugiimt sausage deformations of ull orders. 
Some of thehe, stable toroidal masses may conceivably 
be stable also against all other large-scale Jeforrnations. 

1. A b s t m t  of papcr submitted for publication ill Asfro- 
I J h ~ ~ i c Q l  h ~ d  

FUSION THRESHOLD ENERGY IN HEAVY-ION REACTIONS I 

c'. Y .  Wong 

W e  examine the dependence of the fusion thresliold 
energy for various combinations of projectile and target 
nirclei. It is found that wlieii t l i l :  threshold cnergy is 
parameterized in the form 2 , z 2 e 2  / [rL.(n /' + A ;  I-' 11 

increases. The value of re is laiger when either the 
projectile or the target ~lucleus is endowed with a 
permanent positive quadrupole mornent. 

the effective radius parameter 
cliaige of either the projectile 

r ,  decreases as t]lc ~ 

or the target nucleus 1. Abstract of published paper: Phys. Lett. 42R, 197 (1972) 

TOROIDAL NUCLEI' 

c. Y 

There are shells in the single-particle spectrum of a 
l.oroida1 nucleus. The shell-corrected deforrnation erier- 
gies, calculated with Strutinsky's theory of renormaliza- 
tion, show breathing deformation mitiirna for 40 5 A 5 

Wong 

70 and A 5 250 along the beta-stability line. 

1 .  Abstract of published papsr: Phys. Lett. 416, 446 (1972). 

BUBBLE NUCLEI 

c. Y. Wong 

'There are sliells in the single-particle spectrum of a 
bublile nucleus. The shell-corrected deformation ener- 
gjes, calculated with Strutinsky's theory of reiiorinaliza- 
tion, S I ~ O W  that 36A4r,  84Se,  ' 38Ce ,  and z"OI-Ig in their 
ground or low-lying excited states are bubble nuclei 

with a snlall hole in the interior, while 74Yb and 
104 have secondary Ininiina in the bubble degree of 

freedom. 

1 .  Abstract of published paper. Phys. L e u .  4113, 451 (1972.). 

TOROIDAL LIQUID STARS 

c. Y. Wot1g 

The toroidal liquid stars of Poincari, Uyson, and other perturbations arid render themselves observable in 
Kowalewsky are found to be stable against sausage nature. 
deformations if the aspect ratio is not too large. I t  is 
conceivable that these stars may also be stable againsl 1. Abstract o f  papcJ submitted for publication in N a f u r c  
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A PEDESTRIAN APPKOACW TO THE INTERMEDIATE STRUCTURE 
IN PHOTONUCLEAR REACTIONS IN LIGHT NUCLEI 

F. B. hlalik2 M.  G. Mustafa3 

The interinediate structure in photonuclear reactions 
is discusszd within the context of a general theory 

and a transition via a series of closely lying intermediate 
states. 

A THEORY OF INTEKMEI1)IATE STRUCTURE, OVEIWLAPPWNG RESONANCES. 
ANI) PBOTONUCLEAR REACTIONS IN LIGHT NUCLEI' 

ha. G.  Mustafa2 

Starting from a many-body Hamiltonian, a general 
theory involving intermediate structures and overlap- 
ping resonances in nuclear reactions has been worked 
out. This treatiiient. based on Trefftz's work on 
dielectronic recombination in atomic physics. avoids 
explicit use of projection operators, and all relevant 
quantities like decay widths and energy shifts are 
explicitly expressed in terms of two-body matrix 
elements. In particular attention has been focused on 
the interaction of bound states among themselves and 
then on the coupling of the continuum with these 
interacting bound states. For the caqe of overlapping 
resonances. it is shown that in general one caiiiiot take a 
simple energy average of the resonant amplitudes, and 

explicit equations for this case have been obtained. This 
microscopic theory also provides a justification of the 
model of Duke, Malik, and Firk in explaining the 
intermediate structure in giant dipole resonance region 
of ' 0 and ' Si. However. the formalism i s  a general 
one and is suitable for the study of intermediate 
structure involving isolated and overlapping resonances 
for iilany types of reactions. 

1. Ab\tiact of paper submitted for publication in Helvetica 

2. On lcave from Atomic Energy Centre, Dacca, Bangladesh. 
3 .  Departrncnt of Physics, Indiana IJniversity, Bloonungton. 

PI1 y sica A c ta.  

r m  GAMMA-RAY ABSORBED FRAU ION FOR SMALL OXJECTS 

I incoln B Hubbard' 

At  the limit of extremely small size the absorbed 
fraction for internal gamma emitters varies as the cube 
root of the mass. As the mass increases, the effects of 
attenuation and multiple scatttr become proportion- 
ately larger and larger; eveiitually this causes significailt 
deviation from this simple dependence. These effects 
become significant at  relatively small sizes; with a 
1-McY source in a illass of about 10 g the attenuation 
corrcction is 1% of the absorbed fraction. Howcver, 
the attenuation and multiple scatter effects enter with 
algebiaically opposite signs and approximately equal 
magnitudes. For example. if multiple scatter is ne- 
glccted (i.e.. only the first collision of each gamma ray 
is included) in a iiniforiii sphere of radius R containing 
a centrdl poiiit source, the absorbed fraction is: 

b' 

where p e n  i s  the energy' absorption coefficient and ,u i s  
the attenuation coefficient. If this is expanded in 
powers of R ,  the absorbed fraction appears as 

- l h e  first term, proportional to the cube root of the 
mass, is the no-attenuation, no-scatter-buildup approxi- 
mation. 

If the multiple scatter contribution is also expressed 
in powers of I?: the  lead term can be calculated2 for R 
< 1/!1 as 
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p R ,  MEAN i^REE PATHS 

Pig. 1. The absorbed fraction as a function of size for a 
inuscle sphere containing a central 0.16-MeV point source. The 
line labeled pe,,R is the small mass (no-attenuation, no-scatter- 
buildup) approximation. 1 is the result assuming no scatter 
buildup b u t  assuming attenuation. The Monte Carlo result is 
from Brownell et al., .1. Nud. Mcd. MIRD Suppl. 1. 27 (1968). 

where pen* is the energy absorption coefi'icient for 
gsnirna rays having the average scattered energy. I f  we 
take the ratio of these correction terms we find: 

- 0.7 at 0.1 MeV, 1.4 at 3.0 MeV . 

'Thus, there is an approximate cancellation of the 
ledding attenuation correction term and the leading 
r n d  tiple scatter teirn. The approxhnatiun 

is fairly good to iadii of the older of a mean flee path. 
An example for an 0. (6-MeV scmce IS shown in Fig 

1. The Monte Carlo result IS fiom the results of 
Brownell et al 

1. Consultant from Furnian University, Creenville, S.C. 
2. L. H .  Nubbard and F. S. Williamson, Phys. Med. Biol. 16, 

3 .  G .  L. Brownell, W. H.  Ellet, and A.  R. Reddy, J.  Nucl. 
35 (1971). 

Mcd. illTRD Snppl. I ,  27 (1968). 



2. I ligh-Energy Physics 

In recent years. considerable interest has been at- 
tached to the question of wheiher heavy nuclei have a 
neutron C C ~ S S  in their periphery. i h e  most recent 
experimental results3 utiljzing high-energy scattering 
imply near equality for the neut-ron and proton radii in 
the heavy nuclei. The stronges: evidence supporting the 
existence of a neutron. halo has been presented by Davis 
et  aL4 from a study of K -  absorptions in the heavy and 
light nuclei of nuclear emulsion. They observed that K -  
capture by a neutron in (Ag,Br) was 5.0?;:28 times as 
likely as w a s  K- absorption by a neutron in (C,N,O). A 
subsequent analysis of these data by Burhops has 
reduced this number to 4.2 2 0.8. Since the nuclear 
absorption of slow. heavy, strongly interacting particles 
is expected to  OCCUT from atomic states of large angular 
momenturn (1 - 6 in Ag). this implies that the capture 
occiurs in the nuclear surface where the nucleon density 
is ?20:% of its central density.6 'The obvious conclusion, 
therefore. is that a considerable neutron halo exists in 
heavy nuclei; however. a precisc analysis of the extent 
of this halo is difficult5 because of the C conversion 
process and the presence of the Yz (1405), which 
drastically alters the K - p  and K -rz absorption ampli- 
tudes. In the present papei we will repoit on an 
experiment utilizing j7 absorptions that confirms the 
existence of a neutron halo in heavy nuclei. 

The data were obtained from an exposure of the 
30-in. BNL hydrogen bubble chamber to  a beam of 
slow antiprotons. The chamber contained four rectang- 
uiar platcs of carbon, titanium, tantalum, and lead that 
were mounted so that the optic axis of two of the 
stereo cameras was approximately parallel to  the faces 
of the plates. The thicknesses of the plates were: C, 
0.85 cm; Ti, 0.56 cm; Ta. 0.22 cm; Fb, 0.35 cm. These 
were selected so that about 25% of the low-momentum 
j? beam at HNL would stop in the plates. The physics of 
the experiment derives from the fact that p p  and PN 

annihilations produce evcnts with a riel charge of 0 and 
- I respectively. I t  is p imimed that the nuclear capture 
process, as in the K -  case, occurs in the nuclear 
periphery.' 

A summary of our data is presented in  Table 1 ,  in 
which we give the numbers of events with the observed 
net charges in the mesonic prongs. Strict scanning 
criteria were imposed to  exclude from our sample all 
events for which the exact origin of each mesonic prong 
coiild not be determined. This is clearly desirable, since 
t h e  annihilation star was not visible whcn it occurred in 
one of the plates. Thc data in Table 1 have not been 
corrected for hydrogen events that occurred in the 
darkened regions about the plates and that were 
indistinguishable from events occurring in the plates. 
'This hydrogen contamination amounts to 12.3% for C, 
9.1% for 'Ti, 13.3% for 'Ta. and 11.7% for Pb. Thus, for 
example, for each 1000 events which appear to  stop in 
tantalum, 133 are actually hydrogen captures occurring 
in darkened regions about the plates. 

Although few antiproton annihilation experiments in 
medis other thnn hydrogen or deuteriuln have been 
reported, i.t is clear from the early experiment of Agnew 

Bosonic 
charge 

+ 3  
t2 
+1 

0 
1 

-2 
-3  
-4 

C Ti Pb - l a  

10 
14 1 

1166 
3491 
2246 

512 
4 3  

2 

6 
54 

39 1 
921 
784 
209 

23 
2 

5 1 
I 5  45 

400 265 
940 761 
856 659 
236 215 

33 30 
0 0 

30 
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Table 2. Summary of results 

Totala Observed 

events riiultiplici ty 

NO. of Element lV/Z No. of 11.1 = n(n+) + n(n-1 charged zvtmts 

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

C 1 . i N  7611 667.5 19,023 2.500 
Ti 1.18 2396 2178 5,600 2.331 
'Ia 1.48 2545 2207 5,772 2.268 
Pb 1.54 1982 1750 4,431 2.236 

.l_l___..--.-_.. ..... 

%eluding evctits ill hydrogen 

et, aL8 h a t  secondary interactions of the annihilation 
products are an inipor tarrt facet of any annihilation 
experiment in nuclear matter. The data in Table 1 also 
support this conclusion. Rather than attempt to  predict 
the charge distributions in Table 1 from a theoretical 
model, we resort to  ii purely empirical interpretation, 
which i s  outlined in Table 2. This analysis relies on the 
Fact that each neutron annihilation will produce a 
inesoniz system with it net charge of - I .  Thus, to 
determine the number of neutron annihilations in any 
particular plate, we must find the total excess of 
negative charge in the mesonic prongs. This is not 
difficult to effect, since we need only mu1 tiply the 
observed 7r- excess by the ratio o f  the multiplicity of 
charged pions at the annihilation to the observed 
charged pion and multiplicity: 

Nuniber ofprz annihilations 

true mu1 tij'licity = No. of excess n- 

This assumes that secondary interactions and our 
geometric limitations affect the number of n+ arid 7 ~ -  

losses equally. The charged pion multiplicity has been 
measured in deuterium9 to be 3. 11 forpp annihilations 
:inti 3.15 for on captures. The extant data for carbon8 
and the light nuclei of emulsionlo are consistent with 
those figures if there is a pion absorption probability in 
thi: parent nucleus of about 8%. 'Therefore, we take the 
true multiplicity of charged pions to  be 3.13. Once the 
number of neutron anriilrilations is known. the number 
of proton annihilations is just the difference between 
the total number of cap tures j n  the element and N('iz). 
The last three columns of Table 2 list the ratio prz/p@ 
for each element, ptz/pp normalized to the carbon 
result, arid the "halo factor," which we define as the 
nurrnalized (pn/p&c ratio divided by N/Z.  

The rnost striking feature of Table 2 is that the 
neutron-to-protori annihilation ratio for the various 

Number 

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

lcJ29 2469 4206 0.587 1.00 1.00 
162 1043 113.5 0.919 1.57 1 .33  t 0.22 
862 1'216 991 1.227 2.09 1.41 t 0.24 
821 1175 575 2.043 3.48 2.26 t 0.50 

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

eletnents normalized to the carbon data always exceeds 
the ratio of neutrorts to protons i n  [lie capturing 
nucleus. Thus 3n antiproton is about 3'4 limes as likely 
to be absorbed by a neirtroti in lead as i t  is in carbon. 
One would expect this ratio to be 1.54 merely because 
of the neutron excess of heavy nuclei. Over and above 
t 11 is expected neutron enhancement , neutron c ap t ures 
are 2.26 times as likely ;is proton captures in Pb. 'I'he 
corresponding enliancements in Ti and Ta are 1.33 and 
1.4 1 respectively. It is interesting that tantalum appears 
to  be inore like titanium than lead, even though it is 
much nearer lead in the periodic table. While this must 
remain a mystery, i t  is interesting to observe that 
nearby eletnents exhibit anomalous behavior in the K -  
mesic x-ray studies of Wiegand et al. I n  these x-ray 
experiments, the x-ray intensities observed near the 
terniination of the atomic cascade are far less for 
elements similar to Ta than to  those observed for most 
other elements. Jt is also possible that the large 
quadrupole moment of Ta could affect either the 
atomic cascade o r  the subsequent nuclear annihilation 
p1ocess. 

I t  is to  be noted that jjn/pp for carbon is 0.587, 
whereas it has been reported to be 0.69 and 0.75 in two 
prior deuterium expei-iinents.y~'2 Since N/Z is the same 
for both elements arid since there exist no known 
bosonic resonances with a mass near p p  threshold. it 
might be expected that the carbon and deuterium 
results would be similar. The differences io this result 
could have several origins. First, Agriew et aL8 present 
evidence which suggests that, in carbon, about 15% of 
the E ) / .  absorptions charge-exchange to  i in i i p z  final state. 
The resulting annihilation is that of an E in carbon, 
which will lead to a substantial number of mesonic final 
states with a net positive charge [q( i ip)  = +1]. If 
charge exchange also occurs in deuterium, j j@n)  -+ 

r z ( m z ) ,  only neutral mesonic systems can result. 'I'his 
would cause our reported ptz/pp ratio for carbon to be 
smaller than the deuterium determination. Second, any 



32 

observation of ambiguity between protons and positive 
pions in our experimental procedure which resulted in 
the inclusion of protons in our 7i+ sample would also 
distort our pn/pp ratio toward a smaller value. We 
observe. however. that both of these effects would be 
applicable to all four of our plates, and while they 
affect the absolute @n/@p ratio for any individual plate. 
comparisons between plates are relatively independent 
of these effects. Thus a 25% pion-proton ambiguity and a 
10% p p  -+ nn rate results i n  the normalized pt i /Fp ratios 
of 1.38 for Ti. 1.97 for Ta, and 3.17 for Pb. and an 
absolute ratio for carbon. ptz/pp 1:. 0.74. 

Our conclusion is that for nuclei with a neutron 
excess, the neutron-to-proton ratio in the nuclear 
periphery is enhanced to a value greater than expected 
from N/Z. On the basis of the available evidence, it 
would appear that the coliclusion voiced by several 
authors '3 '14 is valid; namely. that while the mean 
square radii of neutrons and p o t o n s  in heavier iiuclei 
are quite similar, nevertheless, there exists in their 
tenuous outer reaches an ethereal neutron halo. 

We are grateful to the inany people at Brookhaven 
National Laboratory, especially A.  G. Prodell, who gave 
us their complete cooperation during the course of this 
experiment. We also wish to thank our scanners, Mrs. 
I .  S. Han and Mrs. M. K. Burton, for their painstaking 
efforts on OUT behalf. 
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THE FOUR PION DECAY OF TMb j " MESON 

W M Bug$ G 1 Condo* h J, Hart2 I1 0 Cohn R D McCulloch3 
R J bnd0rf4 C P P10rne~9~ M M Ni issbdu~n~ 

A sedrch for the nTT+n + f n -  decay of-the f" (1260) has 2 University of Tenncrsee, Kncxmlle 

with zero and less than 3.1%' with 90% confidence. 
. . . . . . . . . . .-__-_-I 

1. Abstract o f  papar subinitied for publication in the Physicd 
Review. 

MULTIHBN DATA ON ' i W E  T REGION' 

9x6. M. Bugg2 G. T. Condo* E. L. Hart2 H. 0. Cohn R. D. McCulloch3 
M. M. Nussbaum4 C. P. I-Iorne4,5 R. J. Endorf4 

From 8-GeV/c ir+D interactions we have found that 
one of file two resonances reuorted in the T region has 

2. University of Tennessee, Knoxville 
3. Mathematics Division. 

a dominant decay into othe; h$an t\e reported decay 
modes or that there is a third resonance on this region. 

4. University o f~ inc inna t i ,  Cincinnati, Ohio. 
5. Present addrcss: Depariment o f  Physics. Florida State 

Universitv,  

I .  Abstract of paper rubmitted for publication in Physics 
I. etters. 
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HIGHER-MASS BOSONS FROM 7.87-CeVlc 7r'd INT'EKACTIQNS' 

W. M B1.1gg2 G T. Condo2 E. L,. Hart2 H. 0. Cohn R. D McCulloch3 
M. M. Nussbautn4 K. Endorfa C. P. 

By employing the 80-in. BNL deuterium bubble 2. Uriivcrsity of Tennessee. Knoxville. 
chamber as ii missing mass specctronieter, evidence for 
an odd c; a lllaSS in tile 1' regio,l (2.1 
to 2.4 GeV/c2) is presented. Indications from the 
individual channels suggest that it has at most a 
rnaiginal amplitude for  decay into p p r .  

3.  Mathematics Divisian. 
4. University ofCincinnati, Cincinnati, Ohio. 
5. Present address: Departrnent o f  Physics, Florida State 

state 

University, Ta,lahnssce. 

1. Abstract of published paper: Ph.vs. Rev. 6D. 3047.- SO 
( 1  972). 



3. Nuclear SiPuCture, Reactions, and Radioactivity 

30. Systematics 

ORELA NEUTRON ChlP'I'URE AND STELLAR NUGLEOSYW'1'PfBSIS 1 

B. J. Allen2 M. L. Macklin 
................. _- ............... ............. .......... -. ... 

.EAR REACTIONS: A X ( n , y ) .  E = 2.5 . 1000 keV; rrmsured u ~ , ~ .  Deduced paranreiers, averages 

................. ..____~.I__ __ ................... 

'I'he Electron Linear Accelerator (ORELA) at Oak ment of fast-neutron capture cross sections and the 
Ridge. Tennessee. is an outstanding facility for neutron application of these data t o  reactor physics and 
physics research. Well planned and equipped, this nucleosynthesis, the creatiorl of elements in stars. 
accelerator is making a strong impact on the neutron 
data situation, particularly in the important kilovolt 
energy region. This article reviews briefly the QRELA 

1. Abstract of paper subniitted for publication in Australian 

2. present address: Alrstralian Atomic E~~~~~ ~ ~ ~ ~ , , i ~ ~ i ~ ~ , ,  
journal A +oi,i?lic E12ei.gy, 

research program, and considers in detail the measure- LUGIS Heights, Australia. 

D. J .  Horen M L Auble 1;. E. Bertrand Y. A. Ellis Vi. B. Ewbank R.  Hariintz 
M. R Lewis M. J .  Martin S. Kainan M. K. Schmorak D. C. West 

During the calendar year 19742. the Nuclear Data 
Project continued its efforts to  update the A-chain 
compilations, improve communications between the 
Project and researchers in the field as well as other 
compilers of nuclear data, pursue the uiiliziltion of 
computer aids in the compilation process, and pursue 
interactions with applied users of nuclear data. These 
topics are more thoroughly discussed in the following. 

Revised A chains 

A 70, K. R. Alvar' and S. Raman 
A z 91. H.  Verhcul' and W .  U .  I?wb:mk 
A = 92. D. C. Kocher' and D .i. Horcn 
A 93. D. C. Kocher' 
A = 95, L.  R. Medsker' and D. J .  Horcn 
A 96, L. R. Medsker' 
A 107. 1:. E. Bertrand :rnd D J. Horen 

A = 108, F. E. Bertrand 
.4 = 112, S. Raiiyan and H. J .  Kim 
A = 122, I-'. E. Bertrand 
A = 123, R. I,. Auble 
A = 125, R. L. Auble 
.4 127, R.  1,. Aubli. 
A = 129, D. J. Horcn 
.4 = 163, A .  Buyrn' 
A = 193, M. B .  Lewis 
A 2 194, R .  L. Auble 
A 2 195. M. J. Martin 
A = 196, M .  R.  Schmorak 
-4 = 197, M .  B.  Lewis 
A = 206. K. K. Seth' 
A = 212, S.  C. Pancholi' and M. J.  Martin 

Survey of Nuclear Structure Systematics for A 2 229, 
Y. A. Ellis and M.  R. Schmorak. 

1. Nuclear Information Research Aasociate (NIRA) 
2. Consultant. 
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Recent References 

The response to a questionnaire indicated excellent 
reception o f  “Recent References” by the basic nuclear 
structure community. In view of this, publication three 
times per year as issues of Nucleur Data Sheets will be 
continued. The first issue for 1973 will include a listing 
of nuclear reaction papers tabulated according to  
specific reactions to  demonstrate more clearly h e  
potentialities o F  the key-wold system. 

During 1972, the Council of the Division of Nuclear 
Pliysics of the American Physical Society, based upon 
the results of ii poll of the membership, recomniended 
that nuclear key words be included in Physical Review 
C This has been accepted by the editors of the journal 
and will commence i n  1973. We have sent letters 
requesting similar action to the editors of the other 
major nuclear physics journals. 

“Kecent References (September 1971 -Decerxiber 
1%71),” D. C. West, F. W. Hurley, S. W. Dockery, and 
S. J. Ball 

”Recent References (January 1972 --April 1972),” D.C. 
West, F. W. kiurley, S. I-I. Dockery, and S. .I. Hall 

“Recent References (May 1972 -August 1972),” D. C. 
West, W. €3. Ewbank. F. W. I-Iurley, and M. R. 
McGinnis 

Research Papers, Verbal Presentations, Etc. 

Most inernbers of the Project are actively engaged in 
experirnental or theoretical research, and wi Lteups of 
the works are included in this annual report. These 
amount to 12 published papers and 16 abstracts 
presented at American Physical Society meetings. 

Computerization 

EfTorts are proceeding to  improve tile utilization of 
computer techniques in 111 ree areas: (a) reference 
systems, (6) calculational and analysis programs used by 
compilers, and (c) establisliment of a data file. A basic 
data format has been adopted. Work is progressing to  
develop and modify operational prograins which can 
ut.ilize data prepared in the basic format to perform 
routine calculations, etc., as well as produce new data 
cards for graphics and use for a data file. 

Non-Project Mass Chain Compilers 

S .  C. Pancholi (India) spent three months a t  OKNL to 
begin work on compilation o f A  = 138. 

A. Artna-Cohen (U.S.A.) is presently compiling A = 

H. Verheul (Netherlandsj is presenlly conipiling A I= 

L. K. Peker and 8. S. Dzhelepov (U.S.S.R.) are 

153. 

62. 

presenily compiling.4 = 140. 

National Science Foundation--Nuclear Information 
Research Associate (NIRA) Program 

The NiRA Program entered its second year in 
October 1972 with the addition of 11 postdoctoral 
apyointnients. This makes a total OF 22 NIRA’s 
prcseii tly engaged in mass-chain compilai.ioas. The Data 
Project is participating in this program in four ways: 

I .  Providing reference lists to all NIRA’s (and magnetic 
tapes containing tables and programs useful in 
preparing compilations), 

2. consultation and/ or coauthorship, 
3 .  review, 

4. publication. 

As of January I ,  1973, the status was: 

Mass chains published - - -  A = 70, 92, 93, 95: 96, 163. 
Mass chains received and at various stages of review --. 

A = 71, 77, 101, 153, 157, 159, 165, 174, 225. 

Services Provided 

The Data Project routinely provides reference lists to 
the following: 

Table of Isotopes (J.  M. Hollander and C. M. Lederer, 

Atomic Mass Adjustment (A. H. Wapstru, Netherlands; 

Nuclear Moments (G. H. Fuller and V. Shirley, lJ.S.A.) 

Photonuclear Cross Section Center (E. G.  Fuller, 1J.S.A.) 
National Neutron Cross Section Center (BNL, U.S.A.) 

NIRA’s (22 compilers) 

Non-Pi-oject Compilers (4) 

U.S.A.), magnetic tapes 

N. B. Gove, U.S.A.) 

In addition, more than 30 recorded requests for 
infomiation froin a variety of establishments, including 
other divisions at ORNI,, private industry, U.S. govern- 
ment laboratories and agencies, university researchers, 
foreign scientists, etc., were answered in 1072. Informa- 
tion requested included selected reference lists as well 
as specjfic data. 
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In late 19'72, the Data Project offered to  provide on both U S .  and foreign scientists, This is being done with 
rnirgnetic tape the Atomic Mass Adjustment by Wapstra the assistance of N.  B. Gove of the Mathematics 
and Gove to those persons supplying a tape. Fourteen Division. 
such mass tapes have been sent to  requesters, including 

wn)meE FRQM INELASTIC PROTON SCATTERING FOR A GIANT QUADRUPOLE 
VIBRATION IN SPHERICAL NUC!,FET' 

M. B. Lewis F. E. Bertrxnd 

I -.. . ..... . ... .. ....-. ... . . . . . .. . .. .. .. . . . -. - I- r-- 
NUCLF,AR R E A C ~ I O N S :  2 7 ~ ~ ,  54Fe,  l Z o  Sn,  *09 Bi @ , p ' ) ,  E,  = 6-40 MeV, E p  = 61.7 MeV; 

deduced giant quadrupole excitation from systematics of dEX, e ) .  

A systematic study of inelastic proton continuum continuium with properties of a giant quadrupole 
spectra produced at small angles by bombardment of 

27A1. 5 4 F e ,  '*OSn. and 2093i with 62-MeV protons 
suggests the existence of a collective region in the (1972). 

vibration. 

1. Abstract of published paper: Nucl. Phys. A136, 337 

REACTION LIS I FOR CHAWGEDPAK TICLE-INDUChD NUCLEAR REAC TIONS. 

Z =  1 T O Z =  9 9  ( I I T O  hs) ,  JULY 1971-JUNE 1972' 

F. K. McGowan W. T .  hlilner 
,--,. I his reaction list for charged-particle-induced nuclear involving mesons in the outgoing channel are not 

reactions has been prepared from the journal literature included. Theoletical papers which treat directly with 
for the period July 1971 through June 1972. Each the analysis of nuclear reaction data and results are 
pui7lished experimental paper is listed under the target included in the reaction list. 
nucleus in the nuclear reaction with a brief statement of 
the type of data in the paper. The nuclear reaction is 
denoted by ,4(u,b)B, where M ,  2 (one nucleon mass). 
There is no restriction on energy. Nuclear reactions 

1 .  Abstract of puhlished paper: Nucl. Datu Tables All ,  
-126 (1972). 

REACTION LIS r FOR C~4RGED-PARTICLE-INF,rUCED NUCLEAR REAC fl0NS.I  
Z - 1 AND 2 (H AND He),  MAY 1969-JUNE 197 1 ; 

L = 3 TO 99 (Li TO Es), 1948-JUNE i Y 7 1 ;  
COULOMB EXCITATION, 1956-JUNE 1971 

F. K. McGowan W. T. Mjlner 

This reaction list for charged-particle-.induced nuclear mesoils in the outgoing channel are not included. 
Beginning with July 1970, theoretical papers which 
treat directly with the analysis of nuclear reaction data 
and results are included in the reaction list. 

reactions has been prepared from the journal iitcrature 
for the period 1948 through June 197 1. Each published 
experimental paper is listed under the target nucleus in 

of data in the paper. The nuclear reaction is denoted by 
A(u,b)B, where Ma > ( o m  nucleon mass). There is no 
restriction on energy. Nuclear reactions involving 

the nuclear reaction with a brief statement of the type _ . _ _ _ _ ~  

1. Abstract of paper to be published in ~tor iz i r  a d  Nuclear 

Data Repritiis, vol. I (Academic Press). 
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IMPROVED UPPER LIMIT FOR THE ELECTRIC DIPOLE MOMENT OF THE NEUTRON' 

W. tl. I h q s  P. I). Miller N. F. Ramsey' 

'I'he previously described neutron resonance spec- - 
trometer has beell to irnt,rove the ~e termina-  1. Abstract of paper submitted for publication in thePIlysicu1 

R evicw. 
2. Haward University, Cambridge, Mass. tion of the effect of E X v/c. i l r i  iniproved upper h i i t  

has been ohlained for the neutron electric dipole 
moment ]pe/rl  < 1.0 X cm with 80% confidence. 

PROGRESS REPORT ON THE EXPERIMENT TO DETECT AN ELECTRICAL 
LXPOLE MOMENT OF THE NEUTRON 

Y .  13. Miller' W .  B .  Dress' P .  Periln' K .  Boiicher' N.  b .  Kanirey3 K 14lussb:iurr" 

h t i n g  the last half of 1Y72 ,  most of the apparatus 
Cor the experiment t o  detect an electrical dipole 
nioinent of  the neutron has becn assembled. The 
meclianical assembly o f  the magnetic resonance spec- 
trometer on its turntable an(! the assembly of' t hose  on 
the platforni furnished by the Institut I..aue-I,angevio 
has been conipleted. 

The Intensity tias been rneasuretl to be 6 X IO6 
neutrous/sec. 'rhe deiector uses 3 Li-Ioatied glass 
scintillator with fairly standard photomultiplier and fast 
electronic equipment. 

A PDP-I I computer furnished by the ILL has beern 
interfaced io a CAMAC crate containing the neccssary 
standard and special modules for the data acquisition 
system, the Iat.ler being furnished b y  CENG. The 

prograniniirig of the system is coninleticing with the 
new year. 

The nizasurement o f  the neutron intensity confirms 
o u r  earlier estiniates that about 6 0  days of data 
acquisition should produce a sensitivity of a snraL1 
number times IO- ' '  cm. This compares with the 
present upper h i t  of I .O x I 0 1 ' ~  mi. This estimate 
assunics lliat the apparatus is mechanically and mag- 
ne1ic;iIly st;ible enough To take 1'uIl advantage of the 
intensity wailable ~ 

1. O n  assignnient: Iristi t u t  L;iire-l,angevin. Grenoble, I:rance. 
2. (:cnrrc D'bJludzs Nuelkires de  Grenoble, Grcnuhle. 

3. Harvard Univt-rsity-. Cambridge, M.iss. 
4. lristitut Laue-Lanpevin, Grenoble, France. 

hrance. 

THE p-p FINAL-STATE INTERACTION IN THE He(d,2)2p REACTION' 

IC. W. Rutkowski' E. E. Gross 

'The final-state interaction peak f o r  the reaction 
31 .1~(d ,~ )2~  at  5" lab, 23.5 M ~ V  c.m. js analyLed 
the Born approximation. Using ari effective-range wave 
function for the tliproton system, we extract y = 0.360 
-t 0.0 15 tm fat- the Gaussian range parameter Oak Ridge, 'rcnrl. 
describing the charge distribution in .'He. 

I .  Ah$tract of published papcr: Phys. Let t  358, 1 5 1  (1971). 
2. Oak Ridge Graduate Fellow from the IJnivcrsity of 

'l'enrie\sec under appointment from Oak Ridge A s s ~ ~ i a t e d  
Ulljversitics; address: IJ.s. Atolnic l-nergy C3cllnr,lission, 

CHARGE-ASYMMETRY EFFECTS IN THE REACTION H(4 He,' He)3 H' 

E. E. Gross E. Newnian M. B. Greetilield' K. LV. Kutko\wki3 W. J. Koberis4 A. Zuckzr 

Differenti,il cross sections for the procesc 82 1 ,  64.3, m d  43.9 MeV The mensureinenis weie 
H(" He,3 H e f H  are piesented for " He beam eneigies of made to test the Barshay-Tznimer theorem. which 
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requires '11 and 3He  yields to be iiidepcndently account for the observed deviations 
symmetric about 30" c.m. We find a pronounced 

energy-dependent. A distorted-wdve Bom-approx- 
imation analysis dssuniiiig the reaction mechanism to be 
a simple 1 = 0 nuckOn-picki.lp process Cail qualitatively 

deviation from 90" c.m. symmetry which is angle- and - .................... - 
1. Absiraci of published paper: Ph.vs. Rev. CS, 602 (1972). 
2. Florida Sla te  University. I'allahaisce. 
3 ,  us.4t.:i, Oak Ridge, Term, 
4 .  Tenneconp, Oak Ridge, Tenn. 

SE.A%CH FOR A He 4- El: RESONANCE IN ' Be; ASTROPHYSICAL IMPLJCA rIONS 

hl.  L. 1-lalbert D. C .  Hensley I-:. G .  Bingham 

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

NUC'LFAK RE.4CTIONS: 6Li(3He,f) ,  E = 46.3 MeV; meawrcd t T i C P r ,  0 = 5 O ) .  Dcduccd: no 311e--31-Ie 
resonance in ' j ~ e .  

~. r- ................... ~ 

Recent measurements of' the terrestrial flux of high- 
energy neutrinos' give an upper limit approximately 
nine tiines smaller than the flux expected from the 
protori-proton cycle in the sun.' One explairaiion, 
proposed indcpcndently by two groups.3 .4 postulates 
that in the solar intei-ior the reaction He(3He,4 I-Ie)?p 
removes most of the 3He arid thereby reduces the 
amount of 7Be formed from tlie capture of 3He by 
4He.  This in turn decreases the prodiuction of high- 
energy neutrinosi since such neutrinos are produced 
riiainly in the y +  decay of ' 3  formed from the radiative 
capture of protons by Be. 

For this explanation to be quantitatively succrssful. 
the 'He  + 'He reaction must be resonant very near 
threshold, with a width of' no  more than about 20 keV. 
I f  the resonance were further above threshold or were 
broader, its effects would have been already observed in 
two expeiiriients' that measured the reaction down to  
within SO keV of threshold. Moreover, because of the 
strong energy dependence of both the cross section 
(due t o  the Coulomb barrier) and the Maxwellian 
velocity distribution of the solar He, there would he a 
negligible reduction in the amount of 7Be formed 
unless the supposed resonance were about 20 keV 
above threshold and had a width < l o  keV.3 ,4 

Such a resonance would correspond to an excited 
state in 6Be at  aboirt 11.5 MeV. The reaction 
6Li(311e,t) 6Be* was selected t o  search for a state in 
this region of excitation. A beam energy of 46.3 MeV 
was chosen to avoid possible interference from deu- 
teron gi-oups originating in target impurities. The beam 
was produced by the QRlC. The tritons were observed 
with the Flbek broad-range spectrograph6 at a lahora- 
toiy angle of 5" in order to obtain adequate energy 
resolution. A silicon position-sensitive detector was 

used in the focal plane to distinguish tritons from 
deuterons. 

The focal-plane positiori expccted for tritons corre- 
sponding to the resonance was determined by increasing 
the magnetic field slightly to record the ground-state 
and first-excited-state deuterons from the 
6Li(3 I - I ~ , c ~ ) ~  Be reaction. The resolutioii of these two 
peaks was about 30 to  35 keV FWWVI for a target of 
about 60 ,ug/cm2 'Li(98.77L enrichment) on a backing 
of -3 ,ug/ciq2 t. ormvar. With a target having about ten 
times as much Li. the observed resolution was ahout 42 
keV; the resolution for tritons should have been similar. 
An additional position check u ~ a s  obtained by substi- 
tuting a carbon target, reducing the magnetic field, and 
recording ground-state tritons from the ' * C('He.r)' ' N 
re action. 

Figure I shozvs the meawred triton spectrum from 
the 6Li(311e,t)6He* reaction for 5.1 X lo -?  C of 'Ee'+ 
on the thicker target. The solid angle of the spectro- 
graph-detector combination was 0.93 X IO-?  sr. The 
range of 'Be excitation energies covered here is about 
0.89 MeV. Tritons from ' 2C(zIle,t) '  'N are off scale at 
this Lieid setting. 

The expected position of the resonance, near channel 
2800, is shown by the arrow, and the horizontal bar 
indicates the expected FWHM. No peak is evident in 
this vicinity. By means of a least-squares peak-fitting 
program, the peak area was found t o  be consistent with 
zero, with a standard deviation of about 40 counts. This 
result did not change if tlie centroid was allowed to lie 
anywhere in the range 2500 to 3250. The corre- 
sponding limit on thc cross section is 
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Fig. 1. Spectrum of tritons at so from bombardment of 'Li with 46.3-MeV '€le. 

To express this limit in terms of  the structure of  Be. 
we have carried out simplified DWBA calculatioris very 
similar to those described by Parker e t  al.,7 whostudied 
the same reaction a t  25 .S MeV. Pal-ker's c;ilculatioas are 
1)ased on the zero-range approximation reported by Oh 
et  al.% fo r  ('I-le,",i) reactions on a niiniber of light 
nuclei. I n  our calculations it was assumed that 7S% !If 
the time the ' I.,i consists of f ie  + t clur ters.' " 'Ule 
resulting spectroscopic factor for the BeY being 
composed of two 3He particles is 

q6 s e e )  G 0.0003h , 

which is 17 limes smaller than the result from 1-ef. 7. 
A 3He + 'He resonance this weak is inadequate to 

account for the apparent abserice of high-energy [xu- 
trinos f r o m  the sun.4 ,7 

1. K. Davis, JT., Bull. A m o .  Phys. Soc. 17, 527 (1972). 
2. J.  N. Kahcall and K .  K. IJlrich, Asfropizys. .1. 170, 593 

(1971); Z. A b r a l i x n  and I .  Iben, J r  , Aslropl~ys. J. 170, 1.57 
(1971). 

3. W. A.  Fowler. Nulicrr 238, 24 (1972). 
4, V. N. b'etisov and Yu. S .  Kopysov,Phys. Lei!. 40B, 602 

(1972). 
5. M. K.  Uwaiakanath and HI. Winklcr, Phys. Rei: C4, 1532 

(1971); A. D. Dacher and T. A.  '~uriibrello. unpublished work 
quoted in tlit: same refercnce. 

7.ran.s. Nud.  Sci. NS-13, 340 (1966). 
7. P .  D. Parker, D. J. Pisano, M.  E. I.obern, arld G. H. Marks, 

X .  1. K. Oh. C'. S .  Zaidins. C'. 1). Zafiratos. and S. I .  

9. A .  hi. Younp, S .  1.. Rl. l t t ,  ;utd K. G. Seyler, Phys. R p y .  

10. E.  Vzntrira, C. C .  Chaiig, and W. h. Meycthof,Nucl. Phys. 

Yale preprint 3074.283 (1972). 

Hayak;i\va, N~icl.  Phys. A178,497 1972). 

L e l t .  25, 1764 (1970). 

A173, I(1972).  

ISOSPIN CONSEKVATION 1N COhWLICATEL) REACTIONS 

C. D Giiodtiian J). C Hensley A. van der Woude S. Kainan 

As a continuation of our study of the excitation o f  
isospin niul tiple ts in nuclear reactions, we turned our 
atteritiori to ie;ictjons that appeared to have re;isoiial)le 
cross sectiorrs, in contrast to the reactions that we 
1-eported last ycar, for which the cross sections were s o  

snlall that we were unable to  make useful Ine;isure- 
menls. 

We have studied the reactions ' ' B(d ,6He)7H~ aod 
B ( C ~ , ~  Li*)' ILi (:where 'I? s tmds for the 3.59-McV 7' 
1 state in 'Li). We have also studied the coinple- 
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inentary pail- of reactions: ' I  ~ ( d , ~ i . . i ) ~ ~ , i *  and 
B(dS7 He. The ground states of 'IIe and 1.i" are 

two members of a uiass 6 isospin triplet, a i d  the ground 
states of 7Be  and I..i are isospin mirrors of each other. 
I f  isospin is conseived in the above ieactions. then at 
any angle of observation the number of  obsei-bed He 
pal-tizles should be twice the nurnber of Li* particles, 
and the number of 7Be particles should be twice the 
number of I,i particles. This follows simpiy i'ioni the 
coefficients necessary t o  construct a T 112 wave 
function for the mass h -7 combination specified. 

This is, however, a case of a broken syinmetry; the Q 
values are different because of different Coulomb 
energies in the two final states, and it is of interest to 
see if ihe syinmetry breaking sliows up in the actilal 

tiun iiieasiirciiients. Adair' in his 1952 article 
iiliplicitly expected that the effect could be accounted 
for sirilply with a phase-space correction for the 

diffciciicc in final energies. This correction would alter 
the ratios of the cross sections but would preselwe the 
shapes of the angular distributions. Our expel-iiiient is 
reasonably sensitive to the possihle presence of a 7 - z  
3/2 conipommt in the final state. If the final state is 
assumed to contain a S l i 7 3 ! ~  T =  313 component, say 5% 
in amplitude, then the ratio might depait by- as much as 
10% from its predicted value. 

' R targets, about 
100 pg/crn2 thick. with 40-PJeV deuterons from the 
ORIC. We observed the product particles with a pair of 
AF-E telescopes consisting of 10- or 95-u AE detectors 
and 400-1-1 E detcctois. Figure 1 shows the electronics 
arrangement. The data acquisition vias done 5 

ORIC ADC system using a 400 X 550 chaiirrel array for 
the AE-L storage. Singles events were recorded in the 
sorted array. Figure 3 shows a sample of such an array. 

In our cxperin:ent we bombarded 

I I  1 

6,T I ' C O N T R O L L E R  

. . . . . . . . . 
r, PlJLSE 

~ 

S T R E T C q E R  SLOW 

t f 

B I T  3 

S T R E T C H t i i  - %OW ~ 

~~ . 

GATE S T R O B E 4  
FAST .......... 

I TO L P T C H  

A T  S C A T T E R I N G  ~ I N  C O U N T I N G  ' I T 4  
C HA 21 3 E 9 , ROOM 

ORNL-DWG 72-42308 
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G A i E S  
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STROBES 
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Fig. 1 Eleebsonks arrangement fol data acs,eais;?inn in the ' RQd,6He)7Ae and ' ' 3(d,6Li*)7Li study. 
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For each coincidence we recorded E and AI? for both 
counters in a list mode. 

The 11B(d,6He)7Be and 11B(d,7He)6He reactions 
coiuld be identified in the singles array, but the 

Li)6 Li" and, to sorile extent, the 
B(i/,' J..i*)7Li reactions could not be observed clearly 

in singles due to a continuum background frolil particle 
breakup of unbound 6Li and 7Li states. Thus we 
studied boil) singles and coincidencc data. 

F a  each anFJe of the forward counter; it was 
iiecessary to collect data for seveial settings of the 
recoil angle because the reactions do not have identical 
kiriernaiics; in particular the recoil angle for inass 7 
forward differs significantly from the recoil angle for 
illass 6 forward. To save time. it was necessary to run at 
corr~proinise recoil angles for some runs, a t  one setting 
to pick up the mass 6 recoils. and at another to pick up 
the mass 7 recoils. We measured the coincidence 
efficiency curve for making corrections to the runs for 
which the recoil angle was set a t  a coinpromise value. 
An additional complication occurs because the Li* 
deexcites by gamma emission in flight. This produces a 
very sii~all  uncertainty in the forward angle cone and 
prodnces a significant spread in the recoil angle cone. In 
our case the maximum spr-ead in angle was smaller than 

..... I +---- 
O 1 0  Z 3 ' o C z  3 0  

I AB ANGl E (DFGHEES) 

Fig. 3 .  The observed ratio of cross wctions corrected for 
coincidence efficiency. 

the angular acceptance of the recoil counter, so no  
cotrection was required withiri the accuracy of the 
e x p e ~ m e n t .  

The nieawrcd ratios are shown in Fig. 3. They are in 
good agreement with the predicted ratio. 

1,  Robcti K. Adair, Phys. Rev. 87, 1041 (1952). 

N A  1' ABSOLUTE NEUTRON YIELQS FROM THICK-TARGET C(a,n)' 

J .  K. Bair 

Recent measurements of the neutron yield resulting 
from the alpha-particle bombardment of carbon have 

New values are given for the thick-target yield of 

neutrons. for alpha-paiiicle energies between 2 and 9 
MeV. 

.... -. ......... disclosed an error in the data reported in the literature. Abstract of paper subr,litted for in N,4clear 
Scjencp a,,(j /;jlc~rineer.ili~~~, 'rechnical Note. 

TOTAL NEUTRON YIELD FROM THE RbACTIONS 3C(a,rz)' 0 AND G(a,n)' ,' Ne' 

J .  K. Bair F. X. Haas' 

Compound states of high excitation jn ' 7 O  and for * O  + a. For astrophysical purposes these strength 
.*'Ne have been obseived, with good resolution, in functions are used to extrapolate the average cross 

the total neutron yield from the reactions 13C(a$)' 6 O  sections to  lower energies. 
and * O ( ~ , r i ) ~ ~  .* Ne. Bombarding alpha-particle 

of the area under the excitation cUrVeS gives alpha- 
particle strength functions of Sa = 0.029 2 0.030 for 

energies were approximately from 1 to 5 MeV. Analysis 
-. ....... 

1. Abstract of p a p e ~  submitted for publication in thc p{2,vsica[ 
Rcvicw. 

1 3  c +. 0.030 0,023 for 1 7 0  + and 0,022 t 0,010 2. Mound Laboratory, hliaiiiisburg, Ohio. 
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THE LEVEL STRUCTURE OF I 0 FROM NEUTKON TOTAL CKOSS SECTIONS1 

J.  L. Fowler C. 11. Johnson R. M. Feezel' 

The neutron total cross section of oxygen is iiieasurcd 
in the ener,gy regions from 0.6 to 0.9, 1.1 2 to 1. 16, and 
1.35, to 4.33 MeV. More than half of this region i s  
surveyed with energy resolution and energy steps o f  
about 2.5 keV. On the basis of these data arid 
supplementary published data on the (n,ti) angular 
distributions arid the ' :'C(a,n) reaction, Ihe ' 70 level 
energies in million electron volts and, in paranttiescs,Jn 
values and center-of-inass total widths, I?, = + F a  in 
thousand electron volts, ale 5.696 (7 /Y ,  3.4), 5.73 1 
(not l / 2 + ,  <l.0), 5.867 ( 3 / 2 + ,  6.61, 5.937 (1/2-, 321, 
6.354 (1/2+, 124), 6.860 (not I / ? + ,  <1.0), 6.970 (not 
1/2 ', <1.0), 7.163 (5/2-, 1.4), 7.20 ( 3 / 2 + >  2801, 7.377 
(5/2', O.S) ,  7.380 (7/2', 1.2), 7.56 ( 3 / Z ,  SOO), 7.685 
(7/2.- ,  18), 7.Y55 (1/2+, 90), 7.99 (1/2-, 2601, 8.058 
( 3 / 2 ' ,  X6), 8.18 ( 1 / 2 - ,  69), and 8.20 ( 3 / 2 - ,  52). 
Resonances are not observed for known ' 70 levels :it 

5.215 and 7.573 MeV; these levels have F', < 0.1 keV. 
The previously repoitetl narrow 3/2" level at  7 694 
MeV does tiut exist. Many of the results arc based oil 3 

multilevel li-matrix aoalyds; this is also extended to the 
published I O(ri,n) md C(ol,n) cross sections for 
energies corresponding to 7 O  excitation up to 9.5 
MeV. 'This exteiision shows that tlieie ;iic two levels 
rather than only one near 5.47 MeV and that the 
9.42-MeV level has . I R =  3 / 2 - .  Other assignments are 
confiririeti. The most dccurdle excitation energies below 
9.5 MeV are reviewed from the litciature. and the 

7C)-' 7 ~ 2  mirroi structuie IS reviewed. 

l__l _I_ 

1 .  Abstract of paper submitted for publication in the Phyrica! 

2. Undergraduate student from Auburn IJniversity in ORNL 
Review. 

Cooperative I A c a  tional Program 

A UNIFIED K-MATKIX-PLUS-POTENTIAL ANALYSIS FOR 0 + n CROSS SECTIONS' 

C. f I .  Johnson 

A niul tilevel two-channel /<-matrix analysis is made 
for both the neutron total and angle-integrated (n..) 
cross sections of 160 for (I to 5.8-MeV ueutrons. 
Off-resonant phase shifts arc described by scal lering in 
a real Saxon-Woods local potential with a spin-orbit 
term and a parity dependericc foi- the well depths. The 
well parameters are chosen t o  bind the lds /2  and 2s, / z  
levels a t  the energies of the lowest two states io " 7 0  
and the quasi-hound Id,,2 level a t  the centroid of five 
observed 3/2*  resonances. The I t l J j 2  level is replaced 
by rhese five fragments, which coritairi nearly 100% of  
ilie I d J j 2  strength and have their eigencnergy ceri t r d  
at 5.74 MeV in I 70. TIie s .OX-M~V leuel in 7 O  has 
695K of the strength. The /i-niatri?c boundary radius 

must be chosen carefully inside the tail o f  the potential 
in order to  subtract tlie state a n d  in order to  
place the unbound 2p arid 1.f states at  energies 
consistent with the observed p -  and f-wave fragments. 
Spectroscopic factors are deduced for 96 levels in ' 7~ 

bel ween 4.5 and 9.5 MeV, and the sunis of these factors 
are f o r P  = 1/2+; 55% for {/2- ;  12%, for 3 / 2 - ;  '$')% 
for 312'; (1.1% for 5/2+; 1% for 5/2-;  a i d  14% f(.)r 
7 /2 - .  Thus, the observed single-particle structure of 
70 jn  both the hound and unbound region is described 

by ;in K -iiiatrix-pluspotenl.ial analysis. 

1. Abstract of pnpcr to lx piiblished in tht: I%).;siccil Review. 
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NEUTRQN CAPTURE IN FLUORHNI: UbLOW 1508 kcV' 

K. L. Macklin R. R. Winters' 

7' 
1 NUCLEAR REACTION: 19F(n,7) ,  E = 2.5 -5000 keV: measured oil,,. Deduced levcls, 1', g r  I 

Neutron time-of-flight radiative capture data taken at  and a t  173.5 keV, gS, = 0.35 * 0.10 eV. The increase 
the Oak Ridge Electron Linear Accelerator have been of nearly an order of magnitude in radiative width with 
analyzed for single-level resoilailce parameters. 'Ten increasing energy up to 600 keV is notable. Twelve 
resonances were found, with parameters as indicatcd, large resonances between 1600 and 5000 keV were not 
listing E,  (keV), J value assiumed, and (ev) in order. analyrcd for capture S c c a ~ s e  of detector sensitivity- io 
27.07 (2) 1.4 * 0.3, 48.7 ( I )  1.7 + 0.4,97.0 (1) G6.0 f the inclastic scattering channels which open in that 
1.8, 269 (2) 3.5 ? 0.8, 270 ( I )  G4.4, 386 ( I )  2 7  * 2, energy region. 
490.5 (0) 210 -t 3, 595 (2) 2 7  f 2, 1460 ( I ) > ]  1 f 3. 
Valucs of total width were also found for these 
resonances. Two iesonances are very narrow, and their 
capture yields estimates of gr,, . At 43.5 kcV, gl', = 
0.086 I 0.02 eV i f J  > 1' or I', ::: 0.42 5 0.1 eV i f J  = Q: 

..... 

1.  Abstract of paper submitted for 

2. Present address: Denison University, Granville, Ohio. 

in ph,vhysical 
Review C. 

'TOTAL NEUTWON YIELDS FROM THE PROTON BOMBARDMENT OF ' 7 ~ 1  0' 

J .  K. Ban  

The 170@,n)'7Z: reaction has been obscrved for the 
first time in the eneIgy region from ihreshold t o  5 MeV. 
Total neutron production cross sections measured with 
good resolution are given. The reaction threshold is 
determined to be 3743 f 6 keV. High-resolution total 

neutron cross sections are also given for the reaction 
O@,n)' F from threshold to 4 MeV. 

~- 
1. Abstract of paper submitted for publication in the Physical 

Review. 

THE ENERGY LEVELS OF ' Na' 
F. X. Haas' C. M. Johnson J. K. Bair 

NUCLEAR REACTIONS: zoNe(p,r) 'l  Na, = 0.98 to 2.2 McV; mearurcd F , I  , r, enriched targctr; 
deduced "Na levels, Q valuc. 2oNe(dJn)21 Na, E = 3.6 to 6 MeV. hleasurei?absolute differential 
cross sections, cnriched targcts; deduced levels and spectrowopic factors. 

Y 

1 he energy levels of '' Na are investigated with the 
20Ne@,y)21 Na and "Ne(d n ~ ' '  Na reactions. From 
the gamma-ray e l i e f a  measurements the excitation 
energies in ' 'Na are found to be 331 5 3, 1717 f 3, 
2426 2 2, 2800 f 4, 3515 3, 3679 5 4, 386 i  f 4, 
4117 + 11, and 4297 +_ 4 keV A 20Nc(p,y)21Nd Q 
valuc of 2434 k 7 kcV IS  deduced Sranching ratios are 
determined for the upper five levels. Direct iio1iicsoi;ant 
capture i s  ohserved to  the 0.33- and 3 4?-MeV states 
L4ilgular distributioiis for the 'O Nc(~2,n)~  ' Na reaction 
are presented for all of these levels and for levels a t  

4453 -t 12 keV and 5009 -.k 12 keV for incident 
deuteron energies of 3.60, 4.88, 5.57, and 5.94 MeV. 
The unbound 4.12-MeV state has a stripping pattern 
consistent with I = 1. Its laboratory width from the 
gamma-ray work is 125 key.  .T'he combined evidence of 
the branching ratios. reduced widths. and stripping 
patterns shows that the 4.1 2-keV level is the mirror of 
the 4.73-MeV level in Ne. 

1. Abstract of publishcd paper: ,Vucl. P41);s. A193,65 (1972). 
2. Mound I.abordtoiy, Mi;:r-i:ishurg, Ohio. 



45 

HEAVY-ION NEUTRON YIELDS 

J.  K Bair W. 13. Drcvs C. 11. Jofiiisot~ P. 11. Stelson 

PicviousIy rcporled total neuti on yields resulting 
from the 1 6 , 1  ' 0  boirihaidrncrit o f  tliin targets have 
been cornpletcd. Final resuits are now available f a  
N n r C ,  ' 6 ,180 ,  and 6 3 ) 6 5 C c ~ .  Flguicr 1 (1 show these 
data. Since at sufficiently hidl energies more than onc 
xiciitr on can be protlucetl per nsutron-producing event, 

the yield is plotted as w v ,  wbcre u i: thc usual cross 
section and v is the average tiunihei of rieuirons 
produced pet neution-prc,duciiig event. bncrgies arc the 

Fig. 1.  These data were obtaiiied by bombarding a layer of 
carbon evaporated onto a platinum blank. Tnrgct thickrie\\ wa\  
approximarely 160 kcV il t  30 MeV. 

Fig. 2. These data  were obtancd by bombarding tantalum 
blanks which Iiad been anodized in either natural water or water 
eruiclied to 97.2% "0. I'irget thiCkneb\wac dpprovimately 180 
lev 'it 50 MeV. 
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40" 
34 

bombarding laboratoiy energies corrccted for target 6 4  ,6 ,6  7,6 , 7  Zn(' ' , 1  0,x-iz) data.  
thickness effects. 

In  addition to  the m o r  bars shown, we estimate a r i  
uncertainty of +4, ?7, and +4% (one standard devia- 

respectively. 

____.-----..------____I- 

Btd/. Amei .  Phys. Soc. 17, 530 (1972). Also 4. I(. Bair, W. B. 
Dress, C. [I .  Johnson, C. M. Jones, and 8. H. Stelson, Pru,gmni 

Final corrections have yet to be iilade to and AbstTacts, PJTysics Diuisian .rnformnrion MeetiizLr (1971), 

;ion) for the carbon, oxygen, and copPC' targets 1 .  W. B .  Dress, J. K .  Bair, C. H. Johnson, and P. 11. Stclson, 

, xn )  data and to the abstiaii 16(c). ti,e 5 8 , 6 0 , 6 1 , 6 2 , 6 4 ~ .  1 6 , 1 8 0  
1 1! 

Fig. 4. These data rvcse taken using the same targets IS use$ 
54 to obbin the data Qf Fig. 3. 38 42 46 5 0  
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Fig. 3. These data were obtiiined by  bombarding a thin layer 
of er,richs*l metallic copper ewprcnmtedl on plat.inurii blanks. 
Target thickness was approximately 350 keV a t  50 MeV. 
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TOTAL NEUTKON YIELD FROM THE (&,ti) KEACTION ON ' 3 z  ? N e 1  

F. X. Haas* J. K. Rair 

Cornpound states of high excitatioii in " 6Mg have astrophysical purposes. these strength functions are 
been observed, with good resolution, in the ti)t:il used to  extrapolatc llie aveiaged cross sections to lower 
neutron yield from alpha-particle bombardment of energies. 
2 1 . 2 2 N e .  Bornbarding energies were from 1 to 5 MeV. 

I ----- .I-- 
Analysis of the areas under the yield C U L V ~ S  gjves 
alpha-particle strengtfi functions o f  3 ,  = 0.03 I 0.021 Rcvjrbv. 

1 ,  Abstract of paper submitted for publiration ill tllc p!Lyrical 

f o r  " Ne f Q and S-, = 0.026 k 0.012 for 22Ne  -t a.  For 2. Mound Laboratnry, Miamisburg, Ohio. 

(3 He,n) REA4CT10N AT 25 MeV' 

M R .  Greenfield2 C. R. t3ingh:~m3 E. Newmari M.  J .  Saltmarsh 

The (3He , r7 )  reaction has been studied on taigets of 
I 2 C ' ,  27A12 *'si, and 5 8 , 6 0 , 6 2 N i  a t  an  incident energy 
of 25 MeV. The observed resolution of the neutron 
time-of-flight spectrometer used in this work was about 
1%. Differential c r o s  sections were obtained for the 
resolvable final siales over the aiigular range of 0 to  40" 
(I,). The aiigular distribuiioris were compared with the 
predictions of a simple one-step two-nucleon-trans~~r 
model. Iri this foi-rnalism the diproton stripped f r o m  
31-Ii: is transferred to  the target, retaining its ' S o  
relative motion. The shapes of the angular disti-ihutions 
were unique for a given 1 transfer and were, in most 

cases. generally reproduced by the calciilatioris. For 0 ' 
targets {lie J *  of many final states c o d d  be assigned. 
Cornparison o f  experiinental with theciietical relative 
magnitudes permitted assignment of dominant sliell- 
modcl contigurations. T o  first approximation the rela- 
tive transition strengths to final states in 40, 3 ' ) S ,  arid 
60Zn were consistent with the assumpiion of i\v(:) 
particles coupled to an efrecl ively "closed core." 

~ ~~ 

1 .  Abstract of published paper: Phphys. Rev. C6, 17.56 (1972). 
2. Present addres\: 1:lorida Sta te  Ilnivcrcity, 'I'allahassee. 
3 .  University of Tennessee, Knoxville. 

3c. 22 <,4 < 100 

NEUTRON TOTAL CROSS SECTIONS FOK KILOVOLT NEUTRON ENERGIES 

W. bl. Good J .  A. Harvey 

NUCLEAR REAC'rlONS: 21 nuclides; lncasured  on^, E ,  lo3 1 O h  eV; enriched targets. 

Neutron tr;insniission studies have continued of nu- Very little infomiation is generally av;iil:ilile on total 
clides whose neutron resonarit spacings are of the order cross sections 2c' ,30Si,  3 , 3 4 S ?  Hence the rescxiarit 
of a kilovolt. Tlie energy range of study generally is energies observed for these nuclides in the present 
about 1 to 400 keV, and separated isotopes are measurements are listed in Table 1. An explicit repre- 
employed. sentation of the results as obtained for 3 4 ~  is given in 

Continuing as of  one year ago, 2 9  l 3  'si,"' , 4 2  .4 "'"'C ,a, Fig. 1 .  
n7,49 Ti, 54,57Fe, alld 2 0 4 , 2 ' 3 b , 1 0 7 , 2 0 8 p b  are in var- On account or  ORELA'S high resolution, inany levels 
inus stagcs of study. and to these have been added are expected to  be observed irl present transinission 
9 0  ,Y 1 , 9 2  ,9<4,9 6 Zr, 3 3 , 3 4 S .  measurements which were unobservable befhre, except 



48 

1~ I 
~~ 

40 I 
35 1 

1 

ORNL-DWG 73- 186a 
I 

~~ 

:: I 
20 I 

I 

I 2.99 barn /a to in 

12.99 barn/atorn 

2 5 106 
NEU-iHON ENERGY (eV) 



49 

Table 1. Listing of resonances observed 
in the target nuclides zy,30Si,  33,34S, 54 .57Fe  

In 54*5'Fe, * indicates new, * *  in kiloelectron volts previously 
obperved but different energy assignments __ 
19 si 3OS, 3 3 s  3qs  54Fe 57pe 

15 29 
38 79 

159 6 
184 5 
336 7 
385 4 
553 2 
b50 3 

2.235 
4.98 

63.43 
185.8 
235.1 
302.7 
413.5 
644.4 
747.6 
849.9 

13.44 
17.63 
23.93 
30.37 
52.17 
53.54 
59.06 
7734 
8 1.46 
87.50 

101.2 
151.6 
168.7 
17X.3 
197.3 
221.7 
228.8 
238 4 

30 37 
1185 
231 3 
301 3 
317 6 
357 2 
362 5 
396 6 
435 I 
464 0 
470 8 
510 2 
642 5 
800 6 
814 5 
839 5 
851 0 
893 7 
93s 8 

1019 
1089 
112s 
1193 
1313 
1352 
1391 
1450 

7 813 
9 476 

11 169' 
14 455 
30 628' 
39 053* 
51 533' 
52 1 
55 341* 
12 089 
98 820 

1.628 
3.973 
4.746 
6.276 
7.215 
7.934 

12.847 
13.286* 
13.966 
18.224 
21.049 * 
21.284 
25.624 
29.680 
37.078* 
39.361* 
41.643 
41.958' 
47.164 
49.917* 
52.644* 
56.539 

65.4 l6* 
74.331' 
77 528 
83.812* 
88.089* 

91.672* 
93.912; 

101.69S* * 
109.866** 
118.832** 

61.786 

89.816* 

possibly f o r  the earlier capture measurernetits (capfure 
can be a bit more sensitive to  narrow resonances tliari 
transmission). 111 Table 1 are listed the resonances 
observed in ) ' Fe in the present measurements. The 
rnost rccerit data for comparison are Hockenbury e t  
arid Kohr  and I~I i i I ler .~ 

No listing is provided of the resonance levels observed 
jri 9 0 3 9  'Lr.4 However, a scan o f  the raw "Zr transmis- 
sion data indicates many mall  resonances not resolved 
iii the previous rtie;isIireriit)tits.j In i h e  energy interval 
from 3 to  70 keV, on which only 13 resonances were 
then reported, there now appear a t  least 35. 

Study and analysis of these nuclides are continuing. 

1. ClNDA 72, vol. 1. IAEA, Vienna (1972). 
2. R. W. Hockenbury, Z. M. Bartolome, J. R. Tatarczuk, 

3 .  G. Rohr and K:N. Muller, %. PIiys 227, 1 (1969). 
4. Measurements on '"" 'Xi were made i n  collaboration with 

Mr. Richard E. Toohey, Physics Division, Argonnc National 
Laboratory. Samples wcre courtesy of' Dr,  A. 1-1. Smith, 
Argonnc National Laboratory. 

5.  W. M. Good and 11. Kim,Phys. Rev. 165. 1329 (1968). 

W. R. Moyer, and R. C. Block. HT'F?~S. Rev. 178, 1736 (1969). 

keV NEUTRON TOTAL CROSS SECTION MEASUREMENTS AT ORELA' 

J. A .  Narvey 

NIJCI,EAK REhCTIONS: €:e, 54t:e. 5 7 F e   on^; E,, 10--1000 keV; f e  filters f v r  minima. Enrizhed 
t A rge t s . 

Neutron total cross sections are measured at  O R E L A  
usirig sa~nples  as s n i a l l  few square rnillinieters ant1 
flight paths from 18 to  200 1x1, with energy resolutioris 
( A E / E )  f rorn 1/300 for measurenients below - 10 keV 
to .--1/2500 u p  to 200 keV and dmMTVj / IO00  
above I MeV. A new efficient neutron detector using 

whose efficiency is -30% for 1 0-keV neutrons. rising to  
90% for  50-keV neutrons. Ti-aitsniission rneasurernents 
usirig iron-filtered neutron beams have been made upon 

samples of iron 4, 6, 12, arid 20 in. thick to obtain 
accurate values of the cross-section minima. Enriched 
s ' Fe and 7Fe  saiiiples have been rneasurcd to deter- 
[nine their contributions to the windows in iiatural iron. 

______-_-- 
1. Abstract of invited paper published in Proceedings ofAiVS 

,ylrielCling ~ ~ l ~ ~ l ~ ~ i ~ ~ ~ ,  Kiumesha /,Like, Ne,v yo&, St.ptemher 
1?--15, f972, IJSAEC i:ONI:-720901, Book 2, pp. 1075 - 86 
(1972). 

NE ' l o  'la' for measL'rernellts jrbpjcul ,)fcetjpjg on hrc:w neve/opmcnis Acacior pjil,sjcr a,ld 
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THE 1oB(160,d) ,  1 o B ( 1 6 0 , ~ ) , A N D  12C('60,a)REACIIONS 

J .  1- C. Ford, Jr. J. Gomez del Campo' S C.Thoriiion2 it. L. Kobinson P .  H. Stzlson 
............. 

NUCLEAR REACTIONS: ' oB( '6Q,d ) .  ' o H ( ' 6 Q . a ) ,  "C(' 6 0 , ~ ) ;  E = 40-46 MeV, mruured  o(E)  at 
deduced levelq. Enriched target. 

.................... ................ ..__ ___I.-.. ................. - 

The observation of sharp states at high excitation 
energies in 24Mg by means of the 2C(1 60,01) reaction3 
has created a great deal of interest in such reactions. 
The use of position-sensitive proportional detectors on 
the focal plane of the Enge splitpole spectrograph 
which is located at the tandem accelerator provides a 
technique for observing states over a wide energy range 
with good resolution and is, therefore, weli suited for 
such studies. Our counter is a 60-cm-long single-wire gas 
proportional detector of the Borkowski-Kopp de- 
sign4 --6 which derives the position information from 
the rise time of the pulses from the two ends of a 
high-resistance wire anode. 'Che constructiorr of the 
detector is shown in Fig. 1 .  

1 he alpha-particle spectrim measured with this 
counter from the 'C(' 60.a) reaction at  an incident 
energy of 46 fvlev and a laboratory angle of 7" is 
displayed in Fig. 7,. The target was an approximately 
7-pg/cin2 -thick ' 'C  foil. The states observed at 14.14. 
16.3, 16.55. and 16.8 MeV ai-e those which were most 
strongly excited in the work ofbliddleton et a1.3 ~l'liose 
states at 4.12. 8.12. and 13.2 MeV are the 4', 6', and 
8' ineinbeis of the ground-state rotational band.' The 
selectivity of this heavy-ion reaction can be noted by 

~.?. 

the fact that light-ion work has indicated that there are 
at least 5 0  states betxween 13 and 14 MeV in excitation 
energy. At  this energy and angle the ]nost prominent 
features of the spectrum are the very strong states neai- 
12 MeV. .The extensive excitation functions of the 
MIT-Brookhaven group show that there is a strong 
maximum in the yield curve near t h i s  energy for thtse 
states.8 

The energy resolution for this spectrum is ahoiit  5 0  
keV, and the doublet at 16.55 and 16.59 MeV is not 
separated. However, if the magnetic field is changed in 
order to shift the spectruiii along the focal plane so i l l a t  
the radii of cuivature of the particles within the field 
are increased, the11 the resolution improves sufficiently 
to  separate these states, as is shown in Fig. 3.  In 
addition, other peaks, such as that corresponding to the 
15.15-MeV state, also appear t o  have a complex 
structure. 

Most of the strorig states observed in the 'C(' 60 ,a )  
reaction were also seen by means of  the O B ( '  60,d)  
reaction, which also leads to 24Mg as the final nucleus. 
H o w v c r ,  the yield for the majority of the levels was 
down by a factor of about 100. 

ORNL-DWG 7 2 - 8 2 4 7  

~ ~~ ~. 0.000 1 5 - i n .  ,/ M Y , ~ n R  W,NDOW ,, 0 0 0 3 -  in PYROLYTIC CARBON , COATED QUARTZ FILAMENT 
/' i 

0 1 2 3 I! 5 6 

I N C H E S  
-...i..>..J ............. ............. .i..__ 1 I , 

Fig. 1 I Asselnbly dww;ngs of the 6&cn.long proportional detector. 
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Ule competing I OB(' 60p) reaction has a iaiger yield 
and leads to "Na, an odd-odd nucleus with a rota- 
tional-like level structure. l'he levels observed in this 
iiucleus at aii incident energy of 44 MeV and an angle 
of 7" are shown in Fig. 4. The target was a self-support- 
ing enriched O H  foil with a thickness of approximately 
17 p g / c l n 2 ,  resulting in an energy resolutioii of about 
120 keV. nmong the states populated are the 3'. a + ,  
5', and 6' members of the giound-state rotational band 
a t  0 ,  0.89, 1.54. and 3.72 MeV respectively. An 
investigation of * Na by means of the N,a) 
reaction has suggested that the 7 '- member of the band 
may be the state at  4.520 MeV.9 If the 7 ' state is the 
one obsei-ved here near 4.5 MeV, then the intensities of 
the first five members o f  the band are in reasonablc 
agreement with the 2J  f 1 intensity rule. 'I'he members 
of the lowest lying T = 1 band have been identified at 
0.66, 1 .Y5 .  and 4.07 MeV. 'These peak5 should occur at 
approximately channels 865, 785, and 6 70 respectively. 
The possible appearance of the 1.95- and 4.0i-MeV 
states i n  th: ' OB(' 60 .a)  reaction is in contrast to the 

*C('  4N,a)  reaction, in which these states were not 
populated. States in '*Na have been reported in the 
literature up to about 10 MeV in excitation energy. 
IIowever, in the present reaction we continue to see 
strong structure in thc energy spectrum that corre- 
sponds to excited states up to at  least 18 MeV and that 
tracks with angle as it should to  be in * 2Na. 

The excitation functions fur  members of the ground- 
state rotational band, as well as the strong states a t  7.45 
and 9.9 MeV, are plotted in Fig. 5.  In the energy 
interval from 40 to 44 MeV there appear to  be n o  
dramatic changes in the cross sections. In contrast, the 
excitation furictions for the ' *C(' 0,cy) reaction fluc- 
tuate rapidly with energy.8,10,1 ' The smoother 
1°B( '  6 0 , a )  excitation functions may be due to the 
nonzero spin of "8, which results in  about seven times 
as many effective open channels. 'The data appear t o  be 
consistent with a statistical compound-nuclear process 
as the dominant reaction mechanism. A detailed anal- 
ysis of the measurements will be made with I-Iauser- 
Feshbach theory. which has proved successful i.n inter- 
preting siriiilar heavy-ion reactions. * 

* C( 

1. University of Mexico, Mexico City, Mexico. 
2. University of Virginia, Chailottesville. 
3. R. Middleton, J .  D Garrett, and H. T. Fortune, Phys. Rev. 

4. C. J .  Barkowski and 111. K .  Kopp, RFY. Sei. Instrum. 
Lett. 24, 1.236 (1970). 

39(10). 1515 (1968). 

E,,, ( M e V )  

Fig. 5. bxrriation functions ITK,WIFC~ a t  io  for flip members 
of the groond-stak iotational band, and the stra~gly pnpn!ated 
levels at 7.45 m d  9.9 MeV. 

5. C. J .  Llorkow&i and M. K. Kopp, IEEE Trurrs. Nucl. Sei. 

6 .  J. L C. Ford, Jr., P. H. Stelson. and R. L. Robinson, Nucl. 
ItlSrrUrF?. Methods 98, 199 (1972). 

7. L). Llranfoid, N. Gardnex, and L. F. Wright, Proiee&rinys of 
the International Con f emice  on Nucleur States, Montreal, 
Canado, 1969,  ed. M. Harvey et  al., Presses de I'Univerqitk de 
Montrdnl, Canada, 1969, contrib. 4.25. 
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OPTICAL-MODEL FAMILY AMBIGUITY RESOLVED FOR HELION ELASTIC SCATTERING FROM ' Nil 

C .  B. Fulmer J .  C. Hafele2 

NIJCL.EAK REACTIONS: "Ni(h,h), 6' = 29.6. 35.1, 49.7. 59.8, 71 . I  MeV; optical-model analysis, 
deduced po tenlials. Enriched target. 

Qpfical-iiiodpl fits with s u ~ ~ e s s i v e  fixed values ot r e d  
well depth V to  five 'iiipular distributions foi 

projectile energies between 29 6 and 71.1 MeV yieldx' 
vs V plots with a deep minmiuni a t  V - 130 MeV f o r  
e,ich data set. For the lowei eneipy data sets. other 
mninia (parameter families) are ohseived a t  intervals 
above and below this value, but the ltiglier energy daia 
sets (59 8 and 71 I MeV) stiow only orie unique fainily 
near V = 130 MeV. The absence ot the family 
ambiguity for the higher energy data sets demonstrates 
the importance of both large angle and higli-eneipy daia 
to! the removal 01 uptic'rl-potenti'il ambigu[tie~ The 
riormaliLed volume integral of the real potential 'it V - 

"Ni(h,h)"NI WhIClI inchde data t O  dllgleb > I  IO" &Or 

130 MeV is J R  - 330 MeV fin3 for e;icti data set, and 
J K  changes by -*I00 MeV frn3 for successive families. 
The unambiguous value of Jh - 330 MeV h i 3  for the 
higher energy data sets and the ne31 independence of 
JR on energy implies a s indhr  unique value and 
corresponding unique family for the lower energy data 
sets. This value of 330 MeV fn13 is somewhat lower 
lhan values of JK > 400 MeV fm3 suggested by earlier 
st tidies. 

1. Abstract of papcr t u  be puhlislied in Ph~yhyricnl Review C. 
2. Research Department, Caterpillar Tractor Co.. Peori;~, 111. 

61602. 

ENERGY DEPENDENCE OF THE OPTICAL MODEL FOR HELION SCATTERING FROM "Nil 

C.  €3. Fulmet J .  C .  Hafele2 C .  C .  Foster3 

_I 

NIJCLEAR REACTIONS: 60Ni(h,h). IY = 29.6. 35.1, 49.7, 59.8, 71 . I  MeV; optical-model analysis, 
deduced potentials and rnergy dependence. Enrichcd target. 

A I ~  optical-model analysis of measured angular dis- 
tributions fur 60Ni(h,h)60Ni with five different lielion 
energies (29.6, 35.1 , 49.7, 59.8, arid 7 1 . I  MeV) 
produced satisfactory fits to all five of the data sets 
with an optical potential having a11 parameters coni- 
mort. c his energy-independent potential gave a x2 
minimumwith V =  126IMeV,rK = r s =  1.12fm,aR = u s  
= 0.84 fm, W ,  = 20.4 MeV, rf = 1.26 fan, aT = 0.84 fm, 
and V, = 2.85 MeV. Another parameter family with V =  
170 MeV also gave an  equally good minimum in x 2 .  
These two parameter families were used to predict 
scattering cross sections a t  I X O "  over the lielion energy 
range from 2 1 to 3 2  MeV, and correspc~iiclirig labora- 

tory data were found to  be in better agreement with the 
predictions of the ;tbove-listed fiiniily with V = 126 
MeV. Slightly improved fits to the five dah sets were 
obtained in a search with the real arid imaginary well 
depths dependent on helion energy and with the rest of 
the parameters common. In this case: V and tVLl were 
found to  have a weak bLit approximately liriear depericl- 
ence on  helion energy E,  with V = 133.9 - - -  0.14E MeV 
and W ,  = 22.4 -- 0.04E MeV. 

1. Abstract of paper lo be published in f'h.vsicml Review C. 
2. Research Department, Caterpillar Tractor Co., Pcoria, 111. 

61602. 
3 .  University o f  Missouri, St. Louis 63130. 

SPIN-ORBIT AND TARGET-SPIN EFFECTS IN HELION ELASTIC SCATTERING 

C.  B. Fulrrier .I. C.  Hafele2 

T t ie well depth of the spin-orbit term fur the by performing parameter seaiches foi elastic scattering 
data a t  successive fixed value5 of V, Resulting plots of lielion-nucleus optical-inodel potential wah determined 
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x 2 / N  vs V, show consistent minima for the 13 data sets 
used. Elastic Angular distributions studied were for 60Ni  
a t  four energies between 35 sild 71 MeV and for three 
groups of neighhoiing even- and odd-mass targets at 
energies between 60 and 7 1 MeV. The x 2 / N  vs V, plots 
for all the even-mass ( I  = 0) targets have minima at 
values of V,  between 2.0 aiid 3.0 MeV, while the plots 
for all the odd-mass ( I  /- 0) targets have rnininia about 1 

MeV greater (3.0 to 4.0 MeV). This difference in the 
best-fit values of V, is consistent over a wide range of 
target mass and of  scattering energy and suggests the 
presence of a detectable target-spiii iriteractioli in helion 
elastic scattering. 

~ 

I .  Abstract of a paper to be published in PIrysicdReview C. 
2. Research Department, Caterpillar Tiactor Co., Peoria. 111. 

61602. 

3 , 6  5Cu(rr,n'y) REACTIONS 

G G Slaughter @. L Morgan' J .  K.  Ihckens' 

i N U C I L A R  REACTIONS: 6 3 ' 6 5 C u ( ~ i , n ' y ) ;  E 7 0.5 MeV-~ICl MeV; measured E,, h'-,, ly:  6 3 7 6 5 C ~  
rlcdiiced energy. level<. Enriched and natural samples. I 

Ciamma-iay spectra have been obtained due to  neli- 
tron interactions with natural copper at the 10-m 
station of the OI'\EJ..A for 0.5 < E, < 10 Me\V using a 
Ge(i j )  detector system.2 Spectra were also obtained for 
siiiaI1 enriched isotopic sarnpics of 6 3 C u  and 6 5 C u ;  

OR'4L-01h.G 72-12303 
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65-CU LEVEL DIRCRAM 

Fig. 1. 'Cu level s twc tu re  determined f m m  this experiment. 
These data represent new information on the decay modes for 
levels havins E ,  > 2 MeV. 

however, the small sample sizes (-50 g each) precluded 
obt;iining definite data in  a reasonable period of  
riiachine time. However. for both of thme sinal1 isotopic 
samples, gamma-ray spectra were obtained using a 
Ge(Li) detector and 4.9-MeV neutrons produced using a 
Van de Graaff accelerator ~ y s t e m . ~  These two sets of 
data arc being studied to obtain spectroscopic informa- 
tion for the two copper isotopes. Figure l shows the 
level stiiicturc and gamma decay scheme deterrniilcd 
thus far for 5 C ~ . ~ .  

0 PRESENT No1 DATA 
PRESENT G e l L 1 1  DATA 

4 6 SMITH ( n n ' )  

100 

EN L- 3 2  5 - 

t 

~- A 

IO I 2  1 4  t 6  16 2 0  2 2  2 4  2 6  
N E U T R O N  ENERGY ( U ? V )  

Fg. 2. Bxcrtrtinn function for the 11 15-keV traitsition in 
65Cu. The ditf~rcntinl  crcm sections are in milhbarns per 
steradian with respect to the natural wmple dnd not corrzcted 
for isotopic abundance 
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The Ge(1,ij data are also being supplemented by 
gamma-ray production cross-section data obtained with 
the natural copper sample at  the SO-ni station o i  the 
OKELA.S We have begun to extract excitation func- 
tions from these data for irtdividual transitions; that  for 
the E,Y = 1 1 I S  keV transition in ‘ C‘u is shown in Fig. 
2.. fn this figure the data are shown for the natural 
element and not corrected for isotopic abundance. The 
Nal  data ai-e determined :ihsoIntely; the Ge(Lij data are 
detemiined relatively and normalized to  the Nal  data. 
The solid curve and the dashed extrapolation were 
taken from BNL-325 (ref. 5). Neutron scattering 
meastiremerits by Smith et  al.6 are also shown. ‘These 
data should be amenable tci theore tical iriterpre t at ion 

which should aid in spin-pari ty assignments. 

1. Neiitron Physics Division. 
2 .  0. A. Wasson and G .  G. Slaughter, “Valency Neutron 

Capture in “”Mo(n:y)”!vfo,” to be published in Physical 
Rcvicw (1. 

3. J. K. Diekens and I; G. Perey, Nwl .  Sci. 6’ng. 36, 281) 
(1969). 

4. J. K. Dickens, ‘T. A.  Love, and G. L. Morgan, OKNL-4846 
(1 972). 

5 .  J .  R.  Stelin. M .  I>. Goldberg, B. A. Magurno, and 
R. Wcinrr-Chasman. B N L 3 2 5  (I564j.  

6 .  ’4. B .  Smi th .  C:. A.  Engelbrecht. arid D. Keitmann, Phys. 
Rev. 135, H76 (1964). 

NEUTRON CAPTURE CROSS-SECTION MEASUREMENTS FOR “Sr, ’ 7Sr, AND “Srl 

G. J .  Vanpraet2 R. I,. Macklin E.  J .  Allen3 R.  R. Winters4 

NUCLEAR REACTIONS: *‘Sr(n,-/), 7Sr(n,y), “Sr(rl,y), h’ = 3 -400 keV; measured any. Deduced 
Maswellian average vs stellar teniper:ititrzs. Enriched taly,etS. 

Neu t ron  capture cross sections for “Sr, 87Sr.  and 
“Sr have bee11 measured from 3 keV up to 600 keV 
with total-energy detectors. Maxwellian averaged cross 
sec,,ic,lls are calculated ils a f~ulctio,l of energy, ‘rile 

isotopic abundances is discussed in terms of stellar 
nucleosytithesis b y  slow capture. 

1 ,  Abstract of paper to  be in procet.dillg5 o f I A ~ A  
Confercnce on Nuclear Structure Study with Neutrons. July 
29 Augtrst 4,  1972, Budapest. I-Iungary. 

2.  Present address: State University Center o f  Antwerp, 
Antwerp, Belgium. 

L~~~~~ I I ~ , ~ ~ ~ ~ ~ ,  ~ ~ ~ ~ ~ ~ l , ~ .  

correlation between these values and the solar system 3 ,  Yrcscn,~ address: Australian iltomic c~onlmission, 

4.  Present address: Denison [Juivcrsity, Granville, Ohio 

NEUTRON RESONANCE PARAMETERS OF ’’ Mol 

0. A. Wasson2 B. J .  Allen3 R. R.  Winters4 K. L. klacklin J .  A.  Harvey 

I 

1 NUCLEAR RCACTIONS ‘2Mo(n,y), E c 32 keV;medsured U , ~ T ,  uny UeduLed 42 lcvel~, I’,,, I’?, I .  1 
1 rr , I ,  So, S’ Enrlched tnrget 

Neutron transmission and total neutr on cap turc yields 
were nieasured usifig the time-of-tligh t techniclue at the 
0:ik Ridge Elec trori Linear Accelerator facility using 
enriched samples of  “Mo. A total of 42 resonances 
were observed fo r  neutron energies less than 32 keV. 
Twelve are assigned to s-wave inleractions, while 23 are 
assigned to p-wave interactions. The resonant energies, 
neutrori widths, radiation widths, arid spins are de- 
duced. The avetage s- arid p-wave radiation widths are 
equal to 0.178 5 0.015 eV and 0.24 ? 0.03 eV 

respectively. The s-wave neutron strength function is 
(0.65 ? 0.26) X wl-tile the p-wave strength 
j‘unctiori i s  ( 3 . 3  i- 1.1  j X 10 - 4 .  

I .  Abstract of paper submitred for publication in I’hyrical 

2. I’resent address: Urovkhnvcn National Laboratory. 
3 .  Present address: Austrdiari Atomic Lnergy Commission, 

Liicas Heights. Australia. 
4. Preberit address: Denison University-, Granvillc, Ohio. 

Review CI 
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VALENCY NEUTRON CAPTURE IN 

0. A.  Wasson2 

Ma(n,y)' 3M01 

G. G. Slaughter 

I I 
NUCLEAR REACTIONS: 92Mo(n7); E = 5 eV ~ 1 0 0  keV; measured E,. E,, I-!, uny; 9 3 M 0  measured 

binding energy, deduced . J ,  n, I .  Enriched target. 

Capture gamma-ray spectra from the 92Mo(n,y)9 3Mo 
reaction were measured for neutron energies below 100 
keV using the I O - m  flight path at the Oak Ridge 
Electron Linear Accelerator. For neutron energies less 
than 25 keV a total of 23 different s- and p-wave 
resonances were resolved. The neutron binding energy is 
8067.4 ~+ 1.5 keV. 'The partial radiation widths for the 
12 highest energy gamma rays which populate positivc 
paijty states below 2.5 MeV excitation were deduced 
and compared with the valency model predictions of 
Lane and Lynn. For gamma-ray energies less than 6.5 
McV, the average M I  partial radiation width is approxi- 
mately equal to the average El partial radiation width. 
The reduced transition strengths as defined by Barthol- 
oiiiew for these transitions are k(E1) = (1.2 i 0.2) X 

10 -3 and k(M1) = (11.5 * 2.3) X For the 
7129-keV transition to the s = 1/2 first excited state the 
average reduced strength is enhanced by a factor of 5 
and 2 for the El and M1 transitions respectively. Nearly 
30% of this enhancement for the El multipoles is 
atiiibuted to the valency-model contribution, while the 
reinainder is assigned t o  other processes, such as the 
giant dipole resonance and doorway state coniponcnts. 
The average E2 .niidth for the 8067-keV ground-state 
gamma rays i s  approximately 10% of the average El 
ground-state width. 

II. - 
1. Abstract of paper submitted for publication in Phy~ical  

2. Prcscnt address: Brookhaven National Laboratory. 
Review c. 

VALIDITY OF THE VALENCE-NEUTRON MODEL FOR ' Mo 

G W. Cole' R. E. Chrien' R. C. Byrd' S. F.  Mughabghabl J .  A.  Harvcy G.  C,. Slaughter 
.. . . . . ._ .. . ._ . .. . . . . . . . . . ... . .. . . .. . . . . ........... _.._ ..... .................... __ 

i NUCLEAR REAC'TIONS: 98Mo(n.7); E = 5 e V - - ~ 6  keV; measured 6,. E, .  I , ;  99Mo deduczd levels. 
Fnxiched sample. 

Recent iesoiiance neutron capture measurements near 
the 3 p  maximum in the p-wave strength function have 
shown a considerable degree of validity for the valence- 
neutron model. The mode! desciibes 1-adiative capture 
in terms of a transition of a valence neutron outside the 
core to a low-lying state of the final nucleus; the core 
does not participate in the transition. This leads to the 
prediction that l.l7j, the partial radiative width to state 
i, is proportional hotli to the reduced neutron width of 
ihe resonance and t o  the spectroscopic factor of the 
final state. Such valence cimtributions should he most 
important where the neutron widths are large. since 
they compete with the random compound-ntrcleus 
contributions. 

In the case of '8Mo, the success of the model for 
s- - -n- . l ]  cvclc 
fuither study at  OKEIA in order to  extend the energy 
range over which the inode! could be tested. Both 
capture gainnna-ray measurements and total cross- 

1 arge p-wave resoiiances below 1 keV prompted 

section measurements were made on separated 98Mo 
samples in order to obtain partial radiative widths and 
resonance parameters at highcr neutron enelgies. The 
radiative capture measurements were made a t  a nominal 
time-of-flight resolution of 2.5 nsecirn. Twenty-thee 
resolved resonances, up to 5605 keV, have been 
analyzed. The resonance parameters were obtained 
from total cross-scction measureincnis on a thick 
sample of 0.0434 atoiri/b. taken with a nominal 
resolution of 0.06 nsec/m. 

The wccess of the model for resonanccs below ! keV 
is related to the large reduced widths of these reso- 
nances. Spectra obtained for these resonances are in 
substantial agreement with the earlier work. Above 1 
keV. the reduced neutron widths are significantly 
smaller, and statistical pioccsses can be expected to  
dominate the valcncc capture process. This expectation 
is confirmed by the ?resect results. in which measured 
partial radiative widths d o  riot in general agree with 
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those calculated using the valence model and the scopic factor of tlie six low-lying s and d states of 
measured resonance parameters. I t  is of ink ies t ,  how- 
ever, to note that the ground-state tr'irisition is the 
strongest in 11 out of 18 p-wave resonances up to 5600 
keV; the ground stdte o f  'Mu kids the ldrgest spectto 1 fh)Okhaven Ndtlonal Laboratory 

interest (S(d ,p)  = 0.671. 

THE ' Zr(p,t) KEACTION AND THE LEVEL STRUCTURE OF '' Zr 

J B.Sall 

NUCLEAR REA(:'TIONS: 9 ' Z r ( p , r ) .  E = 31 MeV;  measured u(Er ,  d ) .  "'Zr deduced levels,Lz,,, J ,  17, i enhancement Ehcturs. 
___I__ 

The ' ZI(p,t) reaction has been studied at a proton 
energy o f  3 1 MeV. Tritons were detected in a rnagrietic 
spectrograph yielding a resolution of 18 keV. Angular 
distributions for levels up to  2.75 MeV o f  excitation in 
"Zr are compared with two-nucleou-traiis~er DWBA 
calculations arid analyzed in terrns o f  the mixed I ,  1 .  Abstract o f  published paper: Plrys. RCV. C 6 ,  2139 (1972). 

transfers allowed from a nonzero-spin target. Two types 
of neutron corifiguriitions are observed to be populated 
in "Zr by this reaction: single-hole states al-rd one- 
particle, two-hole states. 

SYSTEMATICS OF L = 0 TRANSITIONS OBSERVED IN THE (p,l)  REACTION OF NUCLEI NEAR N = 50' 

J. B. Ball J. S. Larseri2 
__ __.___l_l_..______ 

NLJCXEAR REACTIONS: 88Sr, ""*Zr, ' ) 2 ' Y 4 M ~ ,  "Ru ( p , t ) , E  := 31 MeV;mcasured uiLt, 0) .  "Sr, 1 M o ,  y 4 K ~ 1  deduced O +  levels, enhancement factors. R 8 , 9 0 Z r ,  U O , Y 2  

_______ 

We piehent excitation energies arid t rarisition intensi- increasing ploton number. 

., L ,  , -, . 
011 selected isotopes of Sr, Zr, Mo, and RU shows an 
unexpected loss of  tieutronI, = 0 transfer strength with 

2. Visiting scientist f r o m  Niels 130111 Irlstitute, Copenhagen. 
Denmark. 

A REMARK ON THE LEVEL STRUCTURE OF ' Mo AND THE FMLURE OF j L)ETERMINATION 
BY SPECTROSCOPIC FACTOR RATIOS NEAR CLOSED SHELLS 

J. B .  Ball 
.-I_I_ 

I I 
NIJI:I.EAR REA(PT1ONS: "Mo(p,t), E' yc 31 McV; measured dE, ,  N )  93Mn deduced Ievcls, L 2 , 1 , J ,  i r ,  

j for 1.495- aiid 1.695-MeV levels. 

The 9sMo(p , f )93M~1 reaction is used to  establish the 
1.69-MeV level in 93Mo as 5 /2+ rather than 3/2' as 
assigned in recenl (cZ,p) and (d,t) st tidies. An explaria- 

ison of spectroscopic factor ratios is presented. 

tion f o r  this fajlure ofj-value determjn;itic)n by conpar -  I .  Abstrdct of publisI-ied paper: Phys. Leit. 418, S5 (1972). 
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ENERGY LEVELS OF ''Ru OBSERVED WITH THE 96Ru(P,t) REACFION' 

J .  B. Ball C .  B. Fulmer J .  S. Larsen2 G. Sletten2 

NUCLEAR KEACrlONS 96Ru@,t) ,  E - 31.1 hleV, medured u(E,, 0 )  94Ru derlued IevAq 5 2 , , J ,  
TT. Enriched target. 

The level structure of the neutron-magic nncleus 3.615, and 3.770 MeV and the 3 -  octopole vibration at 
94Ru ,  up to  an excitation energy of 4 MeV, has been 2.965 MeV. 
studied by means of the (p,t) reaction. Particular -~~~~~~~~~-~~-__ l_ -~ - -~~  

1. Abstract of paper submitted for pubhat ion  to Nuclear 
emphasis was placed on a search for excited 0' levels, 
noIie of which have bcen reported p"2ViOllrly. Among 2. The Niels Bo111 Institute. Universitv of Cooeiilianen, 

plzysics, 

new levels observed in this study are 0' levels a t  2.935, Denmark 

THE LEVEL STRUCTURE OF "Mo AND p4Mo FTIIDIED WITB THE @,t) REACTION' 

J. S. I.arsen2 J. B. Ball C .  B .  Fulmer 
_-_-_ ........ .................. ~ ........ 1 

NIJCLEAR REACTIONS: 9 4 , 9 6 ~ ~ ~ ( p , r ) ,  E = 31 MeV;measured o(Er, 0) .  9 2 * 9 4 M ~  deduced !cvels, u. 

T. Enriched targets. 

The 9 4  M ~ ( p , t ) ~  Mo and p + ~ o ( p , t ) ~ ~  Mo reactions 
have been siudied at an incident proton energy of 3 1 
MeV. The triton spectra were obtained with a magnetic 
spectrograph with overall resolution of about 20 keV. 
Experin-ientai angular distributions are compared with 
two-nu~:~eon-transir  distortedwave Born-approxima- 2. Visiting qcientist from ~ i ~ l ~  Bohr Institute, Copenhagen. 
tion calculations to  extract spin-parity assignments and 

enhancement factors. Particular emphasis is placed on 
the study of the I, = 0 transitions near the closed s h ~ l l  
at 50 neutrons. 

......................... 
1, Abstract of paper to be pub,ished in Physical c, 

Denmark. 

CALCULATEDENERGY LEVELS FOR s9Y,90Zr,9'Nb,92Mo, 9 3 1 ~ , A N D  9 4 R u ?  

J. B.  Ball J. B. McGrory J. S. Larsen2 

Recent experimental data for the heaviei N = 50 
nuclei are examined in terms of a model based on an 
inert 'Sr core. The 1 1 interaction pararilciers required 
to dcfine thc shell-model space are deteimined by Denmark. 

fitting 44 experimental level energies. 

1. Abstract of published paper: Phys. L e f t .  418, S 8 l  (1972). 
2.  Visiting scientist frorTl ~ i ~ l ~  Bohr Institute, ~ ~ ~ ~ ~ ~ l ~ ~ ~ ~ ~ ,  

EXClTATION FUNC HONS FOR I-IELION-INIWZCD REACTIONS IN IRON 

C .  B. Fulniei I K. Williams' W. C. Palmer3 G.  Kindred4 

s2's4.56h1n. and "Cl, F < 70 NUCLEAR RtACTiONS:  F e ( h . ~ ) ~ ~ ' ~  7Ni, ' S's6 's  7'5sC0, S 2 ' 5 3 F e ,  

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

n.  and 
Target foil stacks of iron were bombarded with beams to obtain excitation functions for production of ' ,' Ni. ' ' ,' ,' ,' * Co, ' ,' Fe. ' ,' ,' M 

" Cr ;  for ' Fe and Mn. data were obtained for both 

A MeV; measured u ( E ) ;  deduced reaction iiiechanism. Natural targets. 
I________ -_ 1 -  .___l_______l_ 

of helions at incident energies <70 MeV. Gamma 
spectra of individual foils were measured and analyzed 



ground and jsonieric states. The yields of 5 6 C o  and 
' 7Co are much larger than tlicxe o r  tlie respcctive Ni  
isobars. Recoil measurernents (to determitie mutnentum 
transfer t o  1Iie target nucleus) were niade at E,, = 41 
and 5 1 MeV. These daca show s 7 C 0  to resull priiici- 
pally fioni direct reactions. There is alsu evidence of a 
large contribution by direct reactions t o  the ' "c 'o  yield. 
The excitation function data are compared with predic- 
tions of compound-nucleus evaporation theory; these 
indicate conipourid-nucleus reactions to be tlie domi- 

nant contribiitor to the yields of "Cr, 5 2 * 5 4 M n ,  
5 2 , 5 3 ~ ~ ,  55co , a n d  s 6 , 5 7 N i .  

~~ 

1. Abstract of  published paper: Phys. Rev. C 6 ,  1720-30 
(1972). 

2. Consultant f rom Knoxvillt: College, Knoxville, I'enn. 
37923. 

3 .  Great Lakes Colleges Associ:ition~ ORNL trainee from 
Earlharri College. Richmond, Itid. 47374. 

4. Undergradua!e Sunimer Science and Engineering Program 
trainee from Knoxville College, Knurvillc, Tcnn. 37921. 

ELASTIC SCATTERING OF HELIONS AND ALPHA PAK'TICLES AT AND NEAR 180" 

W. W bidson' C C .  F'o$ter2 C H Fulirier J C' H,ifele3 D. C Hemley N. M. O'Fallon2 

Recently reported analyses4~5 have demonstrated the 
importance of large-angle helion and alpha elastic 
scattering for removal of ambiguities in the opticnl- 
model potentials involved. Measurements6 - - -8  of alpha 
scattering at angles approaching 180' show apparently 
anomalous behavior, suggesting that a careful theoreli- 
cal analysis could yield important nucleai- read ion 
informalion. Stich data, which have usually been 
obtained for targets with A < SO arid at energies below 
30 MeV: indicate pronounced maxima at  180". These 
maxima have been analyzed i r i  terms of nuclear glory 
scattering,g angular momentum mismatch between 1 h e  
elastic channel and the reaction channels,' arid alpha 
cluster structure in tIie target Data from a 
widcr range of target nuclei and at higher energy are 
obviously needed for a better understanding o f  extreme 
b:ick-angle scattering of  composite particles. We report 
here pi-elirninary results of such a systematic study. 

A magnetic deflection system for obtaining large- 
angle (includirig 1813") nieasurements was developed by 
Hafele at W;islhington IJniversity. 'This system was used 
at the Washington [Jniversity cyclotron to obtain lielion 
and alpha scattering data fruin a number of targets at 
energies exlending up to -30 MeV. the maxirtium 
energy available at that accelerator. 'The magnet faci1it.y 
is capable, however, of being used for alpha particles 
with encrgics up to  -45 MeV and helions up to -60 
MeV. During 1972, with the support o f  a Natiorial 
Science Foundation grant t o  the University o f  Missouri 
at St. Louis. the apparatus was moved to Oak Ridge arid 
installed on a beam line at  ORIC'. Calibrdtion runs have 
been made, and preliminary data have been obtained 
with the sysfern in the new instaliatiori. 

111 the system the incident beam of particles passes 
through a magnetic field, into a target chamber at  the 
exit side of the magnet, through the target foil a t  the 
center of the  chamber, and thence into a Faraday ciip. 

Particles scattered tlirougli large angles traverse the 
niagrietic field again and are deflected away from the 
illciderit beam into a detector. 'Ihe detector is xnounted 
on a movable arm which pivots about an axis through 
the target position and can be rnoved into position to 
detect particles scattered in the arigular range l S 5  to  
188". 

For alpha particles a silicon surface-barrier detector is 
used; for helions, where particle identific:ition is neces- 
sary, a 4E-E detector telescope is used. When the 
apparatus was moved to  QKIC, we decided to use a 
pi,sitiori-serisitive detector to perrnit simultaneous data 
accumulation over a range of angles. This increased 
et't'iciency is needed because the particles are scattered 
in a rcllection mode from the tnrget! wliich necessitates 
the use o f  thin (2 1 mg/cm2) target foils, and because 
the cross sections being measured are m a l l ,  especially 
for lielions. The positioii-sensitive detectoi is a transmis- 
sion detector and can serve as a A E  counter when 
particle identification is required. The detector pulses 
are processed b y  the renr~elec ADC' system a t  ORIC to  
yieltL eriergy spectra fot seven angles at intervals of 1 " .  

A collimator is used to  erisure that only scattered 
particles with the proper Iays in the magnetic field 
enter the detector, but since proper rays are a function 
of both incident particle energy and target mass, there 
is an angle adjustment f o r  the skew of the collimator. 
Calibration of the angle adjustment of the collimator 
for the position-sensitive detector was a timeconsuming 
but necessary part of tbe early data runs at  ORlC. 

Angular distributions taken with this system are 
shown in Figs. 1 - 4  for a range of incident particle 
energies for both h-eliuns and alpha particles elastically 
scattered rrotn * 7A1 and 28Si. Excitation furictjons for 
180" scattering are plotted in Fig. 5. Figure 6 shows 
angular distributions of 28.3-MeV alpha particles elas- 
tically scattered from targets of a wide range of mass. 
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Thc data shown in Fig$. 1 - - 5  were obtained at  
Washington University? and the data shown in Fig. 6 
were obtained at  ORIC. Some preliminary 413-MeV 
alpha scattering data have also been obtained a t  OWIC. 
At 40 MeV the 180" alpha scattering cross section for 
27A1 is -50% larger than at 28.3 MeV. 

Although analysis and iriteipretaiion of the data 
shown in Figs. 1-6 are incomplete, a few observations 
can be made at  this t h e .  At  all of the energies studied, 

large-angle alpha elastic scattering cross sections are 
orders of magnitude larger than helion elastic scattering 
cross sections. 'There are large diffcrences between 
neighboring targets for elastic scattering of either 
particle type. All of the alpha elastic angular distribu- 
tions exhibit a maximum at 180", whereas the helion 
angular distributions at  180" may vaiy from a maxi- 
mum to  a minimum within a few MeV range of incident 
particle energy. 

ORNL.-DWG 73-614 

150 150 1 7 0  180 190 150 160 170 (EO 190 
m ( d e g )  8c.m. ( d e g )  

Fig. 1. Large-an& alpha elastic scattering angula dktributions for 27A!. 
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When optical-model potentials obtained from analysis 
of angular distribution data that do riot include extreme 
back-arigle data are uscd, the optical model predicts 
180" iielioii elastic scattering cross sections that are in 
rea:;cinable agreement with ineasured va1ues.l IJsing 
potentials that correspond t o  alpha scattering data of a 
similar range, however, the optical model predicts 180" 
cross sectioris that are too m a l l  by  an order of  
magnitude or more.' 

The angular distributions in  Fig. h sticw a rnaxinlurn 
between 160 and 170" in addifion to the larger 
maximum at  180". We have perfornmed preliminary 
optical-model calculations that show ;i strorlg depend- 
ence of  y o ,  the radius parairieter of the real well depth, 
on the extrenie back-angle alpha elastic cioss section, 
both the magnitude of the 180" maximurn and the 
relative size of the two observed maxima. The calcu- 
lated cioss sections, however, ai-e more that1 ail order of 

ORNI_-ClWG 7 3 - 6 1 3  

I I I I I I  ------I 

28.3 

0 -  

Fig. 2. Large-angle alpha elastic scattering angular distributions for sSi. 
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Fig. 4. Large-angle lielion elastic scattering angular distributions for '* Si. 

magnitude smaller than the measured ones. The shapes 
nf these large-angle alpha elastic angular distributions 
are in  good qualitative agreement also wirh the riuclear 
glory scattering model presented in ref. 9 ,  especially for 
the 1 = 0 targets. This modei, however, does not 
;ittempt i o  explain tlie absolute magnitude o f  the 
scii ttering. 

'The model of alpha-particle clustering in the target 
nucleus8,' 3 suggeqts that the consistent difference 
betweerl the 7 A l  and 'Si arigular tlistrihutioris could 
be atiributable t o  alpha-p;ir1.icIe clusiering in ' 8Si, but  
it gives little insight into [he observed difference 
between the "Ni and 6 0 N i  angular distributions. In 
addition, it would appear that the magnitude of the 

2 7 A l  angular distribution measured at  40 MeV is 
inconsistent with the predictions of this theory, but 
more data at 40 MeV on alplia-cluster-likt:i-cluste~-lik~ nuclei will be 
needed before a n y  definite conclusion cai i  be drawn. 

EberhardlO has used a model suggested by Kobson to  
explain the "anomalous" backward enhancement of 
24-MeV elastic alpha scattering from targets riear A = 
40. The model tre:its the angular niomentum "mis- 
match" between ti-tc: elastic channel and the ieaction 
channels, principally the (cx;n) reaction c1ianriels. Sirice 
the neutrons generally ciin c:rrry off less angular 
mome nturn t h a n  alpha particles, there :ire many high- 
angular-momentum partial waves in the incoming chaw 
ne1 that the ( q z )  reaction chanriels canrioi match, and 



66 

ORNL-DvVG 7 3  230 
1 ~- 

2 

I o4 
I 

I 

0 3G 

0 32 

0 78 

0 24 

I 

p om 
n 
E 

2 016 

- - 

O(2 

o oa 

OM 

0 

Fig. 5. Excitation functions for 180° elastic scatterkg of 
dpha particles and helions from * 7.41 and Si. 
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Fig. 6. Lage-angk 28.3-MeV a!ph  elastic scattering angulas dktribrlitions for several targets, 
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there is, hence, an I-value cutoff for the effect of the 
(a,rr) channels. It turns out  that these higher partial 
waves most strongly contribute t o  the cross section near 
0 and 180" arid may  account for the enhancement of 
alpha-particle elastic scattering at  back angles. T h e  
order of enhancement involved appears, qualitatively, 
to be sufficierit to bring the predictions of the optical 
riiodel into agreement with our cktta, but  detailed 
calculations have not yet been attempted. Furthermore, 
this "mismatzkr" model oredicts that the "Ni elastic 

relevance to heavy-ion-induced react iotis, in which large 
amounts of angular mornenturn are present in the 
incoming channel. To this end, we are extending our 
systematic study of large-angle scattering to rieighboririg 
txgets  over a wide range of target masses and to higher 
energies for both helions and alpha particles. 

1. Drexel IJniverrity. 
2. University of Missouri, S t .  Louis 
3. Washington IJniversity, St .  Louis. Mo ; present address: 

4, c. u, I:ulJller J .  c, iIafcle, p,.lys. Rev. 5, 1969 

alpha cross section should be bigger than that for "Ni, 
sirice " N i  has a lower (an) threshold, which, because 
of the additional energy and number of channels (1372,. 

Research Department, Caterpillar 'Tractor Co., Peoria. 111. 

:wailable, implies a high I-value cutoff and, come- 
qucntly. less enhancement for the elastic scattering on 
" Ni - - this is in good agreement with our data. 
The 180" excitation functions shown in Fig. 5 

indicate that the magnitude of the elastic scattering of 
"Si relative to 7Al is roughly the saine for helions as 
for alplia particles. Consequently, t h e  target-alpha- 
cluster model does not seem either necessary or 
adequate to  explain this feature o f  our data. On the 
other hand, the greater bitidiiig o f  "Si with respect to 

AI suggests that. the angular inoineiituni mismatch 
theory would predict greater back-angle enhaticernent 
for the scattzring from We plan to exainirie this 
possibility in the near future. 

We are especially interested in testing the angular 
mornentum mismatch theory because of its obvious 
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INTERFERENCE BETWEEN COULOMB AND NUCLEAK EXCITATION 
IN INELAS'HC SCATTERING OF "'0 IONS1 

F. Videbaek2 I .  Chernov3 P. R. Christensen2 E. E. Gross 

The excitation function for the ptocess 58Ni(1 ' 0 ,  
f iO')5yNi* has been riaeasiired a t  60, 75,  arid 90" lab 

over the energy range 34 to  58 MeV. A t  low eriergy the 
CTOSS section rises as expected froin Coulornb excitation 
of an electric quadrupole with a B(E2) value of (0.066 
k 0.004) e2 b 2 .  As the energy is increased further, the 
2' excitation function exhibits a deep valley, due to an 

which is localized over a distance of -1 F and appears 
l o  be correlated with a rise in elastic scattziing(re1ative 
to Kutherford scattering). 

1. Ahstrnct of published paper: Phys Rev. Lett. 28, 1072 

2. ~ i ~ l ~  ~~l~~ Illstiture, u,,iversity of ~ ~ - ) ~ ~ ~ ~ h ~ ~ ~ ~ ,  copen. 
(19 72). 

h;lgen, Denmark. 
interference between Coulonib arid nuclear excitations, 3. 1 omsk I'olytechriical Institute, Tonlsk, U.S.S.R. 

TOTAL CROSS SECTiON OF CALCIUM 

C. H. Johnsun J .  L. Fowler N. W. Hill' 
- ..... ~ .- 

NlJCLEAK RE.$C?'ION: Ca; E,, = 60 lo 1000 keV, rnedsured D,?,$E). 

We have made a preliniinary measurement of the total energy resolution rarigirig froin 0.1 to 1.0 keV. We used 
cross section of calcium from 60 to IO00 keV with the plastic scintillator NE I lo2 for the neutron 
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A ~ / E  = U.OOM[I + ~ . S ~ ' ( M ~ V ) I  , 
detector at the 200 m tune-of-flight station of the Oak 
Ridge Mectron Linear Accelerator. Figures 1 and 2 
show the total cross section of calcium (96.96% 40Ca) 
in the range 200 to 600 keV. From the widths of which gives A E =  0.1 keV at 200 keV. 
narrow unresolved resonances, we determined the neu- In the range of our measurements up to 1000 keV we 
tron energy resolution as a function of neutron energy see approximately 100 resonances, about one-sixth of 
as follows: which wc identify as s-wave resonances from their 
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heigh ts arid shapes. The cross sections a t  the inteifer- 
enie dips before the c rewnanceq seein to  be unex- 

cross-section meahtirenients in the energy range below 
1000 keV. 

pectedly large. We are investigating background erfects, 
particularly background arising from gamma rays, 
which could have an appreciable effect on total p k l y s .  ,yoc. 17,901 (1972). 

_c__ 

1. Instruinentation and Controls Divisiorr. 
2 .  J. A. Harvey, N. W Hill, and W. E. Kinney, Bull. Atner. 

NEUTRON SHELL STRUCTURE IN 'I 7x, Zr, AND " Zr BY (d ,p)  AND (q3 He) REACTIONS' 

C. R BirigharnL G. T. t:ablan3 

I--'- 7 

Differential cross sections for 92,94.9bZr(J,p) at  33.3 
MeV were rneltsuied in 5" increments from 1'2.5 to 
42.5" lab. 'The resolution was about 25 keV fill1 width 
a t  half maxirnuni. Many levels were charac teiized which 
weie n o t  reported or were improperly identified in 
previous neutron-transfer studies. (,a,3 He) spectra witti 
55 keV resolution were obtained at  15 arid 20" fix each 
target witti 65.7-MeV alpha particles. 'The nata were 
compared with distorted-wave calculations. With a few 
exceptions, consistent spec"trosc"opic factors were ob- 
tained from the ( & p )  and (cq3X-Ie) reactions. Surns of 
spectroscopic factors and centers of gravity are pre- 

sented for levels assigned t c , c l ' , / , ; ~ ~ / , : d ~ / ~ , R ~ ~ ~ ,  and 
k I / 2  configurations in '' Zr and ' Zr.  Except for the 
h ,  L / 2  states, these sums are in good agreement with 
sum-rule predictions. Only -50% of the expecied h 
streiigth was observed; the remainder appears to be 
highly fragmented and at excitation energm above 5 
MeV. 

1. Abstract of papzr accepted for publication in Physical 

2. 1Jniversity of Tennessee, Knoxville. 
3. Graduate student from I1.T.; present address: K i r thnd  

Review C. 

AFB. hlhuqucryue,  N.M. 87 117. 

GIANT RESONANCES IN THE HIGH-ENERGY INELASTIC SCATTERING CONTINUUM 1 

?VI. B. Lewis 

The details o f  the sttucture previously observed in the pole strengths exhaust most of  their corresponding sum 
high-energy proton scattering continuum are inspected rules, the octopole component does r i o i .  'Ihe possible 
for collective multipole conkibutions. Evidence is nature of the less structured component at  this con- 
shows that in the E'* = 10---25 MeV excitation region tinuum region is discussed. 

octopole excitations contribute to the structure of h e  
cross section [u(O, E * ) ] .  While the dipole and cluadru- 

of the 'Ca continuum, at  least dipole, cjuadriipole, and ____..__.I 

1. Abstract of publis~ied p;lper: ~hy .7 .  RW. Lett .  2'3, 1257 
(1972). 

RULES FOR SPIN AND PARITY ASSIGNMENTS BASED ON LOG ff VALUES 

S. Raniaii N. B. Cove2 
_I _._I_. - 

RADIOACTIVITY 6 5 N ~  [fiom "N~l(n,?),ld 
niea~uredFy.ly.d"duced logft "Cu, 

[from R 9 Y ( n , y ) ] ,  '"I'm [fiom 1'15Nd(p,2n)] ; 
Zr, I d 4 N d  deduced level5 

A survey was made oflogf't  values for forbidden beta 
transitioiis. T'hree cases, 'Ni, and 44P1n values x e  proposed. 
decays, were examined experimentally. A number of 

superseded by more recent larger values. Enipirical rules 

for making spin and parity assigtirrients from log ft 

. 

low 1% ft ' /dues reported 111 the literature were 1. Abstract of paper to be published in the physic~l Review. 
2 Mathematics Division. 
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ORNL-DViG 73-1245 
500 ~ - . . ~  ~ 

Fig. 2. Cross sections for the 6'Cu(160,X) reactions. 

The gamma rays from the resulting rdioactivities and 
in-beam gamma rays were measured. Cross sections 
were extracted from the resulting yields. Some discus- 
sion of the details is given in r e t  2. 

The present results are summarized in Figs. 1 and 2. 
For the radioactivity studies, the Ni target was 0.99 
nigJcin2 thick, m d  the two 6'Cu targets were 0.895 
and 1.20 nig/cm2 thick. An approximate correction of  
the target thickness is obtained by plotting the experi- 
mental points in Figs. 1 and 2 at the average I 6 O  

energy in the targets. 
in the case of the In and 2n emission in Fig. 2, the 

actual cross sections will be those shown divided by the 
unknown quantity f, where f is the ratio of the 
intensity of the garnina ray used in obtaining the cross 
section to  the total decay rate. For In emission the 
455.2-keV garnina ray in 78Kr  and for 2n emission t.he 
69.3-keV gainma ray in 771ir was used for the 
cross-section determination. 

For the in-beaiti studies of ' ' Ni, the target was thick 
enough to stop the beam. Cross sections obtained from 
the thick-target yields are given as dashed curves in Fig. 
1, and errors ;ire illustrated by the flags. The in-beam 
data for 3Cu have not yet been analyzed. 

1 .  Tznnessee Tectinolugical University, Coukevillz. 
2. R. 1,. Robinson, II. J. Kim, and J. I.. C. Ford, Jr., J.  Pkys., 

suppl. to No. 1 I -  12, 32, 265 (1971). 
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INTERPRETATION OF THE * ,' Ni(' 0 , X )  REACTIONS 

R. L. Robinson H. J .  Kim 

One of the most promising uses of heavy-ion projec- 
tiles is in inducing reactions which produce nuclei far 
from stability. However, there is still very limited 
knowledge about the degree to  which this process is 
successful. More specifically, there is little detailed 
experimental infomation about the competition be- 
tween pure neut.ron emission. which is the mechanism 
required to produce nuclei farthest from stability. and 
charged-particle emission. There has been an excellent 
effort by BlannL to  predict what products will restill in 
such reactions. By assuming statistical decay of a 
compound-nuclear system, he calculated exceedingly 
small cross sections for production of nuclei far Prom 

stability. But again because of lack of experiniental 
data, tlieie has been little testing o f  these calculations. 

To  provide quantitative information, we initiated a 
program for determining absolute cross sections for the 
various exit channels resulting from heavy-ion-induced 
reactions. Thus far, we have obtained the cross sections 
for products due to  bombardment of s8,'"Ni with 38-, 
42, and 46-MeV 6 O  ions. 'The technique is discussed 
in ref. 2; the results are summarized by Figs. 1 and 2. 
The flags indicate the size of the relative errors. These 
curves were derived from gamma-ray yield curves after 
correcting for the thickness of the target ( 1.00 mg/cin2 
for 5 8 N i  and 1.64 mg/cm2 for '"Ni). There has been 
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fig. 1 .  Experiniental cmss sections for reaction products 
from l 6 0  ions incident on '*NL 'Vhe "0 energies are in the 
laboratory ayjtem. 

another measurement of some of these cross sections by 
Bair et  al.3 which provides an independent check of out 
absolute cross sections. They measured with high 
precision ihe total number of neutrons emitted in these 
reactions as a function of projectile energy by means of 
a large graphite sphere with embedded RF3 counters. 
Their results are given in Figs. 3 and 4. Then by taking 
our cross sections in which neutrons are emitted, with 
appropriate weight for the number of neutrons, we 
obtain the solid curves given in Figs. 3 and 4. 'The error 
bars give representative uncertainties in our data. 

In this report, we compare the total experimental 
cross section with the total reaction cross section 
calculated with an optical model and compare the 
relative popidation of the exit channels with those given 
for statistical decay of a compound nucleus in which 
angular momentum is ignored. Initial values for the 
optical-model parameters were taken from those ob- 
tained by Obst et  aL4 for the 5 6 F e ( 1 6 0 , 1 6 0 ) 5 6 F e  

- 
n 
E 
b 
- 

lo2 

IO'  

1 oo 

io-' 

ORNL- DWG 72- 370SR 
. . . . . . . . . . ~ 

36 38 40 42 44 46 48 
El60 ( M e V )  

Fig. 2. Experimental CIOSS sections for reaction products 
from 6 O  ions incident an 60Ni. 

reaction. The real and imaginary potentials have a 
Woods-Saxon form with ro = 1.25 fin [R ~ = r , ( A ~ l / ~  + 
Ap1/3)] and a = 0.6 fm, For V =  27 MeV and W =  11.4 
MeV, the parameters of Obst et  al. for energies well 
above the Coulomb barrier, the predicted total reaction 
cross sections for 5 8 , 6 0 N i  at  46 MeV are 415 and 457 
mb. as compared with the experimental values of 390 2 
40 and 405 k 40 nib. We examined the dependence of 
the magnitude of the cross section on the various 
optical-model parameters and found it insensitive to  V 
and W (a 5% change in V or W gives -1% change in u)  
hut very sensitive to ro (a  1% change in ro gives -7% 
change in a). 

To explain the shape of the cross section at  the 
Coulomb barrier requires a drastic change in one or 
more parameters. Obst e t  al. in their fit of the 
5 6 F e ( 1 6 0 , 1 6 0 ) 5 6 F e  data varied W, the imaginary 
potential, as a function of the projectile energy. We 
have done a similar thing after first forcing the 
calculations at 45 MeV to  equal our data by varying 
only ro ; ro was somewhat arbitrarily adjusted because 
this required the smallest percentage change of any 
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Fig. 3. Comparison of experimental cross sections for neu- 
tron emission. Points give the values obtained by means of the 
graphite sphere. 1 he solid curve IT n fit to the cros\ wction? 
deduced from the gamma-r.ry studies. 

parameter. The values yo = 1.24 and 1.23 fin were 
obtained f o r  8,60Ni .  We then forced the calculated 
values to  fit our experimental curves below 46 MeV by 
varying only W. The resulting curves of W for s8,6"Ni 
with error bars representing the experimental uncertain- 
ties are given in Fig. 5 .  Values derived by Obst et al. 
from their elastic scattering of ' 0 from ' Fe are given 
by the points in this figure. Note that W as obtained by 
the two types of ineasurenient goes to zero at about the 
same projectile energy. 

For the decay we have used a riioclified version of  a 
program developed by Blann. 1 Briefly, it considers the 
statistical probability for decay o f  the compound 
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Fig. 4. Comparison of experimental cross sections for neu- 
tron emission. Points give the v h e s  obtained by  means o f  the 
graphite spherc. l h e  qolid curve I\ a fit to the cro\5 seLtions 
deduced from the gamma-rav studier. 
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Fig. 5.  Values of the imaginary potential required for the 
optical-model predictions to fit the experimental results. The 
points are obtained by Obst ct  al. IPizys. Rev. C 6, 1814 
(1972)] for fitting the elastic scattering of ' 6 0  from " F a .  
T'he CIIIV~S are from fitting the reaction cross-section results of 
5 8 , 6 O U -  

I 1. 
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Fig. 6. Comparison of the experimental relative decay prob- 
abilities into the varioiis exit channels with those predicted by 
the statistical decay of a compound nucleus. 

Fig. 7 .  Comparison of the experimental relative decay prob- 
abilities into the various exit channels with those predicted by 
the statistical decay of a compound nucleus. 

system and for decay from each resulting nucleus by 
proton, neutron, and alpha-particle emission. 'The prob- 
ability was taken as proportional to  the inverse reaction 
cross section t.imes the level density of the residual 
nucleus. 'The inverse reaction cross section was calcu- 
lated from an optical-model program which was a 
modified version of that developed by The 
level density has the form 

A comparison of Figs. 6a and 7a with 6b and 7b 
shows that the general features but not the details of 
the experimental data are given by the theory. Yredic- 
tions that the 213, pn, and a p  cross sections are the 
largest are consistent with the experimental results. But 
the experimental values for the one-nucleon emission 
are significantly larger than that given by the calcula- 
tions. I lie experimental thee-nucleon emissions are 
smaller than predicted. I t  is possible that these differ- 
ences are attributable to  angular momentum, which 
would favor fewer nucleon emission. 

The reaction listed as "C for the 5 x N i  reaction 
would give the same product as emission of three alpha 
particles. However, thc predicted relative (' 0,301) 
cross section is <O. 1%. Presumably both the (' 0,' C) 
reaction and the ( I  60>1 5 N )  reaction are direct. 

where 6 is an adjustment to  account for the differcnce 
in level density between odd-odd, even-odd, and even- 
even nuclei. In our calculations we used, respectively. 6 
= 0.0, 1.4. and 2.8 for these classes of nuclei. (Other 
values of 6 were tried without any overall improvement 
in agreement with the experimental data.) The value of 
the parameter a was A / 8 .  As long as there is sufficient 
enei-gy available to emit any nucleon, gamma emission 
is assumed to be zero. 'The predictions are illustrated in 
Figs. bb and 7b, where the population of each channel 
is given as a percent of the total decay. The experi- 
mental results are plotted in a similar manner in Figs. 6a 

and 7a. 

In several cases, our experimental results cannot 
decide between one of several reactions. If we take the 
t h e o q  as being a reasonable approximation, then cross 
sections for 2n-np, 2np-rz213, and oqa-an emission from 
the I 6 O  f- "Ni system (see Fig. 6a) are, respectively, 
predominantly due to n p ,  n2p, and op. For both "Ni 
and 'Ni, the calculations favor the (' 0 , p )  reaction 
over the ("O,n) reaction. 



75 

The reaction consistent with the available energy that 
would produce the nuclei farthest from stability would 
be "Ni("0,2n). The calculated "Ni(160,2n) decay 
is -0.07% of the total decay for = 46 MeV, or 
0.3 nib. However, based on the results for the 
60Ni(' '0 ,Zn)  reaction, the actual cross section is an 
order of magnitude larger than predicted. 

Iri summary, we find here that the competition with 
charged-particle emission greatly reduces the available 
cross section for producing nuclei far from stability. 
The total reaction cross section is adequately predicted 
by the optical model using reasonable parameters. ?'he 
theory for the statistical decay of a compound nucleus 

in which angular momentum is neglected gives the 
general characteristics found for the cross sections of 
the exit channels but needs refinement 01 introduction 
of other feaiures to explain the details. 

1. R.1. Blann, Phys. Rev. 157, 869 (1967), and privare 

2 .  K. L. Robinson, H. J. K i m ,  and J. L. C. I:ord, Jr., J.  Ptlys., 

3. J .  K. Bair, P. H. Stelson, C. II. Johnson, and W. 8. Dress, 

4. A. W. Obst, D. L. McShan, and R. H. Davis, Phys. Rev. C 

5 .  W. R.  Smith,  Coinput. Phys. Coinmun. 1, 106 (196Y). 

cornmunication. 

Slippl. to NOS. 11.-12, 32, 265 (1971). 

private communication. 

6 ,  1814 (1972). 

IN-BEAM GAMMA RAYS FROM THE 0 AND C BOMBARDMENT OF SILICON ISOTOPES 

H. J. Kim R L. Robinson W. T. Milner J. C. Wells, Jr . l  

NUCLEAR REACTION: 92 ' , 3  "Si( 6 0 , ~ n y ) ,  , 2  9'3 'Si( 6 0 , x p r ) .  ' j 2  "Si( O,xpyny), and 
"Si(' 'C,2p,)j8Ar, E = 2.5 --43 MeV. Measured E,, Tip, yy, ny, a(&; y), rr(0). Enriched targets. 

In-beam gamma rays from the h' = 25 to 43 MeV 0 
and E = 25 MeV "C bombardment of 2 8 , 2 9 , 3 0  Si 
targets were investigated. The bombarding energy 
dependence of the gamma-ray yields and arigular 
distributions is under investigation. The properties of 
those states which are prominently populated by these 
reactions are further investigated via particle-gamma 
2nd gamma-gamma coincidence sludies. Figures 1 and 2 
show the gamma-ray transitions in "2Ca and j X A r  
induced by the 4 1-MeV (' 0 , 2 p )  and 25-MeV ( l  'c.2~) 
reactions on the "Si target which have been identified. 
The known levels of Ca and ' A r  are also shown for 
comparison. From iliese figures it is apparent the 
and *C bombardment of 'S i  selectively populates 
certain high-spin states. The results for the other targets 
are being analyzed. 

1. Permanent address: Tennessee Tcchnological Univerrity, 
Cookeville. 

Fig. 1. Gamma decay in 4 2  Ca. 
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THE Pd, Cd @,ply) REACTIONS 

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

.......... I.. ...... I 
NUCLEAR REAC1'IONS: I1'Pd@,p'y), E p  = 13 MeV, 116Cd(p,p'r), E p  = 12 MeV; rneasured 

o(Ep' ,  K,,,). l 1  'Pd, 6Cd deduced levels, J ,  i-r, y-branching. Enriched targets. 

The possibility of extending our knowledge about levels in ' 16Cd below -2.5 MeV. The results are 
higher-energy collective-type states among the vibra- compared with predictions of a phonon-model interpre- 
tional nuclei by observing gamma rays from states tation of the levels. Evidence is shown for the existence 
excited by inelastically scattered protons has been of the three-quadrupole phonon quintet in ' 'Pd. 
examined. Gamma rays from ' "Pd and '' 6Cd were 
detected in coincidence with inelastically scattered 

1 .  Abstract of paper s!ibmitted for publication in Nuclear protons; the incident protons had energies of 12 and 13 
MeV. ( h m K I  rays, most of them Previously unre- 2. Present address: Radioisotope Lab., General Hospital, 
ported, were observed from 17 levels in ' 'Bd and 14 

- 

Cincinnati, Ohio. 
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ELASTIC AND ~NELASTK PROTON SCATTERING FROM Sr' 

A. V Rariiayy;iz I. L. C. Fold, Jr. R L. Rubinson J. H. IBamilton2 

1 1 NUCLEAR REACTIONS: " S r ( p . p ' ) ,  E ,  12 MeV; measured r i ( t 9 ) .  "SI deduced levels. deformation 
parameters. DWBA and coupled-charinel calculations. Enriched target. 

___ . ... 

Angulx distributions of elastically and irielast ic;illy 
scattered 12-MeV protons fioni S6Sr  have been meas- 
ured fo r  angles between 24 and 16.5". Inelastic scatter- 
ing to 20 levels in 86Sr  was observed, and angular 
distributions were measured for the ground state and 
excited states at 1076. 1554, 2482, and 2997 keV. The 
2482-keV level appears to  be the octopole state, rather 
than the 2997-keV level, which also has spin-parily 3 .-. 
Quadrupole and octopole deformation parameters f12 = 
0.130 and p3 = 0. L.53 were extracted from the 
experimental cross sections for inelastic scattering to 

the 2' and 3-  states a t  1076 and 2182 keV, respec- 
tively, by means o f  DWRA theory and coupled-channel 
calculations. 'The coupled-chaniiel calculation hir the 
differential cross section for the possible two-phonon 
2' state a t  1854 keV- indicates that this state has a 
limited phonon-like character. 

1. Abstract of publishcd papcr: Nucl. Phys. A193,  186- -92  

2.  Vanderbilt Univcrsity. Nasiivil la, ' renr~. 
(1972). 

3d. n > 100 

TOTAL REACTION CROSS-SECTION MEASUREMENTS FOR 30- TO 6Q-MeV PROTONS 
AND THE IMAGINAKY OPTICAL POTENTIAL' 

J. J .  11. Menel' E. E. Gross  J. J .  itZalanifyj A. Zucker 

We have measured total reaction cross sections fo r  
30-. 40-. 49.5,  arid 60.8-MeV protons incident on thin 
separated isotopes covering the range frcirn C to 
'08Pb. Our results are consistent with previous data at  
60 MeV. We fjnd a strong dependence of the reaction 
cross section on neutron excess for a series of iron and 
nickel isotopes. Little, if any, such dependence is 
observed for the N = 28 isotones. T h e  data are well 
represented by the relation ul. = n(roA / 3  f x)' with 
ro = 1.23 2. 0.01 F. When analyzed with the conven- 
tional optical rtiodel, our data require the voluine 
absorption tu increase and the surface absorption to 

decrease with increasing proton energy E!, . The analysis 
reveals a s t  rikirrg (iV Z)/A dependence for the product 
W*Q'. Using the Oak Ridge parameters for the real 
spin-orbit potentials, we arrive ;It the following 
parametrization For the imaginary potential: volume 
absorpiion potential2 Wo = 1.2 f 0.U9Ep MeV; surface 
absorption potential, W ,  -1; 4.2 0.05Ep + 15.5(N ~ 

Z)//l MeV; imaginary diffusivity, n' := 0.74 - 0.008E!J t 
l.o(N - L)/A F. 

_______ 
1. Abstract of published pa 
2. Iiistitut de  Sciences Nucl rs, (henoble. France. 
3. Los h k i I l l 0 S  Scientific Laboratory, I.os Alamos, N.M. 

Phys Rev. c4, 11 14 (1971). 

PROPERTIES OF THE 2' AND 2" STATES LN ' 0 6 , '  IZCd AND ' 14Cd' 

2. W. Grabowski' K. id. Kobinion 

NUCL.EAK REACT'IONS: lo6 , '  I 2,114Cd(~,a'y-,), E ,  = 11.0 MeV; measured yy(0 ) .  10h,l l 2 , ]  I4Cd 
deduced 8 ,  B(f<2) ,  B(J41). Ihriched targets. 

Angular correlaiions have been measured between particles effecting Coulomb excitation. Multipole ad- 
gamma rays from the 2 --+ 2 -+ 0 c:iscacles in niixtures for the 2 + 2 transitions, as deduced from 

I 2 ,  I4Cd and the beam of 1 1.0-MeV alpha these correlations, when combined with earlier resul ts 



establish their H(E2) and B(M1) values. For the B(E2) values of the 2“ -> 2 transitions in 12,114Cd 

transitions from the 1312- and 1208-keV states in from the 1468- and 1363-keV states are <0.3 single- 
1 1 2 , 1 1 4 C d  the B(E2) values in single-particle units are particle unit. TheB(M1) valiies of all five transitions are 
18 f 4 and 24 f 7. These values are typical for (eh/2Mc)’. 

_. ....... 
transitions from “two-quadrupole phonon” states in 
this mass region, whereas that of  the 1718-keV transi- 

1 ,  Abstract of paper to be submitted for publication in 
~~~l~~~ p~lysjcs ,  

tion in Io6Cd has the sn-ialler value of 7.0 2 2.3. The 2. Present address: Purdue University, Lafayette, Ind. 

PROTON EXCITATIONS IN 09Ag 

R. L. Auble D. J. IIoren F. E. Bertrand Y .  A. Ellis 

NUCLEAR REACTIONS: 108Pd(3He,d)109Ag, E = 27 MeV; mcasured “(Ed, e) .  lo9Ag deduced 
levels, I , C2S‘, J,  n. 

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

I P 

Proton states in 1°9Ag are being studied by means of 
the 108Pd(3We,d) reaction using 27-MeV 3He ions from 
ORIC. Deuteron spectra were recorded on photographic 
emulsions placed in the focal plane of the broad-range 
spectrograph. Approximately 30 levels are excited up to  
3.28 MeV of excitation. A state at  0.706 MeV is excited 
by a probable I = 0 transfer and may be analogous to  
the 0.746-MeV, J = 1/2+, level ii1 71n, which was (1972). 

recently excited in the 16Cd(311e,d) reaction.’ The 
angular distributions are being compared with D W A  
predictions calculated with the code JULIE to  extract I 
values and spectroscopic strengths. 

___ _ _ _ _ _ _  ......... ._ 
1. S .  Warar and R.  N. Horoshko, Nucl. Ph?;s. A183, 161 

PROTON EXCITATIONS IN 08,1  OCd FROM (3He,d) REACTIONS’ 

I<. 8... Auble I). 9. IIoren F. E. Bertrand J. B. Ball’ 

NlJCLEAR REACTIONS: 107~109Ag(311c,d), E = 27 MeV; meesvred o(Ed,  0) .  “Cd deduced 
levels. lP, c ~ s ’ ,  J ,  7i. 

’The nuclear energy levels of * O s , l l O C d  up to  4 MeV compared with previously reported levels and J ”  
assignments and are Used to  resolve Several discrepancies 
in reported l o m h  decay schemes. 

of excitation are examined by the 1O7,1 OgAg(3He.n) 
reactions. Approximately 30  levels are populated in 

reported. I values and spectroscopic strengths are given 
for the more strongly excited states. The data are mark. 

-_ ._.l..l_l_ll 
each nuclel.ls, rnaily which were previously “I- 1 ,  Abstract of pubfished paper: phys, Rev. C 6 ,  2223 (1972). 

2.  Present address: Niels Bohr Institute, Copenhagen, Den- 

SEARCH FOR A ZERO-PHONON GAMMA-RAY TRANSITION IN O8Pd AND 34Ba’ 

P. H. Stelson S .  Raman J. A .  McNabb‘ R. W. Lide’ C. K. Hingham’ 

RADIOACTIVITY: IogrnAg and 134Cs; measured y singles and coin. Set limits on low-energy 
gamma rays between two-phonon states. 

‘Ihe iiuclear quadrupole vibrational model allows degree of forbiddenness of two-phonon transitions, 
one-phonon transitions but forbids both two-phonon there is little meaningful information on zero-phonon 
and zero-phonon transitions. Whereas there exists a transitions. We have looked for the zero-phonon transi- 
large amount of experimental information on the tion between the first 4’ state and the second 2’ state 
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(between members of the two-phonon triplet) i n  the deviations). Fo1- these nuclei the forbidderiness of a 
vibrational-type iiuclei OXPd and 34F3;1. We were nc:t zero-phonori tr;lnsition is :It least as large as the 
able to detect the zero-pliorton ganirna rays. The  linlits Eorbicldenrless of a two-phonon trallsition. 
set on the iiitznsities of these transitions lcad to notable 

3 .  Abstract of a paper submitted lor publication to the degrees of forbiddenness. For OYPd anti j4Ba,  
respectively, the ratio B(E'2), .+2/B(h'2)4--2, iS greater p/zysiculKevje;u. 
th'm 80 and 360 (limits bdsed on two standaid 2.  University of re t inewe,  Knoxville 3791 fJ 

'THE I 1°Pd, I '6C'd (p,p'y) REACTIONS' 

J. A .  Deye' R. L. Robirlson J. L C Ford, Jr. 

NIJCIXAK REACTIONS: I 10Pd@.p'yj, E ,  = 13 MeV. I 16C:d(p,p'-y). E p  = 12 MeV; measured u(Ep,,  
E ) IlOPd, 116Cd deduced levels, .I, rr. y branching. Enriched targets. I Y' 

The possibility of extending our Itnowledge about 
11 igher-energy collective-type states aniong the vibra- 
tional nuclei by observing garnrna rays from states 
excited by irielasl i d l y  scattered protons h a s  been 
ex;miried. Gamma rays from OPd and 6Cd were 
detected in coincidence with inelastically scattered 
protons; the incident protons had energies of 12 and 13 
MeV. Gamma r;iys. iriost of them previously un- 
ieported, were observed i'rom 17 levels in l*Pd arid 14 

levels in 11Wd below -2.5 MeV. The results are 
coinpared with predictions of a phonon-iriodel interpre- 
i:ition of the levels. Evidence is shown for the existence 
o f  the three-quadrupole phonon quintet in OPd. 

1. Abstract of paper submitted for publication in Nuckar 

2. Radioisotope Laboratory, General Hospital, Cincinnati, 
Physics. 

Ohio. 

p-WAVE RESONANCES LN * Cd(n, y) * Ctl' 

0. A. Wassori? N. J. Allen3 

I Yn ,  r, I ,  So, S' . Enriched tnrget. 
L . 

Garnnia-ray spectra and total capture yields were 
measured for resonant neutron capture in an  enriched 

I lCCd sample foi  iieutrcro energies less than 2.3 keV. 
The experiment utilized the 40-111 flight path of the Oak 
Ridge Electron Linear Accelerator and a nonhydroge- 
noiis licpicl scintillator garrinia-ray detector. A total of 
162 resonances were observed in this inteilral, atid the 
resonance energies and neutron widths were deduced. 
Approximately 14%' of the resonances are assigned to 
p-wave capture on the basis of the gamma-ray specit a1 
measurements, while an additioiial 23% are assigned to 
s-witve capture 011 the basis of their l a r g  neutron 

. .......- 

widths. The parity of the reiriairider is uritletemiinetl. A 
lower limit of 0.9 X lo-'' is observed for the p-wave 
rielition strength function, Xgl'n' /(.21 + LjAfi', while the 
s-wave neutron strength function, Zgr'aO/My, is 0. IS X 
lo-.  

_-llll___l__l 

1 .  Abstract of paper submitted fur publication to P!z.ysii-al 

2. Present address: Brookhaven Natiorial L.aboratory. 
3 .  Present address: Australian Atomic Energy Cornmission, 

1,ucaY Heights, Australia. 

Kaview C 
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COULOMB EXCITATION OF 7,1 9Sn' 

P. H. Stelson W. I'. Milner F. K. McGowan 
R. L. Robinson S. Raman 

NUCLEAR REACTIONS: 1 7 . 1  19Sn(a,a'7) and 179119Sn(160,160'7). Measured E?, I,, - y ( O ) ,  

! Doppler broadening. Ueduced levels, J', T I ,  B(E2).  B(M1),  Tl,2. Enriched targets. 

A total of five states in l I 7 S n  and four states in 
I9Sn were obseived to be Coulomb excited with 

alpha-particle and 6 O  projectiles. Level energies, spins. 
B(E2) and B(M1) transition probabilities, and mean 
lives were obtained. For 17Sn. spin 3/2' states were 
observed at  158.7 and 1005 keV, and spin 5/2' states 
were observed at  1020, 1180, and 1447 keV. For 

19Sn, spin 3/2' states were observed at 23.9 and 
920.5 keV, and spin 5/2' states were observed at  921.4, 
1090, and 1354 keV. A total of 20 B(E2) values were 

obtained, and they varied in magnitude from 1/10 to  1 0  
times the single-particle estimate. About 12 R(A4l) 
values wei-e obtained, and they range from lo-' to  
10  -4 times tile single-particle estimate. Evidence was 
found for the existence of quadrupole collective states 
built on low-lying excited quasi-particle states. 

____ .............. 
1. Abstract of published paper: N u l .  Phys. -4190, 197-217 

(1972). 

NEUTRON SHELL STRUCTURE IN 1 2 5 S n  BY (d ,p)  AND ( q 3 H e )  REAC'I'IONS' 

C. R. Bingham' D. L. Hillis* 

NUCLEAR REACTIONS: '24Sn(d,p), 124Sn(a>3He) Ed = 33 .3  MeV, E,  = 65.7 MeV; measuxd 
~(0); deduced levels, I ,  j ,  Si. Enriched target. .. ____. L- ......... .. .- 

Differential cross sections for 24Sn(d,p) at 33.3 reactions. Sums of spectroscopic factors and centers of 
MeV were measured in 5" increments from 12.5 to  gravity are presented for the levels observed and are 
47.5" lab. 'The resolution was about 30 keV FWM.  coinpared with the results of pairing theory. Essentially 
The (q31-Ie) spectra with -55 keV resolution were all the neutron strength remaining in the neutron shell 
obtained at  15 and '2.0" lab with 65.7-MeV alpha between N = 50 and N := 82 was located. Most of the 
particles. Ihtorted-wave calculations were made, allow- strength in the 2f7,2, 3p3/,. arid Jh9/2 levels of the 
ing the assignment of 1 values, sotne of which were not next major shell was located. 
made in earlier neutron transfer studies. Spin assign- 
ments and spectroscopic factors were obtained in ~~~~~~~~~~ 

accordance with the shell model. Consistent spcctros- 
copic factors were obtained from the (d ,p)  and (cq3He) 

......... ._ 
1. Abstract of paper submitted. for publication to Physical 

2 .  University of Tennessee, Knoxville. 
Review c. 

NIJCLEAR SPECTROSCOPY OF NEUTRON-UEFICIEN'K' 
LANTHANUM, DYSPROSIUM, ,4ND ERBIUM ACTIVITIES' 

B. Harmatz T. PI. Hanclley2 

RADIOACTIVITY: 131,132m,132gLa,  153,155Yy, 1583161Er [from ( q x n )  reactions] ; measured 
Ey,.I,,. 131Ba, 13214  1 5 3 , 1 5 5 T b ,  1 5 8 , 1 6 1 H o  deduced Icvels, gamma rriirltipolarity, J, ~ i .  L Enriched targets. I_.._. ~ .......... J 

A large accumulation of conversion-electron data has 
made it feasible to'study the properties of nuclear levels 
in the rare-earth region of neutron numbers 88 to 94. 
The first experimental level scheme for 3Tb (N  = 88) 

is constructed; 84 transitions originate from 2 1 states 
excited below 1 MeV. The conversion spectrum of  
155Tb is augmented from 40 to 120 transitions below 
1.1 MeV energy. Midtipole orders are deduced for 55 of 
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the 96 transitiuns placed between 28 levels in l s s T b .  
Rotational parameters and gamma-ray branching ratios 
are evaluated for I s5Tb.  Levels in the 0.5-to-1-MeV 
region are interpreted its 13 and y vibratioiis of the 3/2' 
141 1 J state, and a single-particle 1/2' [4l 11 band. Oiir 
data on IS8I1[o consist of 41 transitionsa of which 30 
are new, and almost all of the transition intensity is 
;iccounted for in the level spectrum. Neutron orbital 
3 / 2 - -  [521] i s  found to be comltion io each of four 
low-lying intrinsic configurations in doubly odd 8Ho. 
T h e  order of odd-proton orbitals coupled to 3 / 2 -  
[ 52 11 corresponds to  tbat of single-particle states 

observed in neighboring 'Ho. Eighty conversion- 
electron transitions are observed below 1 MeV in 
16 'Ho, a sixfold increase over preceding studies. Using 
photon intensities from independent research, multi- 
pole orders are deduced for most of the transitions 
deexciting 18 nuclear levels in IHo. More evidence is 
presented on decay spectra of 1 3 1 , 1 3 2 t T 2 L a >  including 
transition mull ipolarity assignments. 

1 .  Abstract of published paper: N i A .  Phys. h191, 497 

2. Analy tical Chemistry Division. 
(1972). 

NEUTRON HOLE STATES IN 8La AND 40Pr' 

V. D. tklton'  J .  C. Hiebert' J .  B. Ball 

NIJCLEAR REACTIONS: 139La@,d), 8 = 31.6 MeV; "lPr(p,d), E = 30.0 MeV; '42Nd@,iJ). 
138La> 140Pr deduced levels, h r ,  .J. ii. 

22.7 MeV; 
144Sm(p,d), E = 29.5 MeV; measured u(E, e ) ,  8. 
spectroscopic strengths. I3YI,a(p,p), 141Pr@,p), E = 29.3 ~ 30.0 MeV; '41Pr(d,d), f? 
measured u(E, L) j. Optical-model analysis, deduced potentials. Natural and enriched targets. 

Protons accelerated to  3 0  MeV were used to investi- sons with the simple shell-model predictioiis and ex- 
gate low-lyiiig states in the odd-odd nuclei La arid tended shell-model calculations are presented. The 
I40Pr with ( p , d )  reactions. The elastic scattering o f  I4OPr levels appear experimentally to have an almost 
30-MeV protons and 23-MeV deuterons was also pure particle-hole structure, whereas the 1 38La levels 
studied to detettnine optical potentials. Experimental exhibit substantial mixing. 
angular distributions are compared with distorted-wave 

1. Abstract of' pdpfr submitted Tor publication to ivudeur Born approximation calculations to extract spin, parity, 
and spectroscopic factors for levels up to 432 keV of 2. Cyclotron Institute, ~e~~~ A&M University, college 

plzysics~ 

excitation in I4*Pr and 530 keV in I38La. Compari- Station 77843. 

ENERGY LEVELS IN Id2Nd' 

S. Raman J .  L. Foster, Jr.' 0. Dietzsch3 
D. Spalding" L. Binibot? B. H. Wildenth;iJ5 

-1 r--:- 1 RADIOAC'IIVITY: I4?Prn; measured T1,2, E,. f,,,. L42Nd deduced levels, J, rr, y-branching. 

NUCLEAR REACTIONS: '42Nd@,(~') at analog resonances, E = 9.505, 10.245, 10.805, and 11.070 A MeV; measured u(Ep, o j .  142Nd deduced levels, J,  i-r. particle-hole stales. 

'lhe excited states of 142Nd were studied by means 
of the decay of 40-sec 142Pni and the 142Nd(p,p') 
reaction via isobaric analog resonances. Approximately 
60 levels of 142Nd were observed lielow 5.3 MeV . 

icle.llole states 
excited strongly in (p ,p ' )  a t  p 3 , 2 ,  p1,2,  and f 5 , ?  

resonances. We have collected together all known 4.  Analytic Scrviczs Carp., I:alls Cl,~lrcl,, Va, 
energy levels in  142Nd and have proposed J "  assign- 
trierits for 22 excited states. We have also compared the 

experimental level spectrum (positive-parity states only) 
with a calculated o w  based on the shell model. 

including neutron 1 .  Abstract of paper to be published in Nuclear Physics A .  
2. Universite'de Motitre& Quebec, Ch~ada.  
3. Univeraidade de %To Paulo, Rrazil. 

5. Cyclotron Laboratory, itlichiga~i Sta tc University, East 
I,ansif]g. 
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THE LOW-LYING EXCITED STATES OF 145Nd POPULATED 
BY THE CAPTURE OF THERMAL NEUTRONS' 

D. A. McClure' S. Rarnan J. A. Ilarvey 

NUCLEAR REAC'TIONS: '""Nd(n,y), E = thermal; measured ET iy. 14sNd dediiccd levels. 
Enriched targets. 

Thc low-lying excited states of 14sNd populated by 
both primary and secondary gamma-ray transitions 

1. Abstract of paper ~ C J  be published in proceedings of 
Both singles and two-parameter coincidence techniques Conference on Nuclear Study Neutrons, 
were employed with the exclusive use of Ge(Li) Budapest, ~~l~ 1972, 
detectors. The decay characteristics of the most 2. Georgia Institute of 'Technology, Atlanta. 

intensely populated levels are given. 

following the 44Nd(n,y)1 45Nd reaction were studied. ... " 

NEUTRON SHELL STRIJC'WRE OF 145Nd FROM ( d , p )  AND (q3He3 

C. R. Bingham' D. L.. Hillis* J. R .  Ball .......... ... -- 
1 NUCLEAR REACTIONS: 144Nd(d,p), 144Nd(a.3EIe), Ed = 3 3 . 3  MeV, Ea = 66.6 MeV; measured 
1 o(S); deduced levels, I ,  i, Sj. Enriched target. 

~ ~ 

Differential crocs sections for 144Nd(d,p) at 33 3 32.5" lab The 144Nd(a,3f4e) cross sections were 
MeV werc measured in 5" Increment\ from 12.5 to  measured at  15". The results were compared with 

I l l r  -T ....... I .......,....... ~ .................... 
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Fig. I .  The ' 44Nd(d,p) spectrum at 22.5", The large unlnbelcd peaks are due to  carbon and oxygen impurities in the target 
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distorted-wave calculations in order to  obtain spin 
assignments and spectroscopic factors. Since high 1 
transfers are enhanced in the (a,311e) reaction, it 
provides a good check of the spin asigmmeiits dnd lhe 
spectroscopic factors frorn the (d ,p)  reaction 'The 

Table 1 .  Excitation energies, spin assignments, 
and spectroscopic factors of the levels observed 

in '44~<i ( ~ , c ) )  

E* (MeV) 
-~ .... ~~ .... 

0.0 
0.069" 
0.652 
0.741 
0.773 
0.923" 
1.104 
1.142 
1.243 
1.324 
1.519 
1.5'79 
1.639 
1.673 
1.748' 
1.833 
1.874 
1.941" 
2.000 
2.079 
2.137" 
2.203a 
2.268 
2.320 
2.355 
2.480" 
2.696 
2.793 + 2.828 
2.87 + 2.90 
2.97 
3.027" 
3.141 
3.241 

' 4  P S,.'He 

0.68 
0.03, 0.025 
0 03 
0.36 
0.53 
0.40, 0.07 
0.30 
0 02.5 
0.08 
0.13 
0.06 
0.034 
0.01 1 
0.01 
0.1 1,0.04 
0.17 
0 04 
0.03,0.02 
0.034 
0.1 1 
0.08. 0.05 
0.14, 0.07 
0.06 
0.17 
0.13 
0.07, 0.09 
0.07 
0.42 
0.10 

0.04, 0.05 
0.38 
0.09 

0.48 

0.36 

0.40, 0.07 
0.39 

0.09 
0.16 
0.044 

0.1 1,0.04 
0.14 

0.03, O.CJ2 
0.042 
0.12 
0.08,0.04 
0.14,0.07 

0.07, 0.087 

0.09 
0.12 
0.04, 0.06 

bombarding energies were chosen to  be near energies 
where elastic scattering has been studied; hence, the 
opticalmodel parameters are well known. 

The (d ,p)  spectrum at  22.5" is shown in Fig. 1 .  The 
resolution, typical of all the proton spectra, is -20 keV 
FWHM. The resolution of the (q3Hz)  spectrum was 
about 45 keV, and there was an unexplained back- 
grourid problern. The (a,3He) cross sections will be 
remeasured. For  this reason the present resulls should 
be considered preliminary. 

The (d,p) augular distributions and the (~x,~Ele)  cross 
sections at 15" were compared with distorted-wave 
calculatioris. To get agreement between (d,p) and 
( c ~ , ~ H e ) ,  some peaks were treated as doublets. An 
example is the peak at 0.923 MeV, which is clearly 
broader than neighboring peaks (see Fig. 1 ) .  The 
energies, spin assignments, arid spectroscopic factors of 
the levels observed are listed in Table 1. Esseritially 
none of these results have been reported in earlier 
neutroti t r a d e r  studies. 

The spectroscopic factors were summed, and the 
center of gravity of each quasi-particle state was 
calculated as ei = XE*Si/CSi. The results are given in 
Table 2. l'hese preliminary results indicate that a large 
fraction of the single-particle strength has been located. 

I .  Corisultant froin the University of Tennessee. 
2. Graduate student from the {Jniversity of Tennessee. 

Table 2. Sunimary of results 

Spectroscopic Factor 
sum ej (MeV) Number o f  levels Subshell 

Measured Expected 

712 1 0.68 0.75 0 
312 ~ (7 ) 1.01 I .00 1.369 
512 - (151 (1.235) 1.00 1.565 
912 - (10) (0.974) 1.00 1,607 
13/2+ ( 6 )  (0.79) 1.00 1.881 
112 - (2) (0.80) 1 .00 2.967 

"Peaks treated as doublets to obtain agreement bztween (d,,p) 
and ( 0 1 , ~  He). 



84 

DECAY OF 5.9-lld.4Y 1 4 5 E ~  'ro LEVELS IN 145Sm' 

E. Newman K. S. l'oth I .  R. Williams' 

The level structure of 145Sm was studied by observ- 
ing the electron-capture decay of 5.9-day 145Eu. The 
radioactive source was prepared by bombarding 44Sm 
with protons accelerated in the Oak Ridge Isochronous 
Cyclotron. Both singles and gamma-gamma coincidence 
spectra were measured. From these measurements, 
transition energies were obtained to  an accuracy better 
than previously available, and the following new transi- 
tions were assigned to the decay of la5Eu:  519.4, 
526.2; 713.9, 910.3, 949.9, -1625, 2340.8, 2508.1, 
and 2513.0 keV. Because of decay energy considera- 
tions the latter three transitions establish the existence 
of new 145Sm levels at 2340.8, 2508.1, and 2513.0 
keV. From the Coincidence data, levels at 1407.6 (1127 
and 1843.6 ( l / 2 ,  3 / 2 - )  keV were also established; these 

states apparently correspond to  those previously ob- 
served in 144Sm(d,p) studies at about 1611 and 1854 
keV. A survey of available data for N = 8 3  isotones 
(' 37Xe  + ' 47Gd)  indicated a systematic shift in 
excitation energy for seven rather well-established 
single-neutron states as their location was traced from 
nuclide to  nuclide. On this basis it was then possible to  
predict in 137Xe, l 4  lee, and 14'Gd the approximate 
excitation energies of some of these states, so far 
unreported. 

1 .  Abstract of a paper accepted for publication in Physical 

2. Knoxville Collegc, Knoxville, Tenn. 
Review C. 

-LYING 2' STATES IN IQ8Sm OBSERVED IN THE DECAY OF 5 - 4 8 E ~ '  

K. S. Toth E. Newman 

Buss and Smither recently studied levels in 148Sm by 
investigating the thermal-capture reaction 47Sn1(n,,y). 
Of the 3 2  levels that they considered (many of these 
were proposed as new states). only 18 have been 
obseived in 1 4 8 E ~  decay. Our investigation of the 

4 8 E ~  decay scheme has produced strong corroborative 
evidence for the existence of seven additional states 
proposed by Buss and Smither. Their energies (in keV) 
and spin assignments are as follows: 1454.6, 2'; 

1664.2, 2'; 1903.8, 3' or 4'; 2173.2, 2'; 2339.4, 2' 
or 3 - ;  2390.0, 3'; and 2570.5, 2'. The 1454.6-keV 
level is apparently the second 2' level, expected from 
energy-level systematics to  be at -1.4 MeV, for which 
no  conclusive evidence has been available. 

I_ 

1. Abstract of a paper accepted for publication in Physicd 
Review C. 

THE LOW-LYING EXCITED STATES OF *45Nd POPULATED 
BY THE CAPTURE OF THERMAL NEUTRONS' 

D. A. McClure' S. Raman J. A.  Harvey 
......... .......... -. ......... 

NUCLEAR REACTIONS: 144Nd(n,,)145Nd. E,, = thermal; measured E T ,  I,. 145Nd deduced levels. 
Enriched target. 

The low-lying excited states of "Nd populated by 
both primary and secondary gamma-ray transitions 
following the I 44Nd(n,y)1 5Nd reaction were studied. ~ 

Both singles and two-parameter coincidence tecf1niWes 
were employed with the exclusive use of Ce(I.4 pesr, Iiungrrry, m y  31 - ~ u g u s t  5. 1972, p. 128 (1972). 
detectors. The decay characteristics of the most in- 2. Georgia Institute of Technology, Atlanta. 

tensely populated levels are given. 

......... .- 
1. Abstract of paper published in Contributions t o  fAEA 

Conference on NucIeur Structure Strrdy with Neutrons, Ruda- 
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STUDY OF HAFNIUM ALPHA EMITTERS. NEW ISOTOPES s9Hf ,  60Hf ,  AND l 6  * Hf' 

K S Toth R L Hatm' C R. Bingham3 M A f j u 4  R F Walker, Jr 

With tlie use o f  alpha spectroscopy and the helium 
gas-jet technique the alpha decay of the previously 
unknown isotopes J 59Hf. I6*Hf, and 161Hf was 
observed. These hafnium nuclides were produced by 
bombarding targets of l J 4 S m  and 147Sm with '2ONe 
ions accelerated in the Oak Ridge Isochronous Cyclo- 
tron. The decay characteristics and mass assigninen 1s 
(made on the basis of yield cutye measurenients, cross 
bombardments, and parent-daughter relationships) of' 
the three new alpha emitters are as follows: ( 1  ) "Hf, 
E, = 5.09 k 0.01 MeV, T l j z  = 5.6 2 0.05 sec; ( 2 )  
160Hf~ E', = 4.77 k 0.02 MeV, T , / 2  - 12 sec; and(3) 
1 6  iHf.  E', = 4.60 f 0.01 MeV, Y T L j 2  = 17 k 2 sec. The 

larter two isotopes. with neutron numbers of 88 and 
89? ale of some interest with respect to alpha-decay 
systematics in the 82-neutron region. The orily 88- 
neutron alpha emitters krrown LIP to now are naturally 
occurring l s z G d  and long-lived s4Dy, while "lIJfis  
tlie first 89-neutron nuclide to exhibit alpha decay. 

J . Abstract of a paper subinitted for publication in Phhysica! 

2. Chemistry Division. 
3 .  University of Tennessee, Knoxville. 
4. Virginia Polytechnic Institute, Blacksburg. 
5 .  Centenary College of Louisiana, Shreveport. 

Review C. 

NONSTATISTICAL EFFECTS IN THE 4s GIANT RESONANCE' 

S. F. Mughabghab' M. R. Bhat2 G.  A. Bartholoinew3 R. E. Chrien' 
G. W. Cole2 0. A. Wasson' G. G. Slaughter 

NUCLEAR REACTIONS: '63Dy(~1,7), E' = 5 CV ~5 keV; measured E,, E,, I T ;  164Dy deduced levels, 
J. Enriched target. 

Gamma-ray spectra due to  radiative neutron capture 
in individual resonances of 163Dy and 73Yb are 
measured. Nonstatistical aspects of the neii tron radia- 
tive capture process in the 4s giant resonance are 2. Brookhavcn National [,aboratory, 
considered. 

1. Abstract of paper published in Contribtifions io MEA 
Conferetice uti Nuclear Slructurr Study with Neutrons, Julv 
31--August 5, 1972, BLldapesf, I-lungary, I,- 14 ,972), 

3. AECL, Chalk River, Canada. 

LIFETIME MEASUREMENTS OF 8 + ,  IO', AND 12' ROTATIONAL STATES IN '641[)y 

G. B. Hagernann E. Eicliler' D. C. Ilcnsley N. R. Johnson' 
W. T. Miltier I,. I*. Riedinger' 

NUCLEAR REACTION: r64Dyr40Ar,40Arr). i:' = 152.8 MeV; measured uQ,), Doppler shift 
attenuation. '64Dy levels deduced T l j 2 .  Enriched target. 

Rotational states up to  spin 12 in 164Dy were 
populated by inelastic scattering of 153-MeV 40Ar 
from a thick target of J64Dy.  Gamma rays were 
detected in two Ge(Li) detectors at 0 and 510" to  the 
beam and were recorded in coincidence with 40Ar ions 
backscattered (160") into an annular detector. 

Lifetimes were inferred from the Doppler-broadened 
shapes of the gamma transitions 8 + --f 6 I ,  10' --f 8 ', 
and 12' -+ 10+ by comparing the observed line shapes 
with those calculated tnking into account the stopping 

power of projectiles and recoiling ions as well as the 
reactLon kinematics and detector geometry. 

The data f o r  the three transitions are presented in Fig. 
1, along with representative theoretical fits to the 
Doppler-broadened shapes. Life time values for the 
transiiioiis are given in Table 1 along with the energy of 
each transition. The lifetirne values 3re preliminary, 
because the effect of cascade feeding has not yet been 
included in the analysis. The quoted uncertainties also 
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16411y ("Ar, "Ar yl 
- ___ _. -~ 

Fig. 1. Dopph-broadend shapes for gamma transitions in 
164Qy observed at 0' in the 64Dy44"Ar,40Aq) reaction, 

EVIDENCE FOR THE ALPHA DECAY OF THE NEW ISB'FOPE 90s1 

K. S. Toth R. L. IIahn' C. R. Bingham3 M. A. Ijaz4 K. F. Walker, Jr.' 

In a series of *ONe bombardments of lS6Dy  a new 
alpha emitter was identified with a half-life of 3.0 i 0.5 
sec and an alpha-decay energy of 5.56 2 0.02 MeV. QA 

the basis of alpha-decay systematics and the variation of 
its yield with bombarding energy, the most likely 
nuclidic assignment for this alpha group is 1 6 9 0 s .  

1. Abstract of published paper: Pkys. Rev. C 6 , 2 2 9 1  (1972). 
2. r'ivision. 
3. University of Tennessee, Knoxville. 
4. Virginia Polytechnic 
5 .  Centenary college of Louisiana, Shreveport. 

Dlacksburg, 
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ALPHA-DECAY PROPERTIES OF THE NEW OSMIUM ISOTOPES 17005 :  AND $7105:~ 

K. S. Toth R. L. tTahn2 M. A.  Ijaz.' R. F. Walker. Jr.4 

Horggreen arid Hyde recently reported the discovery 
of three new alpha-ernittiiig osniium isotopes, 2 0 s .  
i 7 3 0 s ,  and 1740s .  'The present study deals with a 
search for osmium nuclides with A < 172. ']These 
osmium isotopes were produced by bombarding 56Dy 
with the 160-MeV 20Ne6+ beam from the Oak Ridge 
Isochronous Cyclotron. With the use of alpha spectros- 
copy and the heliutii gas-jet technique, two new alpha 
grolups were observed. Their mass assignments and 

decay characteristics are as follows: (1) 17*Qs, E', = 
5.40 0.01 MeV, T = 7.1 2 0.5 sec: and(2) 171Os, 
E', = 5.24 k 0.OI = 8.2 f 0.8 sec. 

1. Abstract of published papzr: H z y s .  Krv.  C5, 2!)60 (1972). 
2. Chemistry llivision. 
3 .  Virginia Polytechnic Institute, Blacksburg. 
4. Ccntenary College of Louisiana, Shreveport. 

SEARCH FOR INTERMEDIATE-STATE STRUCTURE FROM RESONANCE 
NEUTRON CAPTURE IN 1 8 Re AND l s7Re  

J .  A.  ITarvey N. W. Hill' A. S tolovy' A. I .  Namenson2 

I I__-.-__ _I 

NUCLEAR KCACTlONS 13s,187R2,; measured a(n,y) for 6, i 1 And 4 MeV;Er,  - 20 to 3000 eV. 

In recent years, considerable effort has  been directed 
to searching for nonstatistical t: Efects or intermediate 
structure in the interaction between neutrons and 
nuclei. I n  addition to  such striking examples as sub- 
tl-ireshold neutron fission and valency neutron capture, 
evidence for intermediate structure from resonance 
neutron capture has been reported in 1 51n by Coceva 
et aL3 and in l R 7 R e  by Stolovy et  al.4 The evidence f o r  
a very narrow intermediate state in l S 7 R e  only -30 eV 
wide was obtained from the analysis of neutron 
time-of-fligh t gamma-ray data taken at  the NKL linear 
accelerator. where the neutron energy resolution was 
sufficient to permit atialy-sis For the first 46 resonances 
in each isotope up l o  -200 eV. A careful statistical 
analysis of these data resulted in a conclusion that it 
was highly likely h t  there was a nonst;itistical effect in 
1 8  7Re, since the probability that the observed fluctua- 
tions would occur by piire chance W;IS only 0.5%. Since 
resonance data could be obtained on these nuclides at 
ORELA up to several keV, the present ineasurenients 
weie undertaken priniarily to look for the presence of  
additional intermediate structure :ind to confirm the 
earlier structure at  -120 eV in ls7Re.  

Tlie four large NaJ detectors and shielding used in the 
NKL experiment were installed at  the 80-in station at  
OIIELA. The neutron beam was collimated to 3 3411. 
diameter, which irradiated the 1 s s R e  and l s 7 K e  
samples. whicli were 3'/2 in. in diameter and -0.5 

g/cni2 thick. Tlie accelerator was operated at 800 
pulses/sec with 25 kW of 120-MeV electrons and a burst 
width o f  25 iisec. The neutron energy resolution w a s  
determined by the moderator thickness and was 
.-0.06%~. Resonances were observed up to -3 keV, arid 
data were obtained on -1200 resonarices in l s s R e  and 
l s 7 K e .  For each resonance, the intensity of the capture 
gainnia rays above 4.0 MeV was nornialized to the 
intensity of the gainma rays :ibove 1.0 MeV. The 
high-bias data represent primary gamma-ray transitions 
from the capturing states to  low-lying states in the 
compound nucleus. The low-bias data represent a sum 
over marly cascade tratisitions. Although the present 
data comprise an order of magnitude inoi-e resonances, 
we Cind no significant evidence for additional intermedi- 
ate structure in either isotope. Also, two additional 
sniall resonances found in the OKELA data in the 
energy region where the intermediate structure in 
1 8 7  Ke had been reported decrease the probability that 
this structure is significant. The data will be analyzed t o  
obtain estimates ofgl',, , and various statistical tests will 
be applied. 

~ 

1. Instruinentation and Controls Diviaion 
2. Naval Rerearch Laboratory. Washington, D C 
3. C Coceva, F. Corvi. P Giacobbe, and M. Stefanon, PI2.n 

4 A Stolovy, A. 1. Natnensun, .tnd T 1:. Godlove, Phys Rev 
Rev. L e f t .  25, 1047 (1970). 

C 4, 1466 (197 1) 
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COMMENTS ON THE DOORWAY STATE IN 206Pb'  

B. J.  Allen2 R. L. Macklin C. Y .  F113 R. K. Winters4 

NUCLEAR REACkTONS: 206Pb(,z,y), E = 260-680 keV; measured uny. Deduced little or no 
enhancement of r for I = 0 levels, but 1 = 1 enhancement. Eiii-iclied txrget. 

-.--.-_.I_. .. .. 
Y 

---.-I-_.._ 

The neutron capture cross Section of 206PbCn,y) 11% 1 .  Abstract of paper submitted for publication in Physical 

been measured with high resolution at  the Oak Ridge 
Electron Linear Accelerator. The capture results show 
that the reported s 1/2 doorway in 206Pb is not 

Review c, ~ O m m e n l s  and Addenda. 

Lucas Ileights, Australia. 
2. Present address: Australian Atomic Energy Commission, 

3.  NeutronPhvsics Division, 
observed in the photon channel 4. Present address Dennon University, Grawtlle. Ohio. 

INVESTIGATION OF THE 208Pb(l 2 C > i  lBJ209Bi  AND zosPb<12C,i3C)207f'b 
REACTIONS A T  HIGH BOMBARDING ENERGIES' 

J S. l a s e n '  J. 1, (3 Ford, Jr. R. M.  Gaedke3 K. S. l o t h  
J. B. Ball R. L Hahn4 

GIANT RESONANCES IN THE HIGH-ENERGY HELIUM INELASTIC SCATTERING' 

M. B. Lewis 

An analysis of earlier reported cross-section data from 
208Pb(a,ir'), (3He,3He'). and 97Au(3He,3He') reac- 
tions at E ,  = 90 MeV and e 1: 75 MeV confirm the 
discovery of a new giant resonance at E"* * 11 MeV in 
heavy nuclei. From the magnitude of the cross sections 
and t.heoretical sum-rule prescriptions. it is found that 

the resonance rriay be interpreted as a giant quadnipole 
state but not, as recently suggested, a giant monopole 
state. 

1. Abstract of paper to be published in Plzysicd Review 
Letters. 

INVESTIGATION OF THE 2 F 8 P b @ , p f )  REACTION A I  E = 54 MeV' 

M. B. Lewis F. E. Bertrand C. B. Fulmer 
.._I._I_ ~ ........... ..... 

NIJCLEAR REACTIONS: 208Pb@,p'), E = 54 MeV; measured ahsolute u(E, 8). 208Pb levels, 
deduced L, p L 2 .  Spectrograph. 

>I... ......... .- .-I.._ 

Collective excitations of 208Pb were investigated by angles between I 1  and 58", and scattered particles were 
inelastic proton scattering a t  54 MeV. The spectra detected in a broad-range spectrograph with energy 
covered the entire bound-state region for scattering resolution ~ 3 5  to 40 keV (FWIM). The experimental 
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angular distributions were compared with those pre- and 4' strengths. No appreciable fragmentation of the 
dicted by DWBA calculations, utilizing a collective- 2' strength was found. Energy-weighted sum-rule 
model form factor. The location of the low-spin strenglhs were estimated for all multipiiles studied and 
members of a sequence (2+- - -8+)  of positive-parity were compared with the measured values. 
states was confirmed. Likely candidates for J > 8 states 
were found, a s  well as several collective fragments of 3 1. Abstract of- paper to be published jn the Physical Review. 

POSSIBILITY OF STRONG MULTIPOLE VIBRATIONS IN THE LOW-EXCITATION 
REGION OF THE NUCLEAR CONTINUUM' 

M. B. Lewis F. E Heitr;md 

Estimates for 208Pb(a,a') cross sections a t  6 5  MeV 
show strong preference for high angular momentum 
transfers and, if the maximum allowable collective 
strength is invoked, yield absolute cross sections coni- 

parable with those recently rneasured in the 10-to-25- 
MeV excitation region 0 t^2~*Pb .  

1. Abstract of published paper: Phys. Rev. C 6, 1108 (1972). 

THE SIGN OF THE HEXADECAPOLE MOMENTS OF 232Th AND 238U NUCLEI' 

E. Eicliler2 N. R. Johnson' R. 0. Sayer3 
D. C. Herisley L. L. Riedmger' 

The ambiguity in the sign of the hexadecapole were iised, while significaiat disagreement was found 
moments of ZJ2Th and 2 3 8 U ,  as determined from 
alpha-particle Coulomb excitation experiments, has 

inultiply Coulomb excite these nucIei up to their 12' 
Review Letters. 

states. Excellent agreement with the experimental 2. Chcrnistry 

results was obtained with predictions from the 3 .  Physics Department, 1:urrnan TJniverGty, Creenvillc, S.C. 
Wintlier~-de Boer program when positive iM(E4) values 

when the negativeM(E4) values were used. 

been resolved by experiments using 145-MeV 40Ar to  ___ 
1. Abstract of paper submitted for publication in Plzysical 

4. University of 'Tennessee, Knoxville. 

COMPOUND-NUCLEAR AND TRANSFER REACTIONS IN I2C 
REACTIONS WITH 2 3 R U  AND 239Pu1 

K. L. tfalin2 P. F. Dittner2 K. S. Toth 0. L. Kellcr* 

Studies of the interactions of heavy ions (tt.1.) with 
heavy elements, besides adding to our knowledge of the 
difl'erent mechanisms operative3 in reactions such as 
( € I . l . p z )  and (H.l.pyrz), and of the ensuing competi- 
tion between particle emission and fission: also have 
application in attempts to produce and identify new 
nuclides. For example, knowledge of the details of  the 
angular distributions of recoil nuclei has been used as 
support for identification of transactinide elements.s 

A t  the Oak Ridge Isochronous Cyclotron, we have 
investigated the reactions 23xU(  12C,5n and 6n) and 
239P~1(12C,(u2rl and (u3n), which lead to the s a n e  
producis, 24sCf  arid 244Cf. Relative excitation tlinc- 
tions were determined by collection of recoil nuclei 

with a gas-jet system followed by a1ph:i-particle spec- 
trome try. Separate experiments involving radiochemical 
techiiiqties gave absolute cross-section values. The re- 
sults for the 8U target were consistent with published 
data4 that indicated that the (l*C,m) reaction 
proceeds via the compound-nucleus mechanism with 
cross sections of -50 to 100 pb.  For the 239Pu + I 2 C  
reactions: maximum cross sections of 7.1 pb 3 t 69 MeV 
and 4.8 p b  at 74 MeV were found, respectively, for 
2 4 5 C f  arid 244Cf. Furthermore, n o  activity ascribable 
to  fermium nuclidzs from * 3 9 P i i ( 1 2 C ~ n )  reactions was 
detected in these experiments; a limit of (12C:xnj/ 

( 1 2 C , a * ~ n )  5 0.0 I was set. These results clearly indicate 
that 245 ,244Cf  are not produced from 2.39P~1 + I 2 C :  in 
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compound-nuclear interactions because evaporation of 
charged particles from such heavy nuclei is much less 
probable than for neutrons. 

To learn more about the reaction mechanisms in- 
volvzd, we measured, at different 12C energies, the 
range and angular distributions for 24s,244Cf that 
recoiled out  of thin 338U and 239Pu targets. Figure 1 
shows range distribiutions obtained with stacks of thin 
carbon foils that collected recoils from 0 t o  10" with 
respect to  the beam (corrections for energy loss in the 
targets are not included in the figure). The distributions 
for 2 3 8 1 1  -t 12C are approximately Gaussian, with 
centroids (average ranges) that increase with increasing 
I2C energy in a manner consistent with full momentum 
transfer. For 239Pu, the results are quite different. The 
distributions are asymxnetric. with tails that extend to  
large range values, yet  the centroids decrease rapidly 
with increasing 12C energy. 

The angular distributions, determined by collecting 
recoils in -9-mg/cm2 aluminum foils placed at  various 
angles with respect to  the beam, are also different For 
the two targets. For 2 3 8 U  + 12C, the angular distribu- 
tions monotonically decrease with increasing lab angle, 
while for 239Pu -t 12C, they display a peak at -15 t o  
20" 

All of the data support the conclusion that the 
238U(1 2 C x n )  reactions occur via compound-nucleus 
formation and decay. The results for the 

3 9 P ~ ~ ( 1  2C,olyn) reactions are clearly not ascribable to  
compound-nuclear processes and qualitatively agree 
with work6 that concludes that direct transfer to the 
target nucleus of part of the projectile, possibly sBe, 
occurs in such reactions, followed by neutron emissioil 
from the excited residual nucleus. 

................... 
1 .  Paper published in Proceedings of the European Con- 

ference on Nuclear Physics, Aix-en-Provence, firmice, June 
26-July I ,  1972, vol. 11, p. 96. 

1 .o I--- 
[- 

THICKNESS OF CARBON CATCHERS, pq/cm'! 

Pig. I ,  Range distxibutions measur4 for 244,24s cf recoils 
produced in the interaction of 12C ions with taxsets of 2 3 8 U  
and 239Pu. 

2. Chemistry Division. 
3. A. Zucker and K.  S. Toth, "Heavy.Ion Induced Nuclear 

Reactions" in Nuclear Chemistry, I, Academic Press, Mew York, 
1968. 

4. T. Sikkeland st al., Phyr. Rev. 169, 1000 (1968); 172, 
1232 (1968). 

5.  G. N. Flerov et al., JINR (Dubna) preprint €7-5161 
(1970). 

6.  R. Bimbot, D. Gardes, and M. F. Rivei,Nucl. Phys. A189, 
193 (1972). 

NEUTRON TOTAL CROSS SECTION OF 248Cm AND 242B21 FROM 0.5 to 5000 eV 

J. A. Waivey N. W. Hill' R. W. Benjamin' C. E. Ahlfeld' 
F. B.  Sirnpson3 0. D. Simpson3 M. G. Miller3 

.................... r-------~---~-~ -7 
NUCLEAR REACTIONS: 248Cm. 242Pu; measured unT, E,  = 0.5 to 5000 eV. Deduced resonance 

parameters. Enriched targets. 

Neutron transmission measurements have been made heavy nuclides. Previous fission and capture cross- 
section measurements4 upon 248Crn using the Physics 
8 underground nuclear explosion had been analyzed to 

from 0.5 to  -5000 eV upon samples of 248Cm and 
242Pu, which are of interest in the production of the 
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give parameters for 3 resonances up to 100 eV. Until 
mir irieasureirients upon 242Pu, parameters were only 
available for 20 resonances5 in 242Pu up to 400 eV. 

Three smiple thicknesses of  z4sCni  were used with 
inverse thicknesses of 637, 3 192, and 22,087 b/atom. 
The 2448Cm sample had been produced fiom the decay 
of z 5 2 C f  and separated by J. B. Knauer o f  the 'TURF 
californium facility. Since only 13 m g  of Z48Ctn (,97% 
pure) was available, the cross-sectional areas were very 
srnall, only 2 nim2 for tlie thickest sample and 7 m n 2  
for the other two. A single 6Li neutron detector (4'/2 
in. in diameter and 0.5 in. thick) was located 18 m from 
the ORELA neutron target, resulting in a neutrori 
energy resolution of 0 . 3 % .  'Ilie saiiples were cooled to  
liquid nitrogen temperature to  reduce the Doppler 
broadening, wliich is greater than the instrumental 
resolution below 50 eV. For i.he lower energy region a 
cadmiuiu overlap filter was used arid - 1  S kW of 
electron beam power at 400 pulsesisec. For  the higher 
energies a *OB overlap filter was nsed with SO kW of 
electron beam power a t  1000 pulses/sec and 2.5-nsec 
pulses. Room background arid time-dependent back- 
ground usiog the blacking-out resonance technique were 
determined for these measurements. Over 40 rescinances 
have been observed below I keV. Analysis of the data 
to obtain resonance parameters is in progress. 

The measurements Lipon 242Pu have been tnade using 
a n  80-in flight path in addition to the 18-in flight path. 
T h r e e  sample thicknesses of 2 4 2 k ' ~ 1  metal were used, 
with inverse thicknesses o f  41.19, 175.5, and 763.9 
blatorn. The samples were cooled to  liquid nitrogen 
temperature. For tlie 80-m data, the neutron energy 
resolution was 0.07% and hence less than the Doppler 
width up t o  --I keV. Analyses of the data are in 
progress, and incomplete results of tlie resonaiice 

Table 1 .  242Pu resonance parameters 

2.675 
22.57 
40.95 
53.46 
67.62 
88.46 

107.4 
131.4 
141.4 
149.8 
161.6 
205 .0 
210.1 
215.4 
219.6 
232.9 
264.7 
271.9 

0.055 i 0.004 
0.070 + 0.006 

6.93 'r 0.22 
0.60 _+ 0.05 

0.070 + 0.005 
1.72 1 0.15 
0.54 I 0.02 

0.010 5 0.002 
1.07 + 0.06 

0.045 ?. 0.004 
3.80 4: 0.25 

0.028 + 0.006 
0.36 t 0.02 

0.020 .! 0.002 
0.30 t 0.03 

0.024 f 0.002 
0.010 t 0.002 

E O  (eV) 

273.7 
274.9 
281.1 
298.8 
303.7 
320.0 
332.5 
374.4 
379.6 
382.4 
400.0 
410.7 
424.1 
425.2 
473.5 
482.7 
494.7 

0.75 -i 0.06 
0.010 i 0.002 
0.008 i 0.003 

0.45 0.04 
1.02 -i- 0.08 
13.1 + 0.4 

3.9 5 0.1 
0.35 + 0.02 

0.0L4 1 0.002 
2.53 i 0.13 

0.080 i 0.010 
0 . 3 4 ?  0.02 

0.185 i 0.015 
0.013 f 0.002 
0.040 + 0.004 

0.91 p 0.08 
0.01 2 :+ 0.003 

I _ _ _ ~  . ~ ~ .................... -.-----~ 

energies and reduced neutron widths ale given in Table 
I ,  based on a11 arsumed r7 of 29 meV. 

I. lnstrurnentation and Controls Division. 
2. Savannah River Laboratories, Aiken. S.C. 
3. Aerojer Nuclear Co., Idaho Falls, Idaho. 
4. M. S. Moore and G. A. Keyworth, P!z,ys. Rev. C 3, 1656 

(1971). 
5. N. J. Pattenden, in International Conference on the Study 

of Nuclear Structure with Neutrons, Antwerp, Belgium, 1965 
(unpublislied); G .  F'. Auchmpauch, C. 1). Rowman, hi. S. 
Coops, and S. C. Fulrz, Wiys. Rev. 146, 3 ,  840 (1966); T. F,. 
Young and S. t). Reeder, Nuel. Sci. Lng. 40. 389 (1370). 

ELECTRIC HEXADECAPOLE MOMENTS IN THE ACTINlDE NUCLEI 

F. K. McCowan C.  E. Hemis, Jr.' J. L. C. Ford, Jr. W. T. Milner 
P. H. Stelson K. L. Robinson 

._I.._.______I_ 

NUCLEAR RERCI'IONS: 230,232Th(a0').  234,2363238U(a,ct'). 2 3 8 , 2 4 0 , 2 4 2 , 2 4 4 ~ ~ ( ~ , ~ ! )  

244,246,248C,i~(,,,'), E = 17 MeV; measursd c ~ f , K ~ ~ , ,  e ) :  deduced B(E.'2), B(E4). Enriched targets. 

Elastically and inelastically scattered 

_I__._..___.__.__. ~ __-I_.._.._ L 
Large contributions to tlie excitation of 4 '- rotational ions from 

states from E14 transitions Iiave been observed in isotopically pure targets (-30 pg/cni2) were detected at  
precision Couiumb-excitation experiments with 17-MeV N = 1 SO" with 15- to LO-keV resolution in tlie focal 
'$He ions for 12 even-A actinide nuclei (2.30 -< A c: plane of the Enge split-pole magnetic spectrorneter by a 
248). This hexadecapole moment i s  o f  particular position-sensitive gas proportional c:ounter. T h z  
interest because it most probably results from the "shaped" targets, which were a principal reason for the 
in!.ririsic shape of the derormed nuclei. sticcess o f  these experiments, were prepared using a 
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Fig. 1. Spectrum of 4 H e  ions scattered from 232Th at a laboratory angle of 150". 

150-cm-radius electromagnetic isotope separ;rtor. A 
spectrum of th.e scattered 4IIe ions from 232 ' rh  
implanted on 80-Gg/cm2 carbon backing is shown in 
Fig. 1. The ratio of the counts in the peak channel for 
the elastic peak to the background near the 4' peak is 
20,000. This spectrum, which was accumulated at a rate 
of 3 counts/sec, contains 454,000 counts. In addition 
to  excitation of the 2 +  and 4' states of the ground-state 
rotational band, states are obseived at 730.5 keV, Of'; 
774.1 keV, 3 -  and 2"; 785 keV, 2"+; 873 key ,  4"; and 
1105.7 keV. 3- .  The l s l T a  impurity results from the 
target preparation in the isotope separator, namely, a 
molecular ion lSlTa16035C1 with mass 232. 

The excitation probabilities for the 2' and 4' states 
were determined relative to  the elastic scattering peak 
from the measured peak areas with an accuracy of 1% 
for the 2' state and 3 to 4% for the 4+ state. These 
uncertainties include the error in background subtrac- 
tion and the uncertainty in resolving the 2' peak from 
the elastic peak. ?'he E2 and E4 transition moments are 
extracted from the experimental excitation probabili- 
ties for the 2+ and 4' states with the aid of the 
Winther-de Boer computer program for multiple 
Coulomb excitation (a semiclassical treatment). 
Quantum mechanical corrections for E 2  excitations 
have been included in the analysis. 

If the measured E2 and E4 transition moments are 
assumed t o  result from the intrinsic shape of deformed 
nuclei, then rather detailed information about the shape 
of the nuclear charge distribution can be obtained from 
the measured transition moments. Model-dependent 
deformation parameters, pz0  and p40, have been 
extracted from the measured E2 and E4  transition 
moments for distributions of nuclear charge represented 

ORNL-DWG 72-10551 -- 
DEFORMED FERMI DISTRIBUTION - 

0 16 

0 12 

0 08 

0 0 4  

- 0 0 4  

- 0 0 6  

- 0  12 

-0 46 

- 0  2 0  

NEUTRON NUMBER 

Fig. 2. Hexadempole d e f o m i i o n s  @do extracted fxom the 
measured F2 and E4 transition moi~~ents  for a distribution of 
n u c k m  charge represented by a defoorined Fern4 disbibution. 
The equihbrium deformations from calculdtions by Nilsson et dl. 
and by Alder et al. are displayed hy the dashrrl CUNA. 

by a deformed homogeneou5 distribution and by a 
deformed Fermi distribution by solving the equation 
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displayed in Fig. 2 as functions of neutron number 
together with the eqiiiljbrium values from the calcula- 
tions by Nilssoii e t  al. arid Alder et  al. l'he chta support 
the general trend of the calculations with neutron 
nurnber, but near N = 142 the data are about 1.5 to 2 
times i h e  ground-sl ate ecji~il ibrium calc ulations. 

<Zf = XI1 M(rn) I IO> :=: Jr* YhO(0)  P ( P ,  e) d7 

numerically. 'The quadrupole defomiations ~ ' 3 ~  deduced 
from the Fermi charge distribution are about 17% larger 
lliari the equilibrium dcfonnalions wliich have been 
calculated on the basis of a modified harmonic-oscil- 
lator potential model by Nilsson e t  al. and for a 
Woods-Saxon potential model by Alder e t  al. ?'lie 
hexadecapole deformations f14 are rather large for the ~ l _ _ _ l _ _ _ _  

thorium, uraniurn, arid plutonium nuclei. These are 1. Cllemistu Division. 



4. Fission 

STUDIES OF 2 3  51J AND 237Np (SUBTBIRESHOLI)) FISSION AT OREIA,  
IJSING POLARIZED NE2J’B‘RONS AND POLARIZED TARGETS 

G. A. Keyworth’ J .  W. T. Dabbs F. T. Seibel’ N. W. Hill2 J. M. Anaya’ 
~~~ ~ 

NUCLEAR PISSICIN: 237Np sild. 23sU(n,fl E, = 1 eV-50,000 eV measured promptn’s, transmitted 
n’s (237Np only); deduced (relative) J using pol. n’s, pol. targets; enriched targets. r 

I . . . . . . . . . . . . . . . . . . . . ....., 

First sets of runs on 2 3 5 U  in the form of US and 
1JGe2 and on 237Np in the forni of Np.412 have been 
completed. Relative J values have been obtained for a 
large number of resonances. Because the target polariza- 
tion in these runs was low (10 to 15%). no K-value 
information was obtained. 

The experimental setup consists of a neutron polar- 
izer, a polarized nuclear target, 12 fast (fission) neutron 
detectors, and a slow neutron (trammission) detector. 
The latter was wed only in the last group of runs and 
was found useful in (1) riiaxirnizing the neutron 
polarization and (2) determining the spins of resonances 
not associated with fission (in 237Np). 

Many of the problems of these measurements, par- 
ticularly background reduction and discrimination 
between fission neutrons and gamma rays in the fast 
neutron detectors, were satisfactorily resolved. I>if- 
ficulties with cryostat leaks and certain minor opera- 
tional problems were very satisfactorily overcome. Very 
reliable operation of the equipment was obtained in the 
last group of runs, ending January 8, 1973. A substan- 
tial reduction in incorrectly stored events being fed to  
the data acquisition computer (DAC) was obtained by a 
redesign of the identification and tag bit generation 
system. Figure 1 is a block diagram of the system used. 
Note that the g m m a  count rate was sufficiently high in 
the large detectors to  require a scale-down of a factor of 
100 to prevent overloading the input of the DAC. 

The general arrangement of t i l e  experiment proper is 
shown in Fig. 2. (Since the camera was about 9 ft above 
floor level, this photograph tends to  minimize the 

actual size of the eqnipment.) The 37-in.-diam cryostat 
(at right) houses a 20.5-kg superconducting magnet and 
the lanthanum (neodymium) (Nd) magnesium nitrate 
( IMN) crystals, held at 1”K, which served as the 
neutron polarizer. These crystals contain 24 waters of 
hydration, and the polarization of the paramagnetic 
(neodymium) electrons is “pumped” into the proton 
system in the waters of hydration by an applied 
microwave field (about 1 W power absorption at 4 mm 
wavelength) which induced mutual spin flips in the 
combined system. The long (about 1 hr) relaxation time 
of the protons plays xn important role in their dynamic 
polarization. Transmission of neutrons through the 
1.8-cm-thick I N N  crystals gave a polarization of 5 5  to  
6% in the best runs by virtue of the large difference 
between singlet and triplet scatterlng and removed 8@% 
of the neutrons. A large wall of 6Li-loaded paraffin just 
after the neutron polarizer (not shown in Fig. 2) 
protected the detectors around the smaller cryostat. 
Additional bulk shielding was found necessary at the 
beam entrance to  the “electron” room, where the 
experiment was located in flight path 2, and at the 
in-room collimator just ahead of the LMN polarizer. 

The target cryostat, which was also designed and 
fabricated a t  l.,AS&, was located at 13.4 m from the 
accelerator target in flight path 2. This cryostat was 
built around a dilution refrigerator head originally 
manufactured c~mmerc ia l ly .~  The dilution refrigerator 
was capable of cooling an attached copper rod t o  8 mK 
under no load, and with the 5US (0.9 g U) in place, 
cooled the mixing chamber to  25 mK with the ORELA 
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beam on; with 237NpA12 (2.4 g Np 5 50 ,uW) a 
temperature of 135 inK was typically obtained. These 
temperatures were at the mixing chamber. Effective 
on-actual-target temperatures were of course higher and 
probably were considerably higher, based on results to  
date. I n  Fig. 2 a large granite slab is seen supporting the 
polarized target cryostat. The internal superconducting 
magnet would have induced large eddy-cunent heating 
in the samples and cold parts of the refrigerator if 
appreciable building vibration were present. This slab 
was decoupled from the three floor-mounted columns 
by airbag-piston systems with position-controlled 
 valve^.^ The 12 liquid scintillator detectors and their 
associated photomultipliers were suspended from the 
target cryostat in ferromagnetic tubes without touching 
a lead shield house around them (shown partially built 
up in Fig. 2). This arrangement was changed to  
individual lead houses for each detector in the 
neptunium case, to  reduce background from the sample 
itself. 

In Fig. 2, the beam enters from the right and exits at 
the left. A transmission detector consisting of a 0.5-mm 
6Li glass sheet and a 5-in. photomultiplier was mounted 
inside the flight tube a t  the extreme left of the photo 
during the neptunium measurements 3t 15 m from the 
accelerator target. Not shown are the 3000-cfm Roots 
blower which pumped the LMN cryostat down t o  
1.2”K and the 3He-4He dilution refrigerator circulating 
and purifying system. These large units are behind their 
respective cryostats in Fig. 2. 

Figure 3 is a comparative plot of a small portion of 
the data on 237Np in the neighborhood of the 40-eV 

group of fission resonances. The target peak cor- 
responds to a maximum fission cross section of only 5 b 
and is the largest subthreshold fission resonance in 
237Np. The two curves correspond to  runs in which the 
neutron polarizations were “positive” and “negative” 
respectively. All resolvable resonances in this group had 
the same spin, as expected from double-humped fission 
theory. 

Figure 4 is a comparative plot of a similar segment of 
the 237Np data but taken with the transmission 
detector instead of the fast neutron detectors. The 
effect is of course reversed in this case. Note the 
different energy scale and the larger number of reso- 
nances recorded. These are resonances that do not lead 
to  fission. 

The absolute values of J for the spin states observed 
have not been f m l y  established at this writing. 
However, a number of disagreements with the results 
obtained by scattering vs total measurements’ at Gee1 
have been fourid. Further analysis is in progress. 

1.  Los Alamos Scientific Laboratory. 
2. Instrumentation and Controls Division. 
3. S.H.E. Manufacturing Corp., 3422 Tripp Court, San Diego, 

Calif. 92121. 
4. “Serva-Levl,” Barry Div. of Barry Wright Corp., Burbank, 

Calif. 
5. F. Poortmans, 1-1. Ceulemans, J.  Theobald, and E. Migneco, 

Proc. 3rd Conf on Neutron Cross Sections and Technology, 
Knoxville, Tenn., March 1971, CONF-710301 (vol. 2), p. 667. 
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Fig. 1. Block diagram of data acquisition elecrronlcs detector systems (in ''eiectrun" room) are shown at upper left. Solid-state detectors gave very low counr 
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measured all time inrervnis in units of 4 :isec and transmitted data as 32-bit words to the data acquisition computer (DAC). 
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Fig. 3. Portion of 37Np fission neutron detector data; comparison of “positive” neutron polarization runs with “negative” neutron polarization runs. The 
direction of  the differences indicates the spin of the level. Letters A-H are to be compared with Fig. 4. All members of  this group have a tentative J value 
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SMALL-SAMPLE k'ISSiilN CROSS-SECTION MEASUREMENl S ON ' Cf 

J. W. T. Dabbs C. E. Beinis' N. W. Hill' M. S. Moore3 A.  N. Ellis3 

NUCLEAR 1:ISSION: 249Cf(r2,f),E = 0.3 eV - 1 MeV; measured crn,JEn) relative to U,,~{E,)  for 
2 3 5 U ,  resonances. Enriched target. 

A new technique for measurement of fission cross 
sections on --1OOyg sainples, which was noted irr the 
previous annual r e p ~ r t , ~  has been applied to 2 4 9 C f  in 
flight path 2 at ORELA. 'The use of a detector nearly in 
contact with the sample, together with the short flight 
path and high intensity of ORELA, affords a means for 
such measurements which is competitive with under- 
ground nuclear explosions for nuclides with alpha 
half-lives 7,300 years and spontaneous fissioil half-lives 
7 lo8 years. In addition, the possibilities of repeating 
and modifying such measureinelits give a distirkct and 
importali t advantage to this type of rueasuremcnt. 

A 128.25,ug sample of ultrapure 2 4 9 C f ,  deposited in 
a 1.2-cm-diam area on a stainless steel backing. was 
placed a t  a distance of 0.86 mm from a 6-cni2 
diffused-junction detector.' This gave a solid angle of 
0.93 X 257. The sample and detector were moiinted 
directly in the neutron beam from OKELA at 9.635 m 
froin the target. As noted previously," a pulse approxi- 
mately equal to that from a single fission fragment was 
observed at  the time of arrival of the gamma flash from 
the linac target. This small pulse size can be understood 
on the basis of the small sensitive voluine of the 
detector silicon in the beam (0.014 cc). Since the 
alpha-decay half-life of 2 4 9 C f  is 352 -L 6 years, an alpha 
count rate of-107 per second was expected and found. 
It was found necessary to use an extremcly fast current 
preamplifier with rise and fall times of -1.5 and 1.5 
nsec to  reduce pileup. A discriminator setting of -25 
MeV (-5 times the alpha pulse height) was used to 
eliminate alpha counts from the results. I t  was verified 
that no  fission counts were lost by this procedure in 
subsidiary measurements. 

An identical detector was placed in a nearly 2n 
geometry with a sample of 2 3 5 1 J  at 9.735 in (4 in. 
downstream) in the same beam, and measurenieiits were 
taken from this detector at  the same time. Less exotic 
electronic equipment was used because of the lower 
alpha count rate. This detector geometry was more 
complex: a thick disk with a circular hole was inter- 
posed between the detector and a large-area 2 3 5  U 
source of 406 (+3%) pg/cm2 to give an effcctive source 
of 458.2 pg. A Monte Carlo calculation of the solid 
angles in the two cases was required to  obtain their 
ratio. 

I t  was found that radiation damage from the high 
alpha count rate causcd a substaotial reduction in the 
2 4 y C f  fission count rate with time at  constant discriini- 
nator setting and detector bias. The count rate could he 
raised toward its original value by increasing thc bias. 
As much as 500 V bias was used on the 125-prn-thick 
detectors. In one run (No. 20313) the count rate was 
found to decay to seveil-tenths of its original value 
(relative to  the 2 3 5  U detector) after 15 hr. Integration 
of ?he area under this curve was compared with the 
integral under a constailt h i e  a t  the initial count rate 
ratio. All runs may thus be norrrialized to this initial 
count rate ratio. 

A graph of the total fission counts per channel is 
showri in Fig. 1. ?'he various channel widths and times 
were as shown in Table 1. 'The most obvious and 
surprising result is the appearance of a very large 
resonance at  0.715 eV in 249Cf0  This resonance has a 
full width at  half nlaxiiiluni of 0.15 eV and a peak 
which is approximately 4000 b. Previous measure- 
ment$ u t i l i h g  an underground nuclear explosion as a 
pulsed neutron source have becn made down to -20 
eV. We found 11 new resonances between 0.31 and 20 
eV, including the large rcsonance mentioned above. In 
general a comparison of these data from 20 eV to 2 keV 
shows good agreement. Unresolved data up to  -1 PdcV 
were obtained in the present measurements. 

Table I .  'l'ime-of-flight '"crnnch" piOpAn1 parameteis 

Starting lime No. of Channel width Starting 
(/Jsec) channels (nsec) channel 

0 
32 
64 

128 
256 
512 

1024 
1280a 

2000 16 0 
1000 32 2000 
1000 64 3000 
1000 128 4000 
1000 256 5000 
1000 512 6000 
250 1024 7000 

724gb 

aClock reset at 1245 psec  (1250 psec between accelerator 

bEnding channel of data storage. 
pulscs). 
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Analysis of the data has been delayed by the work on 
polarircd neutrons on polarized fissionable targets7 but 
is n o w  in progress. 
- ..................................... __ 

5. Purchascd by 1.0s Alamos Scientific hbora to ry  from solid. 
State Radiations, Inc., 226 1 S. Carmelina Ave., LOS Angeles, 
Calif. 90064 (model 600-PIN-1 25). 

6 .  M. G. Silbert. LASI.  report LA-5042-MS (to be published). 
7. G. A. Key-worth et al., "Studies of 235U and 237Np 

(Subthrcshold) Fission at OKELA, Using Polarized Neutrons 
and Polarized Targets," this report. 

1 .  Chemistry Division. 
2. Instrumentation and Controls Division. 
3. Los Alarnos Scientific Laboratory. 
4. Phys. Div. Annu. Pi-ogr. Rep.  Dec. 31, 1971, ORNL-4743, 

p. 88 .  

ASYMMElXK FISSION IN THE TWO-CENTER MODEL1 

M. C .  blustafa.' U. Mose13 El. W. Schtnitt 

Four-dimenrional potential energy surfaces have been 
calculated in the asymmetric two-center model for ~ 

''' Fm, '' Fm? 2 6 4 F m ,  and 236u.  Symmetric fission 
is found to be preferred in 2 5 8 F ~ ~ ,  consistent with a 
recent observation; sylnmetr;c inass division is strongly 

' ' Fnl ", for which the fission pat'' is 
investigated in more deta.il. The development of 

asymmetry in the fission of 2 3 6  U is described. 

1. Abstract of published paper: Pjzyly~. Rev. Lett. 28, 1536 

2. Visiting scientist from Pakistan Atomic Energy Commis- 
(1972). 

sion, Karachi, Pakistan. 

fur lhecretische Physik, Universitxt Giessen, Gicsren, Ccnnany. 

preferred in 2 6  4Frr1' Asylnn'etric fission is preferred in 3.  University of Washington, Soattlc; addrcss: Inst,tut 
in ' 

ASYMME'TRY IN NUCLEAR FISSION' 

M. G. Mustafa' U. Mose13 H. W. Schmitt 

The two-center shell rnodcl for fission has been 
gen"cali7.ed to include asymmetric deformations. The 
calculation of the potential energy involves four inde- 
pendent shape variables, where only two were required 
in the symnietric calculations. Potential energy calcula- 
tions have been carried out for "'Pb? 210Po ,  2 3 6 U ,  
248Cin, "'Frn7 2s8Fm,  and 264Fn1. Asymmetric 
fission is found to be energetically preferred in 2 3 6 U ,  
24 Cm, and " Fin: and syinrne tric fission is preferred 
in "'Pb, ' loPo. '"Fm, and 2 6 4 F m .  Two of these 
nuclei, namely, ' U and ' I 'Po, have been studied in 
detail. It is seen that the asymmetry in 2 3 6 U  remains 
almost constant from the second saddle to  scission, 
whereas in '"Po (and also in '''Pb) the preferred 
shape changes from asymmetry in the region of the 
second saddle to symmetry in the region of scission. 
The results for fernliuni isotopes indicate that there is a 
transition from asymmetric fission in the lighter 

fermium isotopes to syinmctric fission in the heavier 
ferriliurii isotopes. The preference for synirnetric mass 
division in 2 6 4  F n  is very strong, since two double- 
magic ' 2;Sn8, fragments are formed at  symmetiy. In 
general: the structures which appear in the potential 
energy surfaces are the results of  an interplay between 
compound-nucleus shell structtrre, fragirreiit shell struc- 
tures, and liquid-drop-model energies. Comparisons of 
our results with experimental observations indicate that 
the observed mass distribution is correlated with the 
potential energy surface in the neighborhood of 
scission. 

1 .  Abstract of papcr submitted for publication in Physicu[ 
Review C. 

2. On leave from the Atomic Encrgy Centre, Dacca, 
Bangladesh. 

3 .  University of Washirigton, Seattle; present address: Institut 
fur Theoretische Physik, IJniveisitat Ciessen, Giessen, Germany. 

POTENTIAL ENERGY FOR THE FISSION OF A SUPERHEAVY NUCLEUS 

M. G. Mustafa' U. Mosel' €I. W .  Schrnitt 

The exis ier i (~ o f  an island of stable superheavy nuclei predicted by theoretical calculat~ons.~ For the last 
111 the regmn of L = 114 m d  N - 184 hay been several years extensive s m d i e s  have been made both 
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to  find them in nature and to  produce them in the 
laboratory. Although no conclusive evidence for their 
existence has yet resulted out of these attempts, the 
theoretical investigation of the properties of these 
nuclei, for example, spontaneous fission and other 
decay modes, and the experiruental searches have been 
contioued. We are here investigating the potential 
energy for fission of the nucleus t 7 $XI  8 4, which has 
been predicted to be a double-closed-stiell nucleus aiid 
the most stable one in the island o f  superheavy nuclei. 

Our investigation consists of calculations of the 
potential energy of this nucleus as a function of four 
deformation variables. Tlie general nature of the shape 
par;imeterii.ation permits sj.udy of a suitably broad 
range of shapes, including both synirrietric and asyrn- 
metric degrees of freedom, from the ground state of a 
nucleus to the scission region. We have used the 
Strutinsky shell-correctiori rnet110c14 in our two-cen ter 
model for fissioning nuclei, as reported p r e v i ~ u s l y . ~  

Kesults show that reflection-symmetric shapes are 
energetically preferred all along the miniinurn-po tential- 
energy path in the potential surface for fission of 

; however, the potential is soft toward asym- 
metry along the entire path. The first barrier is much 
higher than the second, and the second minimum is 
shallow. 

:i XI 

1. On leave from the Atomic Energy Centre, Dacca, 

2. Nuw at the Imtitut fur Theoretisclie Physik, Uriiversitit 

3. W. 11. Myers and W. J. Swiiitecki, Nud.  fliys. 81, 1 (1966); 

4. V. M. Strutinsky, Sud .  Phys. A95, 420 (1967); A122. 1 

5. M. 6. Mustafa, IJ. Moscl, and 11. W. Schmitt, Phyhys. Rev. 

Bangladesh. 

Giessen, Giessen, Germany. 

I-1. Meldner, unpublished (1965). 

(1 968). 

Lett. 28, 1536 (1972);Phys. Rrv.  C(in press). 

DEPENDENCE OF FISSION MASS ASYMMETKY ON 'THE INTERNAL EXCITATION 
ENERGY OF THE FISSIONING NUCLEUS 

M. G. Mustah' 

Introduction 

The observed mass asymmetry in the spontaneous and 
low-energy nuclear fission of heavy nuclei decreases 
with increasing interrial excitation of the cornpound 
fissioning nucleus. The yield of fragments in the valley 
o i  the asynlme tric inass distribution for actinides 
increases with increasing excitation energy and finally 
reaches a yield comparable with that in the asymmetric 
peaks, after which the mass yield distribution is peaked 
at  syrnrnetry. Recent theoretical ~ t u d i e s ~ - ~  have shown 
that the mass asyrnrnetry at low cornpound-nucleus 
excitation energy can be related directly t o  nuclear shell 
eflects. We have therefore begun an investigation of the 
dependence of shell effects on internal nuclear excita- 
tion and to see how this influences the effective 
potential surface for fission and hence the mass yield 
distribution. 

We assume that internal excitation in a nucleus gives 
rise to  a probability distributiorr for the occupation of 
the single-particle levels and that this distributiori may 
be represented by a Fermi distribution function: 

wheie en is the energy of a single-particle level. cr; is the 

H. W. Schmitt 

Fernri energy, and T is the nuclear temperature. Such a 
function would exist for both protons arid neutrons. 

In this forinulation, when 7' > 0, all energy levels 
from zero to  infinity will have an occupation prob- 
ability associated with them and should therefore be 
taken into account: since this is itnpractical in the 
required numerical procedures, we introduce a cutoff a t  
530 single-particle levels. Thus far. this semis to suffice. 

In  our preliminary investigations to date, we have 
carried out calculations for two values of the asytn- 
inetry parameter2 X in the fission of 2 3 n U ,  namely, 
1 l 8 / l l 8  and 140196, and have calculated the shell 
correction AUT and total potential energy V near 
scission as a function of tempcrature. Pairing effects 
have been neglected in calculations to  dale. 

Tlie Model 

In accoid,mx with the above assumptions, we can 
write the su tn of single-particle energies of the excited 
nucleus ds the sum of two terms, one for protons and 
one foi neutrons, of the form 

m 
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where e, is the energy of a single-particle level for a 
given nuclear shape; these values are obtained from our 
two-center model which, in turn, make 
use of the Strutinsky pre~cr ip t ion .~  I’he Fermi energy 
eP7’ i s  different for protons and neutrons and is de- 
termined for each type of particle and for each tem- 
perature by the conservation of particle number N ,  
that is, 

‘The smoothly varying part of the total energy (pro- 
tons or neutrons) i s  given by a formula analogous to  
that of thc usual Strutinsky prescription3 but incorpo- 
rating the Fermi function as follows: 

where zFFT is the Fermi energy of the smooth distribu- 
tion of levels and is determined by proton or neutron 
conservation: 

Thc function g(~, E , )  is the usual Gaussian smoothing 
function used in the Strutinsky prescription, given by 

where 

H,,,(x) arc lIermite polynomials: these differ from the 
usual Hermite fimction in that each HI,, i s  normalized 
to unity with a suitable Gaussian weighting factor y. 
The suiniiiation over in extends only to p ,  which 
defines the order of the shell correction. The quantities 

y and p are not physical qiuantities and must be chosen 
so that over sonle range the smooth energy, E,, is 
independent of them. For T = 0, the values of y = I .2 X 
41 M c V / A ” ~  and p 6 are nearly optimum choices,2 
and we have used these vali.ies in the calciilations to 
date. 

We may now define the shell correction 5 0 ; .  at 
temperature T as 

-1 

S U ,  (ET ~ E T )  p r o t o n s  + ( E ,  ~ ~ T ) n e u t r o n s  . (5) 

For T = 0, Eqs. (1-5) reduce to those of the standard 
Strutinsky prescription.2 

The effective total potential energy a t  a given 
temperature i s  given by 

where E,  D M  is the liquid-drop-inodel energy. 

shape may be obtained from the relation 
The internal excitation energy Ex for a given nuclear 

E =(E. 
x 1’ ‘Tdprotons +(ET ~. E T O I n e u t r o n s  (7) 

where E T ,  for protons or neutrons is the suin of 
single-particle energies up to the usual (7’ = 0) Fermi 
surface. 

Calculations and Results 

Preliminary calculations based on the above inodel 
have been carried out for the fissioning nucleus 2 3 6 U ,  
for shapes near scission. We have used the same 
computer program as was used in our earlier two-center- 
model calculations2 t o  generate the single-particle 
energies for shapes corresponding to D = 2.5 fm, h =  
1 l S / l l S  and D - 2.4 fm, h = 14.0/96. The quantity D is 
the neck radius, and X is the volume ratio of those 
portions of the nucleus on either side of the neck plane. 
(The reader is referred to th.e longer paper of ref. 2 for 
an explanation of the shape parameterization and other 
details of the calculations.) 

The purpose of the calculations reported here, which 
are carried out for shapes near scission ( D = 2 . 5 ) ,  is to  
compare the effective potential energy as a function of  
ternperature for a symmetric shape (X = 1 l S / l l S )  with 
that for the asymmetric shape (h  = 140196) that 
corresponds to the miniinurn T = 0 potential energy 
valley. 

Results are shown in Fig. 1. The lower part of the 
figure shows the total. potential energy, V, given by Eq. 
(61, as a function of nuclear temperature in MeV. The 
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corresponding shell correction, SU,, given by Eq. (5) 
and excilaiion energy, E x ,  given by Eq. (7), are shown 
in the niiddlc and upper parts of the figure. I t  is 
significari t h a t  for both cases the sliell coirecl.ion 
approaches ~ e r o  ;IS the temperature increases, arid 
finally, at  T = 4 to 5 MeV, it essentially vanishes. The 
total potential energies for the two shapes cross a t  7'- 
1.7 MeV. 

If the potential energy dominates the fission process 
(i.e., if dynnniic effects do not affect the course of the 
process) and if the scission regon is riiost irnportaiit in 
deterinining the mass division, then the inass distri- 
bution might be expected to become syrnmetric a t  T z  
1.7 MeV. 

The results shown here do not include any pairing 
effects, however, and more complete calculations, 
which will include pairing and will be carried out  over a 
wider ratige of both symmetric and asymmetric shapes 
frum ground staie to scission, are clearly required 
before we draw firm concluioris. 

1 .  On leave from the Atomic Energy Centre, Dacca, 
Bangladcsh. 

2. M. G. Mustafa, U. Mosel, and H. CV. Schmitt, Phys. Rev. 
Lett. 28, IS36 (1972); Phys. Rev.  C (in press). 

3. V. M. Strutinsky, iVid Phys. A95, 420 (1967); A122, 1 
(1 96 8). 

4. P. Mdllcr arid S. G .  Nilsson, Phys. Lett. 3 1 R ,  253 (1970); 
V. v. PdShk~~ich ,  iVi~cl. phys. A169, 275 (1971); M. Bolsterli, 
E. 0. Fiset, 1. K. Nix, and J. I,. Norton, Phys. Krv. C 5, 1050 
(1972): H. C. Pauli and 1'. Ledergerher, Nucl. Phys. A175,545 
(1971). 

Pig. 1. Preliminary results for 2 3 ' ~  for two shapes near 
scission. Calcnl3tions have been made for asymmetry (volume 
ratio) parameters 118/118 and 140/96; the neck radiusl) is 2.5 
frn for both cases. Lower part: b;ffective total potential energy 
vs nuclear temperature. Middle part: Shell-correction energy vs 
nuclear temperature. Upper part: Intcrnal excitation energy vs 
nuclear temperature. 
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REALISTIC SINGLE-PARTICLE K MATRIX FOR DEFORMED AND FISSIONING NUCLEI 

R. Y .  Cusson' D. Kolbl H. W. Schmitt 

A low-order approximation for the Brueckner- 
Goldman density-dependent and momen turn-dependent 
single-particle Hamiltonian, recently proposed by 
Meldner,2 has been used to construct a computer code 
which obtains the self.consistent shape of deformed and 
fissioning nuclei. A double-oscillator (two-centers) basis 
is used to speed u p  convergence, and a novel method 
for expanding the Coulomb and nuclear potentials in 
terms of Gaussiaos is used.3 Starting with reasonable 
nuclear matter parameters, preliminary results show 

that one can adequately predict the binding energies, 
radii, deformation parameters, and single-particle 
energies of mart  light nuclei from "[le to "Oca. Similar 
calculations for heavy and fissioning nuclei are being set 
up and will he reported in the future. 

_______ 
1. Duke Univcrsity, Durham, N.C. 
2. H. LV. Meldner, Phys. Rev. 178, 1815 (1969). 
3. D. Kolb and R. Y .  Cusson,Z. Phys. 253,282 (1972). 

SYSTEMATICS OF FRAGMENT MASS AND X<NERGY UISTRIBUTIONS FOR 
PROTON-INDUCE13 FISSION OF U,  2 3  U,  AND * IJ' 

Robert L. Ferguron2 Franz Plasil Frances Pleasonton S. C. Burnett3 1-1. W. Schmitt 

NUCLEAR FISSION: 233U@,f), 23sU(p,f), 238U@,f), E p  = 7-13 MeV; measured correlated 
fragment energies, deduced fragment mass and total kinetic energy disliibutions, averages, and 
widths, as functions of bombarding energy. 

........ ~. 

Thin targets of 2 3 3 U ,  2 3 s U ,  and 2 3 8 U  were born- 
barded with protons of several energies between 7 and 
13 MeV. Correlated energies of fission fragment pairs 
were measured with silicon surface-barrier detectors. 
Fragment mass vs total kinetic energy distributions 
were deduced, and their systematic variation with 
bombarding energy was studied. It was found that the 
yield in the valley of die mass distributions for 
symrne tric divisions increases with increasing excitation 
energy and that the peaks move slightly toward 
symmetry. The average total kinetic energy for mass 
divisions with one fragment mass 3 132 ainu was found 
to decrease with increasing excitation energy, while for 
other mass divisions little change was observed. The 

average overall total kinetic encrgy was found to 
decrease with incieasing bombarding energy, and widths 
of both the kinetic energy distributions and the mass 
distributions were found to iricreasc somewhat. I'he 
results are discussed in terms of fragment shell effects, 
which appear to persist to our highest excitation energy 
(-18 MeV), and also in terms of the two-component 
fission hypothesis. 

1. Abstract of paper submitted for publication in Phyrical 

2. Chemistry Division. 
3. Present address: U.S. Atomic Energy Commission, Wash- 

Review C. 

ington, D.C. 20545. 

FISSION OF 2 0 9 B i  BY 36.1-MeV PROTONS: SEARCH FOR AN ASYMMETRIC COMPONENT 
IN THE MASS DISTRIBUTION, AND NEUTRON EMISSION RESULTS' 

Franz Plasil Robert L. Ferguson2 Frances Pleasonton 11. W. Schmitt 
.................... .......... .- ...... 

NUCL.EAR REACTIONS, FISSION: 209Bi(p,f), E = 36.1 MeV; measured fragment kinetic CiiergiCS, 
deduced prompt t i ' s  and pre-neutioi1.emission fragment i-ildSS and total kinetic energy distributions. 

................... i 
A thin deposit of '"Ri was bombarded with tors. The mass-yield distribution obtained from these 

energies was coinpared with the radiochemical results of 
Sugihara, Roesner, and Meadows; we do not confirm 
the existence of the stnall asymmetric peak that appears 

36.1-MeV protons from the Oak Ridge Isochronous 
Cyclotron, and correlated energies of fission fragment 
pairs were measured with silicon suiface-barrier detec- 



i n  the wings of  tlieir distribution. Studies of statistical 
uncertainties and dispersion effects in our experiment 
indicate that they are not large enough to wash out 
such peaks. -1lie average nuniber of neutrons emitted as 
a ftinction of fragment illass was obtaitled frolr a 1. Abstract of paper sublrlitted for puhlication in Phdvsical 

cuinulative yield calculation and is consistent with an 
earlier nieasurernetit for 4tie-induced fission of 09Bi. 2. Chemistry l)ivision. 

Pre-ticutron-emission m i s s  and kinetic erizrgy distri- 
butions ari: presented. 

Kevirw C. 

MASS AND TOTAL KINETIC ENEKGY DISTRIBUTIONS FROM THE SPONTANEOUS FISSION OF ' Cni 

Frances Pleasonton Robert L. Ferguson' F i a n L  Plasil C. t,. Bemis, Jr.' 

' NUCLE.4R FISSION: Spontarieous fission of 2"6Crn, measured correlated fragment energies, deduced 
~ 

mass and total fragment kinetic energy distributions. 

In recent years a number of fissioning systems in the 
traiisplutc~niurri region have been studied.2 , 3  'The meas- 
urements involve both radiocherriic:il teclitiiques, in 
which yields of radioactive fissiion products are deter- 
inincd: and physical tecliniques, in which fragrneiit 
energies of correlated fragment pairs are ineasured. At  
,41gonne National Laboratory an extensive study of 
niass distributions fiorri the spotitaneoiis and neutron- 
induced fission of transplutonium elerneii ts is being 
undertaken.2 ,4 The present report presents our results 
f'rom the sporitaneous fission of * 4 6  C h i ,  which is O I I ~  o f  
the fissioning systems not investigated either a t  
At gorine National Laboratory or at  Los Alamos Scien- 
tific Laboratory. Considerable data frotn the fission o i  
other curium isotopes do, however, exist. Thus, radio- 
chemical measurements have been made for spon- 
tancous fission of 2 4  4C1n,5 and physical rneasureinents 
have beeti made for spontaneous fission of 24 *Cin2 and 

S°Cmh and also for neutron-induced fission of 
z4sCm.2 This last system is of particular interest to us, 
sirice the fissiotiirig nucleus is the same as in oiir work. 
'Thus our study can be regarded, in the liglit of the data 
f m m  othcr laboratories, as contributirtg to the sys- 
tematic study of this interesting region of fissioning 
nuclei. Extensive comparisons and correlations will be 
made with the Argotirie arid Los Alarnos data at a later 
time. 

A spontaneously fissioriirig 2'16 Crti s(iurce was made 
by depositing the material with an isotope separator 
onto a thin carbon backing foil. The thickness of the 
deposit was about 50 pg/cinz, and the thickriess of the 
car1)oii foil was 40 yg/crn'. 

'T'tie standard energy-correlatiori technique was used.' 
Pulse heights related to energies of correlated fragnierit 
pairs were measured by m a n s  of silicon surface-barrier 
detectors and were recorded event by event on m a g  

netic tape by m a i l s  of a rnultiparaine ter pulse-height 
;inalyzer. The data were processed by the method 
described in ref. 8, and a standard calibration based on 

"Cf fragments was used.' The fragrrieri t inasses were 
obtainzd from the energy data by applying the princi- 
ples of conservation of mass and muinenturn. In the 
absence of neutron-emission data for  our system, we 
were not able to  correct for the effect of neutron 
emission, and our fragment rnasses at-e tlius the "ppro- 

es of ref. 7. l'hey are, however, very 
nearly equal to  pre-neutrun-emissioti inasses for cases in 
which the two fraginerits evaporate about equal nuni- 
bers o f  neutrons atid itre riot in error by more than 
about 2 m i u  for cases o f  very unequal neutron 
evaporation. 

To obtain an indication of the overall quality of our 
data, we have performed a companion " Cf fragmerit- 
energy correlatiori experiment, using the same detectors 
and electronics. The results from the Cf experiment 
itre shown by open circles in Fig. 1. The solid line 
indicates the corresponding results ($e., results not 
corrected for experimental resolution 01- neutrori evap- 
oration) froni ref. 7. I t  can be seen that our  results have 
:I somewhat sinailer peak-to-valley ratio h n  those of 
ref. 7 .  The difference, howt:ver, is not very large and 
can be accounted for by the relatively poor quality o f  
the particular "'Cf source that was used in our 
experiment. It can be concluded that the quality of oiir 
data is roughly comparable with that of ref. 7. 

The mass-yield distributiori from the spontaneous 
fission of 246Cn1 which we have obtained is shown by 
closed circles in Fig. 1. The distribiition is iiornialized 
to 200%; and consists of about 60,00(1 events. I t  is 
evident that the valley of syrnrnetric rriass divisions i s  
considerably deeper for spontaneous fission of ' 'Cm 
thm f o r  spon1,aneous fission of ' Cf. 
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Fig- 1.  Mass dislribution from 246Cm(SF) ( d i d  points) not corrected for experimental resolution or neutron emission. The 
cuwe through the points is reflected through symmetry and normalized to 200%. 'The open points indicate corresponding results 
from our 2s2Cf(SF) comparison experiment; the light curve shows the 2s2Cf(SF) results of Schmitt e t  al., Phys. Rev. 141, 1146 
(1366). 

Table 1 gives various averages and rnis widths ob- 
tained from our distribution and compares them with 
similar nuiribcrs from ref. 4 for the neutron-induced 
fission of 245Cm and for the spontaneous fission of 
2 4 8 C m .  Given in the table are (mL) and (m,) the 
average light- and heavy-fragment masses; up?, the 
root-mean-square width of the heavy-fragment mass 
peak; ( E K ) ,  the average total fragment kinctic energy; 
and u E K ,  the rms width of the total kinetic encrgy 
distribution. None of the results are corrected for 
experiniental resolution effects. It can be seen from 
Table 1 that our results are, on the whole, consistent 
with those of ref. 4. I t  is interesting to note that bzH) 
for the curium isotopes remains in the vicinity of 140 
amu, once more reaffirming the well-known constmcy 
of the heavy-fragment group. In the mass region of 130 
to 132 ami1 the mass yield curve for 246Cm(SF) 
obtained here virtually coincides with the mass yield 
curves from numerous other systems, such as those 

Fissioning 
system hL) Gn,) a ,  (E;() aEK 

246Cm(SF)a,' 106.5 139.5 6.6 181.3 10.8 
24sCm(n,f)b 105.3 140.7 6.7 184.2 11.7 
248Cm(SF)b,c 107.0 141.0 6.6 182.1 10.5 

Urhis work. 
bFrom preprint of chap. 11 in the annual report of the 

Chemistry Division of Argonne National Laboratory for fiscal 
year 1972. 

"Preliniinai y results. 

from neutron-indiiced fission of uranium and plu- 
tonium isotopes. 

One surprising difference between our results and 
those for Cm(n,f) in Table 1 is in the values of (EK). 
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The uncertainty in EK) in our experiment is expected 
to  be less than tl MeV, and thus the two E K )  values do  
not agl-ee within experimental errors. 'I'he difference in 
excitation energy between the two cases is not expected 
to account for the discrepancy. In general, (.EK) v' 'I 1 lles 
seerri to correlate rather well with Z 2 / A ' / 3 ,  where Z 
and A are the charge and mass number o f  the fissioning 
nucleus: respectively. If the " Cm(n,J) (EK) value is 
plotted against %'/A1 1 3 ,  it falls slightly below the 
cxtrapcilated curve from neutIon-induced fission given 
in Fig. 111.3 o f  ref. 10. Our value for 246C~n(SF) falls 
slightly above the line calculated from the empirical 
relationship given by Viola,' in better agreement with 
earlier values from other spontaneously iissioning 
systems also plotted in ref. 10. These differences are 
not yet understood. 

2. 1.. E. Glenderiin, Argotine National Labordtory, private 
commiinication, 1972. 

3. Darleane C. Hoffman, Los Alarnos Scientific Laboratory, 
private communication, 1972. 

4 .  Preprint o f  chap. 11 in the annual rcport of the Chemistry 
Division o f  Argonne National Laboratory for fiscal year 1972. 

5. K. T'.  F'Lynn, H. Srinivasan, 0.  K. Manuel, and L. ti. 
Giendcnin, P h y s  Rev. C 6, 221 1 (1972). 

6. Dirrleanc C. Hoffman, George P. Ford, and John P. Halagna, 
Phys. Rev. C-'7, 276 (1973). 

7. 1-1. W. Schmitt, J. II. Neiler, and F. J. Waltcr, l'hys. Rev. 
141, 1146 (1.966). 

8. 1;. Pladl, K. L. Ferguson, F. Pleasonton, and El. W. 
Sclitnitt, to be published in Physical Review C: 

9. H. W. Schmitt, W. E. Kikei, arid C. W. Williams, Piz.>xs Rev. 
137, H837 ( 1  965). 

10.  K. F. 121ynn, ti. R.  Clark, K. 1.. Wolf. J. P. Unik. and L. 1;. 
Glendenin, in ANL-7930, p. 21. 

11. V. E. Viola, J r . , N i d  Duru A I ,  391 (1966). 

1. Chemistry Division. 

NEUTRON MULTIPLICITY DISTRIBUTIONS IN THE SPONTANEOUS 
FISSION OF 4 6  Cm, 2 4  Cm, ANI) Cf' 

R. W. Stoughton' J .  Halperin' 

The neuiron niultiplicities P(n) in the spontaneous 
fission of 246Cm,  248Cm,  and 2 5 2 C f  have been 
measurcd in a 31-k neutron counter assembly. The 
efficiency E for detection of a single neutron was 
rneasured to be 0.360, based on c- (average number of 
neutrons per fission) = 3.73 fur "'Cf spontaneous 
fission. IJsing this value of E arid assuming a Gaussian 
distribution p ( v )  for the emitted neutrons, we fitted our  
observed P(n),  corrected for small background and 
pile-up effects, to the model by the method of least 
squares in which the Gaussian width u, and ;were the 
parameters of fit. Values of p(u) were then calculated 
f rom the resulting Gaussian function. I n  the case of 

C. E. Kemis, Jr.' 

2s2C!i, our values of p(u) agree well with literature 
values: the p(v j  values for the curium isotopes have not 
been measured previously as far as we know. The values 
o f  u-for both 24bCrn and 2 4 8 C m  fall on a straight line 
through existing experiinental values for the nuclides 
2 4 2 ~ r n ,  2 4 4 ~ n i ,  and ''Cm in a plot of II vs mass 
number; our values were 2.86 rl- 0.06 and 3.13 0.06 

€1. W. Schrnitt 

Cm arid 2 4  * Cm respectively. for 2 4  6 

1. Abstract of paper accepted for publication in Nziclenr 
Science und b,'ngineering, 

2. Chciniatry Division. 

PROMPT GAMMA RAYS EMITTED LN THE THERMAL-NEUTKON-INDUCEU FISSION OF 
' U, U,  AND "Pu AND THE SPONTANEOUS FISSION OF Cf 

Frances Pleasonton Kobert I,. Fergusori' €3. W. Schrnitt 

NEUTRON FISSION: 233 IJ. 2 3 5  U: 239Pu, nth,  and 252CfsF; measured correlated ?-ray energies, 
fragtnent kinetic energics, and time; deduced average multiplicity and average energy o f  y ray? as 
functions of fragment mass. J L _______._I__.-___ 

A series of four experirnents, corresponding to four variables, fragrnent tnass and fragment total kinetic 
different fission reactions, were performed to determine energy. 'The experimental apparatus and instrumenta- 
the average energy arid average number of garnrna rays tion were identical for ;dl four experiments, and 
emitted within -5 iisec after fission as functions o i  two conditions were as nearly identical as possible. 
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The experiments were conducted at  the Oak Ridge 
Research Reactor, with a thermal-ncutron beam of 
-lo8 neutrons cm-2 sec-’ impinging on thin targets of 
2 3 3 U ,  2 3 5 U 7  and 239Pu respectively. For the fourth set 
of riieasurcments, on a 2 5  Cf spontarieous-fission 
source, the apparatus remained in position and the 
neutron beam was shut off. Details of the experimental 
arrangements are shown in Fig. 1. 

Energies of coincident fragment pairs were measured 
with heavy-ion surface-barrier detectors (ORTBC), and 
gamma-ray energies were measured with a large NaI(T1) 
detector, which was located 89 cm from the target and 
positioned coaxially with the fragment detectors. The 
time difference between detection of a fission fragment 
and a gamma ray was also measured, to  allow tinie-of- 
flight discrimination against fission neutrons. The corre- 
lated four-parame ter data were recorded and analyzed, 
event by event. 

A thorough discussion of the experimental method 
and of the procedures of analysis is included in ref. 2, 
which presents detailed results on the emission of 
prompt gamma rays from the fission of 236U.  ‘The 
prescnt report constitutes a preliminary and limited 
survey of the results obtained in all four experiments. 

Figures - 2Ll and 2b give the results for - the average 
energy Ey and the average number Ny of prompt 
gamma rays as functions of pre-neutron-emission inass. 
For ease of comparison, the results are shown as 
smooth curves without the data points; poor statistics 
in the data near symmetry preclude definition of most 
curves in the region about symmetric mass divisions. All 
of these results exhibit a sawtooth behavior, as found 
previously and discussed in detail for 3 5  U(nth,f) .2  The 
similarity of these sawtooth functions describing 
z,,,(m) and Ny(rn) to  those describing the number of 
neutrons emitted in fission, V(m), was first noted for 
2 5  Cf spontaneous fission3 and ’ U ( H ~ ~ , ~ ) . ~  In Fig. 
2c we show, for comparison, the average number of 
neutrons emitted as a function of fragment mass, 
from work by Bowman et  al.’ for 2 5  2Cf and by Apalin 
 eta^.^ for 2 3 4 ~ ,  2 3 6 ~ ,  and 240Pu.  

A striking feature of Fig. 2 is the near congruence of 
the results within each section, for all four nuclei, for 
fragment masses lighter than -105 ai-nu and heavier 
than -135 amnu. In  all parts of Fig. 2 the peaks and dips 
of the sawteeth appear at  nearly the same mass number 
for a given nucleus; also, all three functions exhibit 
steeper slopes in the heavy-fragment regions than in the 
ligh t-fragment regions. 

For the thermal-neutron-induced fissioning systems, 
the average masses for the heavy-fragment gvoups (nz,) 
are -139 or 140 a i m ,  while the average masses for the 

ORNL- DWG 74 - 40969 

Pb SHIELD 
AND 

COLLIMATOR 

LIGHT PIPE 

MAGNETIC 
SHIELD 

Pig. 1. Scale drawing of the experimental arrangements, 
Scatterkg of the gamma rays into the crystal was minimized b y  
the interior design of the lead collimator. 
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Fig. 2. (a) The average energy and (6) the average number 
V7 of gamma rays emitted as functions of fragment mass; (c) 
the average number of neutrons V emitted as functions of 
fragment mass, from Bowman et al., Phys. Rev. 129, 2133 
(1963), and Apalin et al., Nucl. Phys. 71, 553 (1965). In a11 
cases the mass A of the fissioning nucleus is used to differen- 
tiate the results of the four experiments. 

light-fragment groups (m,,) range from 95 to 100 a m i ;  
for 2 5  'Cf, (m,) - 144 aniu and (mL) - 108 amu. 
Looking at Figs. 2a and 2b, we see that average values 
of i7 and iy for the light fragments will therefore be 
greater than the average -. values ... for the .- heavy fra,ments; 
that is, gYL) > (kyFf) and (Nul,) > Wy,). In Fig. 2c, 
however, one can see that the inequality between 
average values of 9 fo r  the two groups will be reversed; 
that is (Si) < (Q. 

Figurc 3a gives the results for the aver:ige quatiturn 
energy E = Ey/iVy as a furlckion of fragment mass; only 
in  the case of 2s2CCf did the data permit us to  estimate 
this quantity through the valley of the mass distribu- 
tion. The decrease seen in C as one moves away from 

7 .  
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I I I 2.5 
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Pig. 3. (a) The average photon energy Fper  fragment; (6) the 
average neutron center-of-mass kinetic energy ij per fragment, 
from Bowman e t  al.,Phys. Rev. 129,2133 (1963). 
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Fig. 4. (a) The average total energy EyT and (6) the average 
of gamma rays emitted per fission; (c )  the total number 

average photon energy C T  per fission. 
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Table 1. Average numbers and energies of prompt gamma rays emitted in the 
fission of 234U, 236U, '40Pu, and 25'Cf 

Overall average values per fission 

kafT) ,  MeV 6.63 ?- 0.3 6.43 * 0.3 6.73 ?- 0.35 

(NyT) 6.31 t 0.3 6.51 f 0.3 6.88 I 0.35 
(Fr), MeV per gamma 1.06 I 0.07 0.99 t 0.07 0.98 t 0.07 

Average values for light- and heavy-fragment groups 

@-,,L), MeV 3.84 10.45 3.78 f 0.45 3.86 t 0.55 
(&H), MeV 2.85 ?- 0.35 2.66 f 0.35 2.86 i 0.5 

fiyL ) 3.57 ? 0.5 3.63 I 0.5 3.87 f 0.75 

(N& 2.74 t 0.45 2.88 k 0.5 3.00 ? 0.7 
(FI,), hfev per g a n m a  1.07 f 0.2 1.04 f 0.2 1.00 I 0.25 
(Gj), MeV per gamma 1.04 t 0.2 0.92 t 0.2 0.95 t 0.25 

7.06 f 0.35 
8.32 f 0.4 
0.85 t 0.06 

4.18 I 0.6 
2.88 f 0.5 
4.82 f 0.9 
3.50 t 0.85 
0.87 f 0.2 
0.82 f 0.25 

magic configurations in each fragment group may be 
attributed to a decrease in vibrational energy as the 
fragments become softer.2 

Figure 3b shows the average center-of-mass kinetic 
energy of neutrons emitted in the fission of '"Cf, 
taken froin ref. 5. Note tlie similarity between this 
curve and the F(m) curve for 2 5  Cf in Fig. 3a. 

I n  Fig. 4 the results for - the average total gamma 
energy (for both fragments) ~ average total number 
(for both .- fragiiients) - N y y 7 ,  and average quantum energy 
eT = E7T/~V-,,T per fission are plotted against the mass 
of the heavy member of the fragment pair; no  scale is 
shown for the complementary light fragment, since it 
changes with the .4 of the fissioning nucleus. The trends 
in each part of Fig. 4 can be understood by referring to 
the preceding figures. For exainple, from Fig. 3a one 
sees that the peaks in eT in the region of mN = 130 to 
133, in 1;ig. 4c, are clearly a result of the high values of 
eH and that the increases in FT in the vicinity of viH := 

150 resiilt from the increase in as the comple- 

~ 

- 

mentary masses mL = A ~~~ n z H  slide into the region nzL 
S 100 ainu. Thus. the shapes of these functions may 
also be interpreted in terms of closed-shell nuclei and 
preferred modes of deexcitation associated with the 
stiffness or softness of the fragments. 

Average values for all functions are listed in Table 1 ; 
the uncertainties include both statistical and estimated 
systematic errors other than those associated with 
anisotropy.' 

~ ~ 

I .  Chemistry Divison. 
2. F. Pleasonton, R. L. Ferguson, and I I .  W. Schmitt, Phyc. 

Rev. C 6 ,  1023 (1972). 
3. S. A. E. Johansson,Ni~d. Phys 60, 378 (1964). 
4. 1-1. R.laier-Li:ibnitz, H. W. Schmitt, and P. Armbruster, in 

Proceedings of the Syirzposiuwi on the Physics and Chemistry of 
Fission, Snkhtrrg, 1165, vol. 11, p. 143, lnternational Atomic 
Energy Agency, Vienna, Austria, 1965. 

5 .  H. R. Bowman, J. C. D. Milton, S. G. Thompson, and W. J. 
Swiatecki, Phys. Rev. 129, 2133 (1363). 

6 .  V. F. Apalin. Yu. N. Gritsyuk, 1. I*:. Kutikov, V. I .  
Lehedev, and L. A. Mikaelyan, Nucl. Phi;s. 71,553 (1965). 

LIMITS OF ANGULAR MOMENTUM IN HEAVY-ION COMPOUND-NUCLEUS REACTIONS1 

M. Blann2 Franz Plasil 

Experimentally measured fusion excitation functions momenta for nuclei surviving deexcitation of the 
for the reactions induced on 2 7 A l  with 6 O  and on 
I o 7 A g  with 2oNe are interpreted in terms of an 
equilibrium model with fission compctition during 

1. Abstract of published paper: Ph.y.s. Rev. Lef t .  29, 303 deexcitation of the compound nucleus. The rcsults of 
the calculation are in excellent agreement with experi- 2, Uepartment of Cherrli,lry, University of KochestJP, 
mental results, thereby predicting limits to angular Rochehter, N.Y. 14627. 

compound nucleus. 

-.--.I______ 

(1972). 
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PREDICTIONS FOR HEAVY-ION REACTIONS BASED ON THE 
ROTATING LIQUID DROP MODEL’ 

Franz Plasil 

‘The rotating liquid drop model has been used to 
predict ratios of complete fusion cross sections to total 
reaction cross sections for a number of heavy ions 
ranging from I 6 O  to 2 3 8 U  incident on various targets. 

fission barrier due to high angular momentum, and the 
predicted complete fusion cross sections are upper 1Y72, vol. II ,  p .  51, J. Phys., Paris, France (1972). 

limits. The sharp cut-off model was used. It was shown 
that no nucleus can support an angular momentum 
greater than 9.5 h 

- 
?‘he calculatiorl was based o*7 ‘le vanishing the 1. .4bstrL*ct of paper published in proceedings of Europearr 

Corlference on Nuclear Physics, Aix+li-Provence, jurle .. july 

EQUILIBRIUM CONFIGURATIONS OF ROTATING CHARGED OR GRAVITATING 
LIQUID MASSES WITH SURFACE TENSION. PART 11‘ 

S. Cohen’ FranL Plasil W. J. Swiatecki3 

Saddle-point and ground-state equilibrium shapes of 
idealized charged or gravitating liquid drop masses with 
surface tension have been calculated. Results presented 
include critical values of rotational parameters at which 
families of equilibrium shapes change character or cease 

Fission barriers as a function of angular rnomentiim are 
given. Effects on heavy-ion reaction cross sections are 
discussed, and the possible existence of supertlef(:)rrned 
nuclei with high angular mornerih is considered. 

_____.. 
to  exist. The results also include graphs of principal 
axcs and of moments of iriteria of equilibrium shapes, 1. Submitted for oublicdtion to Ann& of Phvsics. 
;IS well as of their energies. Emphasis is placed on the 
region relevant to  nuclei and to heavy-ion reactions. 

2. Argonne Natiokal Laboratory, A ~ ~ ~ ~ ~ , ~ ,  111. 
3.  Lawrence Berkeley Laboratory, Berkeley, California. 



5. Mijssbauer Spectroscopy 

EXPERIMENTAL TEST OF WEYL’S GAUGE-INVARIANT GEOMETRY’ 

E. G. Harris’ Paul G. €luray3 Felix E. Obenshain J. 0. Thotnson3 K. A. Villecco’ 
-. . . . .. . . . .- . . . . . . . . . .. 

Wcyl’s gauge-invariant geometry predicts that the 
periods of clocks are affected by their previous history 
in electromagnetic fields. We have used the Mossbauer 
effect to  search for such an effect with negative results. 

1 .  Abstract of paper accepted for publication in the Physical 

2. University of Tennessee, Knoxville. 
3.  Consultant from the IJniversity- of Tennessee, Knoxvillc. 

Review, 

GIANT MAGNE‘TXC HYPERFINE FIELDS OF Ni ON TETRAHEDRAL SITES OF SPINELS 

John C. Love’ Felix E. Obenshain 

The Ni nuclear garnina resonance (NGR) spectrum 
of the nickel chroinite (NiCr204) spinel shows both the 
largest magnetic dipole and electric quadrupole Iiypcr- 
fine (hf) interactions yct reported for nickel in any host 
lattice. The magnetic interaction is equivalent to an 
effective kif field of IfH := k4.10 kOe, the sign of the field 
undetermined. This number may be compared with the 
case of other Ni2+ oxide compounds such as NiO (p, 1 
= 100 kOe) aild NiFe204 (wtll = 94 kOe). I t  seems 
plausible that the unusual size of H,(6LNi) in the 
chromite is related to the fact that nickel occupies thc 
tetrahedrally coordinated A sites in this spinel, whereas 
nickel has octahedral coordination in the other cases. In 
cubic tetrahedral coordination the electronic ground 
state of Ni2+ ( 3 d 8 )  is 31- ’ lg .  which is orbitally degen- 
erate with unquenched orbital angular momentum 
(L = I ) ?  whereas in octahedral coordination the ground 
state is 3 A , g >  an orbital singlet (L  = 0). However, the 
Jahn-Teller effect (an intrinsic instability of an electron- 
ically degenerate complex against distortions that rc- 
move the degcncracy) produces a tetragonal distortion 
(c/a > 1)  at A-site Ni’’ in NiCr204,  and this completely 
quenches the orbital angular momentum I,. Thus, rather 
exact knowledge of higher order effects (such as d-p 
mixing) will be needed before an assessment of orbital 
hf field contributions can be made. 

In order to cxperimcntally investigate the origin of 
this large field, we measured the 61Ni  NGR spectra in 
the series of mixed spinels NiFe,Cr,-,O, (0 <.x < 2 ) ,  

which spans the range from the “anomalous” NiCr, O4 
to the ferrite NiFe,04. Previous studies hzve indicated 
that the Ni” ions have a preference for the octahedral 
(B)  sites in the spinel lattice, second only to  that of the 
Cr3+ ions, and that the nickel ions tend to shift from 
the A sites (at x =I 0) io the R sites as iron is substituted 
for chromium. The distribution of thc cations between 
the two sites that has been assumed in alinost all 
previous papers in this series is given by the formula 
(Ni2+, .t;e3+,)[Ni2+,Cr3+,~.*104 for 0 < x < 1,  
where the ions in parentheses are in A sites and those in 
brackets are in B sites. One notes that at  x = 1 ,  all the 
Ni’+ ions should be in the octahedral sublattice if this 
formula were correct. Our Ni Mossbauer spectra 
show a large, rather well defined (singlc-site) field of 
+44Q kOe for x = 0, as mentioned, and small single-site 
fields less than 100 kOe for x = 1.5 and 2.0. For 
intermediate values of x, two (or more) hf patterns are 
sccn, with small- and large-field components, the first 
growing in intensity at the expense of the second as x is 
increased. Thus, these spectra show directly the varying 
distribution of Ni2+ ions among the two sites. Two 
conclusions derived from our data were unexpected: (1)  
the A-site field increase? to k630 kOe for x = 0.5 and 
1 .O, the largest nickel fields yet reported, and (2) a large 
fraction, of the order of 0.3 to  0.35, of the nickel ions 
are yet found on A sites for x = 1,  in contradiction to 
the traditional formula mentioned above. The samples 
with x = 0.5 and 1.0 wei-e subsequently annealed at  

114 
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600°C: for 110 hr, and additional NGM spectra were 
accurnulatetl, but the hf pauameters were found 10 be 
essentially unchanged by the arinealing procedure. 

The source of tlie very large fields seen for saniples 
with x = 0.5 m d  1.0 is not yet known, but we suspect 
that the deviation from the +440-kOe field in NiCr204 
is due to unquenching of I ,  at A-site nickel. In the 
region 0.28 < x .< -1.3, the lattice distortion frorn 
cubic is tetragonal ((:/a < I), of opposite sign to that of 
NiCrz04.  It lias been postulated that this distortion is 
due to a collective spin-orbit interaction, which pro- 
duces such ;i distortion a t  A-site Ni2+ and thus 

maxirnizes the value of I, and tlic spin-orbit energy. 
Furher work is needed to determine the signs of these 
fields as an aid to ascertaining their origins. 

The second result, our discovery of the sensitivity of 
the “ N i  Mcissbauer effect to the cationic distribution 
in  the spinel lattice, i s  a result signiticant to the study 
of tlie magnetic structures o f  these inatcrials and will 
allow a fruitful reconsideration of the earlier work on 
bulk magnetic studies. 

1. Cldrkson College of Technology, Potsdam, N.Y. 

THE Ni M~SSBAUER EFFECT IN NICKELPALLADIUM ALLOYS’ 

John E. Tansi12 

The 67.4-keV transition f r o r n  ” Ni W:IS used t o  
obtain Mdssbauer absorption spectra with nickel- 

range 0 t o  99.5 at. ?% Pd. The source contained tlie 
parent isotope 6 1  Co, produced by the reaction 
644i(p,01)61C0, in a nonmagnetic h4Ni V (14 at. 5%) 
foil. 80 th  soiirce arid absorber were immersed in liquid 
helium. 

117 tlie ferromagnetic region, 0 t o  98 at. % Pd, tlie 
spectra showed a partly resolved magnetic hyperfine 
splittirig with a distribution of magnetic hyperfine 
fields. For each absorber a value was obtained for the 

Ni recoilless fraction, eiicrgy shift, absolute value of 
the hyperfine field, and second moment of the mag- 
netic field distribution. The ’ Ni average hyperfine 
field is negative in pure nickel ( - -~76 kOe), changes sign 
near 50 at. % Pd, and rises to a large positive value 
(t173 kOe) at 90  at. 76 Pd. Qualitative agreerrient with 
these resu l t s  is obtained with a model based on the 
assump tiori that VIl,fNi) in nickel-palladium has the 
same contributions from core polarization and bulk 
coiiduction-electron polarization as in o t h e r  nickel- 
based alloys, plus a large positive contribution from 
palladiurn atoins on neighboring lattice sites. 

palladiuiii alloy absorbers throughout the concetitr, ‘I t’ 1011 

An external magnetic field was applied to the alloys 
containing SO to 99.5 at. ‘% Pd. Frotn these nmsiire- 
inents and a model formulation of the effective field 
distriliution, it is found that tbe calculaied average 
hyperfine fields (/lhfiVi)calc are in agreement with the 
values expected for no distribution of fields, and the 
distribution width of hyperfine fields is AH = 80 k 9 
kOe in thc niidconcentratioii rmge. Froni the effective 
field behavior in a dilute Ni-Pd (99.5%) alloy, tlie nickel 
moment was determined to be 

p = [J/(J f 1 j] (0.73 I o.OS)pB . 

A large decrease of  llie ‘Ni recoilless fraction in 
dilute nickel-palladium alloys i s  interpreted as being 
caused by localized niodes of vibration clue to  the light 
nickel impurities in the heavy palladium host matrix. 
From a temperature-deperidence study of the second- 
order Doppler shift, we liave deduced the relative 
isomer shift be tween ’ Ni in 
llickel to be &,,I’d . .~ S,,Ni =: ... 23 * L.5 plsec. 

‘ Ni it1 palladium and 

1 .  Abstract of OliNI, rM 39 30 
L I*ormer student guest nssignee from Urirversity of Tcn- 

ne5$ee, Knouvillc, ORNL-NSk hvironmcntal  Program 

M6SSBAUER STUDIES OF ELECTROSTATIC HYPERFINE INTERACTIONS IN * U ,  U,  AND U’ 

Joyce Anne Mo11ai-d~ 

The nuclear gamma resoriarice (NCK) for * U, 
2 3 G  IJ, ;md 2 3 4 U  in the compourtd (U02)Rb(N03)3 has 
been est;iblistied at  4.2”K following the alpha decay of 
h02 sources. The ratios of the electric quadrupole 
inoinents of these isotopes have been determined, and 
tlie electric field gradient at the iiraniuni site l i as  been 
calculated from the data. The isomer shift in 2 3 4  U has 

been measured for both Pu02  and PuA14 sources, atid 
the change in nuclear radius between ti-ie excited and 
the ground state has been calculated. 

,. Abstract of c~KNL-TM.3931, 
2. Student guest assignee wit11 ~l~en1is try  Divisiorl froin 

University of ‘Tennessee, Knoxville. 



6. Atomic and Molecular Physics 

ELECTRON-OPTICAL FACTORS LlMlTING RESOLUTION 
KN TRANSMISSION ELECTRON MICROSCOPES' 

T. A. Welton 

A comprehensive theory is given for information 
limitation, transfer, and extraction in phase-contrast 
electron microscopy, with weak objects. This theory is 
particularly relevant to biological problems with ade- 
quately thin, unstained samples, but iireful validity 
appears to  be retained for stained samples and perhaps 
even for t h i n  (approximately) crystalline samples, in 
which gross defects have been produced by heavy 
damage. An object function is defined, representing the 
detailed pattern of retardation and attenuation pro- 
duced on the illi.iminating electron wave by the sample. 
A kernel (function of the displacement between an 
object point and an image point) is derived for the 
situation of interest. 'I'his kerne: ("point spread func- 
tion") contains the essential paraieters  of the micrc- 
scope, namely, source coherence, source energy spread, 
chromatic aberration, spherical aberration, defocus, 
astigmatism, and detector properties. I t  describcs the 
detector response a t  a given point in the image 
produced by unit value of the object function at  a given 
object point. The resulting image function (detector 
response as a function of position in the image plane) is 

nearly equal (for the case of phase contrast) to the 
result of convoluting the object function with the point 
spread function. I t  deviates by addition of a random 
function, the statistical error (noise), the formulation 
being entirely parallel to  one originally given in com- 
munication theory by Wiener. Another kernel is defined 
(analogous to that given in a different context by 
Wiener) and justified as being that function which when 
convoluted with the measured image function gives the 
best linear (and hence simple) approximation to  the 
object function. At the same time, the information 
content of the micrograph is defined, so that the 
possible gain by the above-indicated processing can be 
predicted. Detailed calculations are given of such 
information content in a variety of simple situations, 
and the whole formulation is presented with a view to 
practical, numerical processing of actual micrographs. 

1. Abstract of published paper: pp. 125.  57 in Proceedings of 
Workshop Confercnce on Microscopy of Cluster Nuclei in 
Defected Crystids (Chalk River, Canada, September. I571), 
CRNJL-622-1, ed. by J .  R. Parsons (1972). 

RELATIVE ENERGIES OF THE LOWEST LEVELS OF THE f 4 p s 2 ,  fWs2, ANDf9+'sZ ELECTRQN 
CONFIGURATIONS OF THE LANTHANIDE AND ACTINIXE NEUTK4L AI'OMS' 

K. 1,. Vander Sluis 1, J. Nugent' 

Linearization of the differences between the lowest 
levels of the f 4 p s 2 ,  f 4 d s z ,  andf9+'sZ electron config- 
urations as a function of q i s  demonstrated for the 
lanthanide and actinide series. A linear extrapolation of 
these differences estimates the energy of the lowest 
level of the 41'' 6pb.s' electron configuralivn of lute- 
tium t o  be 3.5 kilokaysers higher than the measured 
value. This deviation frolil linearity is attributed to  
expected discontinuities at the q = 0 and q = 14 ends of 
the fqd? series. In the actinide series the corresponding 

linear extrapolation predicts the lowest level of the 
5f 47p7s2  electron configiiration of lawrencium to be 
2.3 * 3 kilokaysers above the expected 5j-"6d'7s2 
ground state, after correction for a corresponding 
3.3-kilokayser deviation expected at the end of the 
actinide series. 

1. Abstract of published paper: Phys Rev. 60A, 86 (1972). 
2. Chemistry Division. 
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SYSTEMATICS IN THE RELATIVE ENERGIES OF SOME LOW-LYING ELECTRON CONFIGURATIONS 
IN THE GASEOUS ATOMS AND IONS OF THE LANTHANIDE AND ACTlNIDE SERIES' 

K. L. Vander Sluis I.,. J. Nugent' 

We observe a linear characlerisiic arid a common 
irregular characteristic in the energy differences ass* 
ciated with many lanthanide and actinide electronic 
configurations involving a change in the number of .f' 
elec troiis by 1. The differences in energy, AdE, between 
the lowest energy levels of the two principal electron 
configurations in the atoms of the lanthanide and 
actinide series exemplify these characteristics. By 
assuming that the coninion irregular characteristic 
jnvolves m l y  electrostatic and spin-orbit interaction 
energy differences between the parent f-electron core 
configurations, we obtain linearization functions one 

for tlie lanthanide series and one for the actinide series 
-'- which linearize tlie A&' daia. These same lineariza- 
tion funclions are found applicable to  the energy 
differences between all electronic configurations in- 
volving 1.he same number of f '  electrons, including the 
neutrd and the singly, tlie doubly, and the tIiply 
ionized gaseous laothanides and ;IC tinides. 

1 .  Abstract of paper submittcd for publication in the Jo~irrrcrl 

2. Chemistry Division. 
of the Optical Society ofilmericu. 

STUDIES ON THE ORlGIN OF THE 3400-cm -' -REGION lNFRARED BANDS 
OF NATURAL AND SYNTHETIC ALPHA QUARTZ 

0. C. Koppl 

The infrared spectrum of synthetic quartz in the 
3400-crn -' region differs appreciably from that of 
natural quartz, the latter having many more bands. 
These bands have been attributed to impurities in the 
lattice:-" and presumably the lack of' bands in syn- 
thetic quartz would indicate a higher purity. This 
assumption is born out by analyses5 as well as the fact 
tha t  synthetic quartz has practically replaced natural 
quartz as a source of oscillator plates in the electronics 
industry. 

I t  would seem, then, that  bands obszrved in natural 
quartL could be produced in synthetic quartz by doping 
with the appropriate impurities and that one should be 
able to  generate or  remove a band ;It will by controlling 
the nutrient ingredients. We are reporting on results of a 
series of experiments which attempt to produce in 
synthetic quartz the 3400-cm bands found in iiatur:il 
qua1 tz. 

All crystals were grown hydrothermally.637 Dopants 
were added to the nutrient quartz a t  a concentrat.ion of 
2 to 4% by weight of ihe nutrient. Infrared spectra were 
recorded with the crystal at liquid nitrogen ternpera- 
ture, because the bands are much more intense and 
sharp at  low temperatures. 

Table 1 lists various dopan1.s which have been added 
to the growth solution ;IS well as the solvent used. With 
the exception of H 3 B 0 3 ,  most of these have failed to 
produce bands that could be associated with the 
dopant. In  the case of H3BO3, we have succeeded in 
producing a band a t  3594 cin-' whose absorption 

P. A. Staats 

coefficient is reasonably sensitive t o  the concentlation 
o f  dopmt  and whose frequency IS  very close to  that of 
a band (3503 cm-I) often found in the spectra of 
riaturd quaitL. 

Figure 1 showb spectra obtained from d synthetic 
quait/ ciy~&tl grown trom pure RbOW bolution and 

'Table 1. Dopants, solvents, and nutrients used 
in synthetic quartz production 

Solvent 

NaOI-I 
NaOH 
NaOH 
NaOEI 
NaOH 
NaOH 
NaOH 
NaOH 
NaOt l  
NaOII 
CSOII 
Nigh-purity KhOH 
High-purity RbOH 
High-purity RbOH 
High-purity KbOH 
High-purity KbOH 
High-purity RbOli 
High-purity RbOII 
High-purity RbOIi 
High-purity KbOH 
High-purity RbOIl 

Nutrient __ 

Natural quartz 
Ndtural quartz 
Natural quartz 
Natural quartz 
Natural quartz 
Natural quartz 
Natural quartz 
Natural quartz 

Natural quartz 
Natural quartz 
Natural quartz 
Natural quartz 
Natural quartz 
Natural quartz 
Natural quartz 
Natural quartz 
Natural quartz 
Natural quartz 
Natural quartz 
High-purity silica glass 

Natllral q1I:iTtZ 
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Fig. 1. Infrared absorption spectra of synthetic and natural 
quartz at 7 7 " ~ .  

from a crystal grown from RbOIl doped with I-I3BO3. 
Natural quartz was used as  the nutrient in both cases. 
For comparison, the spectrum from a'sample of natural 
quartz similar to  the nutrient material is shown. The 
band at  3594cm-' caused by the 13,B03 doping is quite 
noticeable and agrees well with its counterpart in 
natural quartz. We are aware that this may be pure 
coincidence. However, two samples of natural quartz 
were analyzed by spark-source mass spectrometry, and 
the concentration of boron found was the same level as 
that found in some of the boron-doped synthetic 
crystals. While we cannot be certain that the band in 
natural quartz is caused by the presence of boron, we 
are certain that we have produced a band in synthetic 
quartz that correlates with boron content. 

The bands at 3580, 3438. and 3396 cm-' are always 
found in synthetic quartz and agree fairly well with 

bands found in amethyst' but not with bands found in 
other natural quartzes. I t  can be seen that the series of 
bands are superimposed on a broad background, which 
is generally attributed to absorption by hydrogen- 
bonded OH. The intensity of this absorption varies 
from crystal to crystal and depends to some extent on 
the dopants and solution used. 

We have had a series of crystals grown from doped 
solutions analyzed by spark-source mass spectrometry 
to ascertain whether the dopant could be found in the 
crystal. The boron results were excellent. The parts per 
million by weight that were found correlated vel-y well 
with the quantity of dopant added to  the solvent. One 
sample was doped with ' B, and the analysis showed 
' OB to  be the dominant isotope present. The titanium- 
and yttrium-doped samples showed n o  increase over 
nondoped ones. The aluminum-doped crystal showed 
an increase over nondoped samples but not by a 
significant factor. For example, the doped sample had 
90 wt  ppm AI. as compared with 30 wt ppm found in a 
crystal grown fiom high-purity RbQII and high-purity 
synthetic silica glass nutrient. where we should expect 
the aluminum content t o  be low. 

Previous w ~ r k ~ ~ ' ~  has shown that boron exists as 
BOz- ions in solid solution in alkali halides. We wonder 
whether some of the impurities in quartz might be 
present as complex ion groups instead of individual ions 
- particularly in view of our negative results when 
attempting to produce bands in the OH region by 
adding various metal ions. 

We are in the process of growing quartz crystals using 
a variety of oxygen-containing anions to see what effect 
these have on the infrared spectra in the OH region. 
-. . . . . . . . . ...... . . . . 

1. Consultant to Metals and Ceramics Division from the 
Department of Geology, University of Tennessee, Knoxville. 

2. U. I.. Wood, J.  Phys. Chem. Solids 13, 326 (1960). 
3. k:. W. J .  Mitchell and J. D. Rigden, Phil. Mag. 2, 941 

4. A. Kats,PhilipRes. Rep. 17, 133 (1962). 
5. D. B. Fraser, in chap. 2, Physical Acoustics, Principles, and 

Mcthods, ed. by W. P. Mason, Academic Press, 196%. 
6. R. A. Laudise, in Growth and Perfection of Crystals, ed. 

by R. 1-1. Doremus, B .  W. Roberts, and D. Turnbull, p. 458, 
'Niley, New York, 1958. 

7. 0. C. Kopp and G. W. Clark, J.  Crysr. Growth 2, 308 
(196%). 
8. A. Kats,PhilipsRes. Rep. 17, 201 (1962). 
9. H. W. Morgan and E'. A.  Staats, .I. Appl. Phys. 33, 364 

(1962);Spectrochim. Acta 28A, 600 (1972). 
10. I. C. Hisatsune and N. 11. Suarez, 3,ncrg. Chern. 3, 168 

(1964). 

(1957). 



119 

VIBRATIONAL DETERMINATION OF CRYSTAL STRUCTURES' 

John M. Springer' E. Silberman2 Henry W. Morgan 

Ranan  spectra of very small crystals and of oriented 
polycrystalline films have been obtained with laser 
excitation. The techniques for producing crystals at low 
temperatures, from the vapor and the liquid phases. and 
of orienting the samples will be illustrated. The series of 
crystals POX3 and PSX, (X = halogen) have been 
studied by infrared absorption and by the Ranian effect 
at temperatures down to 4°K. Analyses of the band 
splittings, frequency shifts between Ranian and infrared 
spectra, Raman polarization data, and density-. close- 

packing factors have provided structuial data on the 
crystalline phases. The structures are in agreement with 
the few previous studies made by x ray and indicate 
that a vibtational study may uniquely determine crystal 
struc ture. 

1. Abstract of chapter in book Proceedings of the Third 
Internutional Cori ferrnce oti Karnan Spectroscopy, to be pub- 
lished by Heyden and Son, Ltd., London, 1973. 

2. Fisk liniversity, Nashville, Teiin. 

PHOTOELECTRON CHEMICAL SHIFTS IN INOKGANIC COMPOUNDS' 

Gary Elder McGuire' 

Selected inner-shell ionization energies of a variety of 
inorganic compounds were examined by using x-ray 
photoelectron spectroscopy. Attempts were made lo 
relate the chemical shifts in the core level energies to  
structural and bonding properties of' the compouods. 

A n  attempt was made to use photoelectron spec- 
troscopy to distinguish groups attached in bridging and 
terrnind positions within some selected compounds. 
This study was conducted on a series of halides of 
aluminum, g;illium, indium, riiobiuni, and tantalum for 
which various x-ray crystdlographic techniques indicate 
the existence of nonequivalent halogens. From very 
simple calculations involving geonietric and electro- 
negativity considerations, it was predicied that the core 
electrons in these groups would display slightly dif- 
ferent binding energies. It w;is found that these differ- 
ences were orily enough t o  cause a small degree of 
brcxidening in the halogen spectral lines when compared 
with the halogen spectral lines of the reference com- 
pounds NaF, NaCl, arid NaBr. I t  was concluded that 
photoeleciron spectra can be used as supportive evi- 
dence for the existence of bridging and terminal gtoups 
hut that the absence of line broadening cannot be 
employed to rule out the existence of such ncinequiv- 
alerit groups, since the effect is often quite small. 

An attempt was made to determine if the structure of 
Re2S7 has nonequivalent gioups. Although the struc- 
ture of Kc,& is unknown, the sulfur spectra display 
two photoelectron peaks. Tt was determined that the 
two peaks were probably riot the result of nonequiv- 
alent positions of sulfur in Re, S 7 .  

The alkali halides were examined to ascertain the 
factors causing chemical shifts in  solid ionic coin- 
p oun (1s. This involved comparing the experiment $11 1 y 

obseived chemical shifts with theoretical values. The 
theotetical values take into consideration the change in 
valence electron density and the change in crystal 
potential. The theoretical values were found to approxi- 
mate the experimental values when appropriate radii 
were assigned t o  the constituent entities. 1t was found 
that. in general, theoretical values calculated on the 
basis of ionic radii gave better agreement with experi- 
nietit;tl values than theoretical values calculated on the 
basis of atomic radii or radii obtained from electron 
dznsity mapping. 

The treatment applied to the alkali halides was 
extended t o  t tie alkaline-earth halides of barium, 
calcium, and magnesium. I t  was found that radius 
values intemediate between ionic and atomic radii gave 
theoretical values that approxirna te the experimental 
values for the magnesium compounds, but ionic radii 
gave theoretical values that approxirnat.e the experi- 
mental values for barium and calciuni compounds. 

When this treatment was extended to a group of 
aluminum arid gallium cornporinds, i t  was found that 
the theoreticd values based on atomic radii gave better 
agreetnent with experiniental values il-tan those based 
on ionic radii. 

When this same treatment was applied to a group of 
fluoririe compounds. the theoretical values based on 
atomic radii gave the best agreement with the experi- 
mental valires. 

The 0 1s binding energies in a series of metal 
acetylacetonates were studied to observe any chemical 
shifts caused by the variaticm o f  the metal to which the 
ace tylacetoriate groups are attached. It was found that 
the 0 1s binding energies remained relatively coristant. 
which correlates with the knowti resonance in the ring 
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formed by the complex. Any alterations in electron 
dcnsity of the oxygens may tend to be spread through- 
out the ring. 

Certain oxides of uranium may be prepared in pure 
form. I t  was desirable t o  show that photoelectron 
spectroscopy can distinguish UO, , U03, and IJ308. It  
was found that uranium core electrons have slightly 
different binding energies in each of these compounds. 
It was noticed that the chemical shift observed from 
uranium metal to  the uranium oxides was much smaller 
than the shift observed in going from the metal t o  the 
metal oxide in the case of other metals. It was found 
that a uranium oxide layer may be formed with 
sufficient thickness t o  mask the pure metal underneath. 

Analogous aluminum, gallium, and indium com- 
pounds, as well as analogous niobium, tantalum, and 

tungsten compounds, were compared experimentally t o  
determine relative chemical shifts. This method was 
based on the assumption that crystal potentials of 
analogous compounds might be similar. Of the group 
111-A elements studied, aluminum was found to  give 
shifts similar to  those of gallium and larger than those 
of indium. All three of the transition elements niobium, 
tantalum, and tungsten were found to give similar 
chemical shifts when their analogous compounds were 
compared. 

__ .................... 

1. Abstract of ORNL-TM-3820. 
2. Former student guest assignee from the University of 

Tennessec, now with ORNL Analytical Chemisti-y Division. 

USE OF X-RAY PHOTOELECTRON SPECTROSCOPY 1'0 STUDY BONUING IN CHROMIUM, 
MANGANESE, IRON, AND COBAL'F COMP 

J .  C. Carver2 G. K .  Schweitzer3 'Thomas A .  Carlson4 

The photoelectron spectra of some 40 transition 
metal compounds have been measured using A1 K ,  
(1487 eV) and Mg K ,  (1254 eV) x rays. The com- 
pounds included both simple salts (halides and 
chalcogenides) and hexacoordinated complexes (cyano 
a n d  fluoro) of Cr(lIl) ,  Mn(lI~III) ,  Fe(ll,Ill), and 
Co(II1). From these data we have determined the 
chemical shifts of the core electrons and related these 
results to  a calculated charge based on Pauliag's 
electronegativities. I n  addition, multiplet splitting has 
been obtained for photoionization in the 3s shell and is 
discnssed in terms of the exchange interaction between 
the partially filled 3s and 3d orbitals. T o  help in this 
explanation, calculations were made using both (1)  

Hartree-Fock solutions of the wave functions for free 
ions and (2) a qualitative evaluation of the behavior of 
the exchange integral. The value of using x-ray photo- 
electron spectroscopy for studying chemical bonding 
for transition metal compounds is amply ilhistrated. 

1 .  Abstract of published paper: J. Cheni. Phys. 57, 973  
(1972). 

2. Former student guest assignee at ORNL from University of 
'I'ennessce supported by a National Science Foundation grant. 
Present address: Department of Chemistry, University of 
Geoigia, Athens 30601. 

3.  University of Tennessee. 
4. On loan from Cheinistry Division. 

STUDY OF THE X-RAY PHO'I'OEILEC'TRON SPECTRUM OF TUNCS'I'EW TUNGSTEN OXIDE 
AS A FUNCTION OF '~I-ILCKPJESS OF THE SURFACE OXIDE LAYER' 

Thomas A. Carlson' G .  E.  McGuire3 

The photoelectron spectrum of tungsten metal using 
A1 K ,  x rays has been studied as a function of a 
tungsten oxide layer on the surface. The photoelectron 
lines arising fi-oin the 41. shell of tungsten metal are 
clearly separated in energy from those coming from 
W 0 3 .  The ratio of the intensities of these two sets of 
lines was measured for a series of metal samples which 
were anodized to a deterniined level of tungsten oxide. 
The data were shown to be consistent with a uniform 
deposition of oxide film. 'The escape depth, or thickness 

from which half the photoelectron intensity is derived, 
was found for a 1450-eV photoelectron to be 8.9 and 
18.3 .& forW and WQ3 respectively. 

-. ............ ........ ._ 

1. Abstract of published papei-: J. Electron Spectrosc. 1 ,  161 

2. On loan from Chemistry Division. 
3. Former student guest assignee froni the University of 

( 197 2). 

Tennessee, now with ORNL Analytical Chemistry Division. 
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PRESENT AND FUTURE APPLICATIONS OF AUGER SPECTROSCOPY' 

Thomas A. Carlson2 

Because of the high scattering cross section for 
lowenergy electrons in matter, studies on the Auger 
effect have beeti somewhat limited. However, iri I W O  

situations, gases a t  low pressures and surfaces of solids, 
Auger electrons may be measured with ease. During the 
last few years. increased attention has been paid io 
Auger spectroscopy as a inearis foi- studying other 
atomic and molecular properties. With gases, Auger 
spectroscopy has been helpful in yielding information 
regarding initial excitation pheriomen;i and the nature 
of doubly charged molecules, as well as providing a 
method f w  gas analysis. With solids. Auger spectros- 

copy has become it powerful tool for surface analysis, 
especially when combined with other surface tech- 
niques such as low-energy electron diffraction (.LEED) 
and scatiriing electron microscopy. An outline of the 
present uses of Auger spectroscopy will be given, 
together with some suggestions for the future. 

I .  Abstract of paper to be published in Inpier Shel l  Iorzization 
Pfieriornma and Future Applicrrliohs, vol. IV, K. W. Fink. S .  r. 
Manson, J. hl. Palms, and P. V. Rao. cds., Teciinical Infor- 
mation Center, USAEC, Oak Ridge. r e m .  

2. On loan from Chemistry Divisioti. 

ANGULAR LNSTKIBUTION OF THE PHOTOELECTKON SPECTRUM OF C O P ,  COS, CS, , 
N 2 0 ,  H,O,AND H2S' 

Thonias A .  CaiIson2 G. E. McGtiiie.' 

Hie photoelectron spectra of the tria toniic niolecules 
CO,, COS, CSz,  N 2 0 ,  H 2 0 ,  and 11,s h ~ e  bcen 
measured as a function of tlie angle 0 between the 
direction of the incoming photon and outgoing photo- 
electron The pliotoelectron spectia h'ive been meas- 
ured with a double-focusing ele~t tostat ic  eleclron 
5pectrometer to which has been at tached a chamber 
contaning a gas discharge lamp that can be fieely 
rot'ited. (The ptioton sourcc used W A  the 21 22-eV l i e  I 
resonance h e ) .  brom the dependence of iriteniity as a 
function of 0 ,  the angular paiaineter f l  was dererrnmed 
foi each lonuation band observed i n  the photoelectron 
spectrd. A coireldtion was noted between the values 01 
6 and ttie molecular orbitals relative to the conttthtr- 

tions of oxygen arid sulfur atomic orbitals. Tndividual p 
values were also obtained for most of  the vibrational 
bands yeen in the photoeleciroa spectra. In most cases 
the vibrational structure showed little or no change in 
the aiignl;ir parameter for a given electronic state. In 
certain cases? however, such as the fourth ionization 
b;ind in CS2 , C 0 2 ,  and COS, riithei sizable changes in (3 
were observed for the different vibra tjonal bands 

1. Abstract of published paper: .I. Efwfro?z Specfrosc. 1, 209 

2 .  O n  loan fUJnl Ci.iertiistry Division. 
3 .  Fumier student gucst assjg~icc from the University of  

(1973). 

'rznnessee, now with ORNL hnalyt.ii~i1 Chcmirlrv Division. 

STUDY OF THE ANGULAR DISTRIBUTION FOR THE PHOTOELECTRON SPECTRA OF 
HALOGEN-SUHSTITUI'EI) ME'THANE MOLECULES' 

Thomas A. Carlsunz I<. M. White3 

The iniensii y of  photoelectrons ejected from 1-an- 
dornly oriented gaseous molecules as a function of the 
angle 0 between the direction of the incorning photon 
and outgoing phoi oelectron i s  given from theory t o  t ie  

I -4- (/3/2) (3//2 sin' 0 ~- I ) .  The mgular  parameter 6 is 
dependent on two factors: the photoelectron energy 
and the nature of  tlie molecular orbital from which ttie 
phot oelectrori is ejected. Angular me asureinerits should 
provide a powerful method l'or identifying an orbital 
associated wiih n given ionimtion band. The angular 

parameters (3 have been determined for  most of the 
ionization bands found in photoelectron spectra for the 
following molecules: CH3F.  CH2 F2 , CHF3. CF, , 
CH,CI, C:H2Cl, (1'I-ICl3, C C & ,  CH3Rr, and C H 3 1 .  ' lo  
obtain these results, a dispersion electroil spectrometer 
was employed, to which was attactietl a chamber 
containing a freely rotating gas discharge lamp that 
provided a directed beam of He I (584 A) radiation. An 
alteinpt is made to correlate fi  with calculated popu- 
lation densities and atornic itngular parameters. A brief 
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discussion is also made of the dependence of /3 on the Spectroscopy of Molecules, University of Sussex, 12-14 
vibrational structure. September 1972, sponsored by the Faraday Society. 

2. On loan from Chemistry Division. 
3. On sabbatical leave from Baker University, Baldwin, Kan. . . . . . ...... 

1. Abstract of paper to be publ ish4 by the Chemical Society 
as part of the General Discussion on  the Photoelcctron 

X-RAY PHOTOELECTRON SPECTRA OF ETHYLENEDIAMINE I'ETRAACETIC ACID 
AND ITS METAL COMPLEXES' 

K. L. Cheng' J. C. Carver3 rhomas A. Carlson4 

The x-ray photoelectron spectra were taken of and structures consistent with this proposal are illus- 
ethylenediaminetetraacetic acid and the following salts trated. 
and complexes: Na, H2 EDTA, Na,EL)'I'A. MgH, EDTA, _____ ......... . . . . . . . . . - 
Mg, EDrA, CaNaz EurA,  CuNa, BDrA. and 1. Abstract O f  paper to be published in Inorganic Chtwflistry. 

ZnNa,EDTA. The binding energies for the Is shell of 
nitrogen 
I'hese binding energies are believed to  be associated 
with a protonated and unprotoriated form of nitrogen, 

2. University of Missouri, KansasCity 641 10. 
3. Former student guest assignee from University of 'I'en- 

nesscc. Present address: Department of Chemistry, University of 
Georgia, ~ t h e n s  30601. 

two groups separated by about 

4. On  loan froin Chemistry Division. 

ON THE DEPENDENCE 01: 'THE X-RAY FKOOUCTSON CROSS SECTION BY 
5-MeV/amu HEAVY IONS' 

A. van der Woude' M. J.  Saltmarsh C. A. Ludemann R. L. Hahn3 E. Bichler4 

Large deviations from a 2' dependence for the x-ray 
production cross sections are found for K x rays ofTi, 
Fe, Co, Zr,  Sn, and Nd and L x rays of Sn and Nd using 
5-MeV/arnu He, C,  0 ,  and Ne ions as projectiles. At 
least in the case of the K x rays of Zr, Sn, and Nd, these 
deviations very likely reflect the behavior of  the 
ionization cross section and point out the necessity of 
adding a Z 3  term to  the expression for the ionbation 
cross section. In the other cases the uncertainty of the 

fluorescence yield prevents the drawing of any definite 
conclusions. 

I .  Abstract of paper in Inner Shell Ionization Phenomena Qnd 
Futurr Applicaiions, ed. by R. W. Fink, S. T. hlanwii, 1. M. 
Palms, and P. V. Rao, pirblished by U S A W  'Technical Infor- 
mation Center, Oak Ridge, 1973, p. 1388. 

2. Present address: Kernfysisch Versneller Instituut, 
Groningen, Netherlands. 

3. On  leave from the Chemistry Division. 
4.  Chemistry Division. 

ENERGY SHIFTS AND RELAl'lVE INTENSITIES OF K X RAYS PRODUCED 
BY SWfFT H E A W  IONS' 

M. J .  Saltmarsh ,4. van der Woude' C.  A. Ludemann 

The energy shifts of Fe, Co, Zr, and Sn K x rays section. This suggests that these phenomena can be 
produced by 5-MeV/arnu He, Co. 0,  and Ne and explained by existing Coulomb excitation theories. 
IO-MeV/amu C ions depend nearly linearly on the _ _ _ - - -  

stopping power for the bombarding ion. The s h f t s  and 
the K(3/Ka ratios show a projectile energy dependence 2. Present address: Kernfysisch Versneller Instituui, 
similar to  that predicted for the I, ionization cross Groningen, Netherlands. 

I .  Abstract of publiqhed paper: Plzys. Rev. Lett. 29(h),  329 
(1972). 
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METASTABLE STATES OF HIGHLY EXCITED HEAVY IONS' 

D. J. Pegg' P. M. Griffin I. A.  Sellin2 W. W. Smith3 B. Donnally" 

Results of a number o f  our recent experiments 
concerning spectroscopic and life time rneasurenients on 
i h e  electrons emitted by beams of excited heavy 
ions undergoing decay in flight are described. 'The majn 
results of our earlier investigations5 will be sutnrnarized 
and more recent unpublished results described. A 
substanlial number fJf  metastable autoionizing states - - -  

frequently metastable against radiative decay as well - - -  

have been identified, belonging t o  charge states of the 
various accelerated ions ranging from those containing 3 
to at  least 1 1  electrons. Oxygen, fluorine, chlorine, and 
argon beams at  energies ranging from 2 to 87 MeV have 
been used in this work. 'The copious production of a 
large number of such metastable states (all with 
lifetimes several orders of magnitude longer than  
anticipated for- Coulomb autoionization processes) was 
riot initially expected. For example, under appropriate 
conditions 51% of the emergent lithium-like charge 
state following carbon foil excitation ha:; been found t o  
exist in the highest angular mometi tum state (J = 5/2) 
belonging to the lowest three-electron quartet con- 
figuration ( 1 . ~ 2 ~ 2 ~  "P), for  all of the ions 05+,  F 6 + ,  
CI'", and Ar' '+. This state is well known to  be 
rnetastable against decay b y  both the Coulomb and 
spin-orbit interactions6 but  can decay by the spin-spin 
interaction. By combiriirig our h i g h 2  lifetime measure- 
ments with those7 on Me - and Li, the lifetime scaling 
with Z has been established. In the case of Cl'"' and 

, it is possible to  measure the electronic energies Arl s +  

of these sane  states sufticienrly accurately to test 
varjous relativistic corrections to nonrelativistic vari- 
ational energy calculations. 

A number o f  niore highly excited quartet states have 
been observed; some energies and lifetimes have been 
obtained for these. Several uriiden t i faed metastable 
autoionizing states have been produced. There is evi- 

dence that some of these belong lo heavier alkali-like 
ions such ;IS sodiuni-like Cl" . Spectroscopic and 
lifetime results on these states will be described. There 
are indications that some highly excited electrons may 
play a spectator role in the various decay processes. 

A model Tor the relatively frequent formation of 
long-lived states accoinpanylng penetration of energetic 
heavy ions in matter will be described. I t  is plausible 
that many excited heavy ions should exhibit them. It  is 
interesting to note that in the iost:ince of the decay of 
the rnetastable Ar' ions discussed previously, for 
example, a lifetime of 0.66 .t 0.04 nsec is obtained 
despite an  excitation energy of more than 2 keV 
available in the process. Many unobszrved short-lived 
states of similarly high excitation energy are pre- 
surriably created with similar probabilities. Some re- 
lations to  the work of Bohr arid Lindhards on the 
distribution of excitation will be discussed. 

1 .  Abstract of paper to be published in Aromic Physicr, 

2. C~onsultant in the Physics Division from the University of 

3. University of Connecticut, Storrs. 
4. Lake Forest College, Lake Forest, 111. 
5 .  Pjfys .  RPW.  Left .  (to be publislied); Phys. Rev. Lett, 27, 

1108 (1971); Phys. Rev. A6, 122 (1971); Book ofilbstracts, 
Seventh International Conference o f  the Physic.s of Electronic 
aiid Atomic Collisions, North-Holland Publishing Co. ~ Amster- 
dam, 197 l ,p .513 .  

6.  The papers in ref. 1 list numerous references to the 
considerable c;iilie~ theoretical arid experimcntal work cori- 

welcctroriic systems of Bow %. 
eldman M. Lavitt, and R. Novick,I'hys. Rev. L e t t  21, 

3 3 1  (1968);Phy.s. Rev.  A3, 130 (1971); I,. M. Blau, K. Novick, 
and M. Weinfldsh,Plzys. Rev. Lett. 24, 1261 (1970). 

8. W. Bohr and J. Liridhard, Kgl. Dan. Vidensk. Selsk., Mat. 
@s. Mf3dd. 28, No. 7 (1954). 

Plenum Press. 

Tennessee. 

ON METASTABLE AUTOiONiZING STATES OF HIGHLY EXCITED HEAVY IONS' 

1. A. Sellin' D. J. Pegg2 P. M .  Gliffin W. W. Smith3 

We report the electronic energies (-5.658 2 0.024 
arid -6.369 1- 0.033 keV) and electron emission 
lifetimes (0.91 -t 0.04 and 0.66 ?I 0.04 nsec) of the 
longest-lived autoionizing quartet states of lithiurn-like 
Cl''.' and Ar' '+ iotis, respectively, firmly establishing 
the energy and lifetime scaling with Z.  Observable 
relativistic corrections t o  nonrelativistic variational en- 
ergy calculations are discussed. Production of me ta- 

stable states belonging to lower charge states is dis- 
cussed, arid it is concludecl that many excited heavy 
ions should exhibit them. 
-______..____I I__ 

1 .  i\bstracl of published paper: Phys. Rev. Lett. 28, 1229 

2. Consultant in the Physics Division from the University of 

3. IJniversity olConnecticut, S torrs. 

(1972). 

'Ten nessee. 
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METASTABLE AUTOIONIZING STATES' 

1. A. Sellin2 
._.._._._ ~ 

Research on the electron decay in flight of metastable 
states of elementary atomic systems of high 
initiated at the Oak Kidge National Laboratory 111 1970. 
This paper reviews our progress t o  date and comments 

."'-iI--kbstract of paF'"r 
was Conference on  Bearn-i:oil Spectroscopy, Tucwn, Arizona, 

October 1972, and to  be published in the proceedings, which 
will be published in Nuclear Instuurnentv and Methods. 

2. Consultant in the Physics Division from the University of 
I ennessee. 

at the ,l'hird 

on capabilities and limitations of the technique. , /  

ELECTRON SPECTRQSCQPY OF FOIL-EXCITED CAkORlINE BEAMS' 

D. J. P e g 2  P. M. Griffin 

We report on a recent spectroscopic study of auto- 
ionization electrons emitted by fast foil-excited chlo- 
rine ion beams. The observed electrons originated in the 
decay of certain core-excited metastable autoionizing 
states in lithium-like and sodium-like chlorine. Such 
states are metastable since they are forbidden t o  
autoionize via the strong Coulomb interaction but 
decay instead via second-order magnetic interactions (or 
in some cases, radiatively). 

Chlorine beams from the Oak Ridge tandem accelcra- 
tor were passed through thin carbon foils (-15 pglcm') 
which served to  both strip and excite the ions. 
Electrons emitted in the decay of autoionizing states 
thus formed were energy analyzed after the foil by a 
cylindrical mirror analyzer, the position of which could 
be varied with respect to the foil t o  facilitate tirne-of- 
flight lifetime studies. Beam energies were chosen to  

I .  A .  Sellin2 W. W .  Smith3 

maximize the production of the lithium-like (CI' 4+)  

and sodium-like (C16') charge states. 
'The results of a measurement of the energy and the 

lifetime of the (ls2s2p) 4P5,2 state of C1I4+ will be 
presented. A spectriim of autoioniation electrons from 
C16 will also be shown; however, firm identification of 
many of the states of this system is at present difficult 
due to  the almost complete lack of theoretical calcu- 
lations of the energies and lifetimes of such states. 

I .  Abstract of paper presented at the Third International 
Conference on Bearn-l:oil Spectroscopy, 'Iucson, Arkona, 
October 1972, and to  be published in the proceedings, which 
will be published in Nuclerlr Instruments and Methods. 

2. Consultant in the Physics Division from the University of 
Tennessee. 

3. University of Connecticut, S torrs. 

PROJECTILE S ~ R U C T U R E  E r m C  rs ON NEON K X-RAY PRODUCTION BY FAST. 
HIGHLY IONIZED ARGON BEAMS' 

J .  R. Mowat' D. J. Pcgg3 R. S. Peterson4 P. M. Griffin I .  A .  Sellin3 

An already large yield of neon K x rays produced by a 
high-energy (60 to 80 MeV) stripped argon beam has 
been observed to  undergo a tenfold increase when the 
projectile charge state is changed from +h ( 2 p  shell full) 
to -*+I4 ( 2 p  shell empty). This increase may be 
understood qualitatively in terms of a transfer of 1s 
neon electrons to  the empty 2p shell of the more highly 
stripped ions during collisions. Other possible inter- 
pretations are also discussed. 

I .  Abstract of published paper: Phys. Rev. Lett. 29, 1577 

2. Guest assignee with the Physic< Division and faculty 

3. Consultant in the Physics Division from the University of 

4.  Student guest assignee with the Physics Division from the 

( 19'7 2). 

member from the University of Tennessce. 

Tenneqsee. 

University of Tennessee. 

BEAM FRACTIONS IN THE LOWEST QUARTE'T' METASTABLE ALJTOIQNIZING STATE 
FOR 0 5 +  AND r;6+ BEAMS AFTER PASSAGE THROUGH FOILS' 

W.  W. Smith' B. I>onnally3 D. J .  Pegg4 M. D. Brown' I .  A. Sellin4 

When fast beams of oxygen and fluorine ions are 
incident on carbon and metal foils thick enough to  

produce charge-state equilibrium, a significant portion 
of the lithium-like beam fi-aztion emerges in excited 
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target material dependences are measured and dis- 5 .  Kansar State Uriiverqity. Manhattan. 

ITvlE-DEPENDENT THEORY OF STARK QUENCHING OF 2S STATES IN HYDROGEN AND HELIUM' 

11. K. tivlt' 1 .  A .  Selliti3 

A nonperturbative time-dependent theory which gives I 

Stark quenching i n  agreement experiment 1. Abstract of pubhshed paper: p/l,vs. Rev. Ab, 508 (1972). 
2. National Bureau o f  S tandards, Washington, D.C. 
3. Consultant in the Physics Division from the University of 

for both one- and two-electron 2.S states i s  presented. 
Tbis theory differs from the conventional Bethe-Lamb 
theory of Stark quenching but reduces to  this older 
theory, for one-electron atoms only, when a well- 
known sun1 rule is applied. 

,l'el,nes,see. 

PROJECTILE STRUCTURE EFFECTS IN X-RAY PRODUCTION BY FAST, HIGHLY 
STRIPPED HEAVY lONS 

1. A .  Sellin' D. J. Peggl P. M. Griffin J. R. Mow:ir2 
W. W. Smith' R. S. Peterson4 

We plan to  follow up our recently published work on 
the large cross sections for neon K x rays by Arq' ion 
impact, with q in the range 6 t o  14. An order of 
,rlagnitude variation in an ;tlready large truss section flas 

vacancies in the incident ion. Comparisons of data for 
chlorine and argon ions at  the same velocity are 4. Graduate student from the University ofl'ennessee. 
plannetl. Evidence for strong ioni/.aiion of the target 
will be further Sxplored. 

1 .  Consultant in the Physics Divjsion from the Univercity of 

2. Guest Assignee from the University o f  Tennessee, 
rennessee. 

Knoxville. 

university of c ~ ~ ~ ~ ~ ~ , ~ ~ ~ ~ ,  storrs, 
been fourld,s dependirlg upon the number L-shell 3 ,  Oak Ridge Associated Universities, consul~ant from ttlc 

5 .  P b .  Rev. Left. 29, 1577 (1972). 

AUTOIONIZATION OF FAST HEAVY IONS. SPECTRA AND LIFETIMES 

I .  A.  Sellin' D. J. Pegg' P M .  Griffin J.  R. Mowat' W. W. Smith3 
M. D. Brown" J.  R. Macdoiialds R.  S. Peterson' 

Marly of the new electron spectrum features described ... . . . 

in our recent papers on this subject7 have recently been 
s lu t l ied  in more detaiL Analysis of this data is well 
under way. A review article on this subject will appear 
shortly in Nuclear Instruments and i!4etliods. A com- 
prehensive paper followjtig completion of the analysis 
of the new data will be submitted to  ihe Physicul 
Reuicw. Copious production of a large number o t  
lorig-lived, previously uoktiowti nonradia tive auto- 
ionizing excited levels of heavy ions continues to be the 
central interest in this work. 

1. Consultant in the Physics Uivision from the University of 

2. Guest Assignee from lhe University of Tznnassee, 

3 .  Oak Kidge Associated Ilniversities consultant front the 

4. Oak Ridge Associated Universities consultant from Kansas 

5 .  Kansas State IJniversity, Man1iatt:in. 
6 .  Graduatc student from the IJniversity of ?'ennessee. 
7. Phltys. Rev. Lett. 27, 110% (1971); 28, 1229 (1972); 28, 

I ,  I ennessee. 

Knoxville. 

University of Connecticut, Stons. 

Statc University, Manhattan. 

1615 (1972). 
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SPIN-FORBIDDEN TMNSllTlON PROBABILI'I'XES 1N METASTABLE ST'ATES 
OF 1-IELIIJM-LIKE HEAVY IONS 

I .  A. Sellin' D. J. Pcgg' P. M .  Grifi'ln J. R.  Mowat' W. W. Smith3 
M. D. Brown4 J. R. Macdonald' K. S. Peterson6 

The 1s' 'S,-ls?,p 3Pi transition is a strong feature 
of the solar soft x-ray spectrum for all abundant 
elements from carbon to  iron. The spontaneous transi- 
tion probability for this transition enters sen$itively 
into estimates of electron density in solar active regions 
based on observation of the solar spectrum for ions in 
the range Z = 6 to 10. The spin flip occurs mainly 
because of the nuclear contribution to  the spin-orbit 
interaction. We have made transition probability mea- 
surements (see Fig. l )  by the decay-in-flight method for 
F 7 +  ions and find excellent agreeinent with recent 
calculations of the corresponding lifetime (0.52 nsec). 
It is interesting to note that the scaling with Z i s  22' O ,  

mainly diie to a mixing of singlet and triplet levels -Z3 
by the nuclear part of the spin-orbit interaction. The 
ordinary Z" dependence of allowed dipole transition 
probabilities times the square of the mixture amplitude 
produces the Z'p dependence. It is also of interest to  
ilote that a SiLi detector could be used very success- 
fully to  detect the 0.73-keV line involved. 

I .  Consultant in the Physics Division from the University of 

2.  Guest Assignee from the University of Tennessee, 

3. Oak Ridge Associated Universities consultant from the 

4. Oak Ridge Associated Univeisities consultant from Kansas 

5. Kansas State University, Manhattan. 
6 .  Graduate student from the University ef Tennessee. 

Tennessee. 

Knoxville. 

University of Connecticut, S torrs. 

State Univeruity, Manhattan. 

O R N L - - D W G  73-233 

RELATIVE FOIl. POSITION k i n )  

c.I ... I. .. .~____ I . . 

a 

\ 
.... 

0 0 . 2  0.4 0.6 0.8 4.0 4.2 4.4 
RELATIVE FOIL POSITION l c m l  

Fig. 1. Semilogarithmic plot of 1s' 'so - 2s2p z3p1, 
beam. The radiation intensity vs distance, for a 15-MeV 

backgroimd is of unknown origin and is under investigation. 

HWERCHANNELING: AN AXIAL CHANNELING PWENO 

B. R. Appleton2 C .  D. Moak T. S. Noggle' J. H. Barrett' 

We have studied the behavior of 2 1.6-MeV iodine ions that hyperchanneled ions provide a new means of 
undergoing proper axial channeling (hyperchanneling) studying multiple scattering radiation damage and 
in silver. Ions of this special class traverse the ciystal 
within a single axial channel and, as a result, exhibit 

ion-atom potentials in solids. 

~ conspiclrously lower energy losses and an Order Of T A b s t r a c t  of published paper: phys. Rev, I ,q ,+ ,  28(20), 
magnitude smaller acceptance angles than ordinary 
axially channeled ions. Analysis of the results indicates 

1307-1 1 (1972). 
2. Solid State Division. 
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COLLISIONAL X-RAY EXCITATION IN SOLID AND GASEOUS TARGETS 
BY HEAVY-ION BOMBARDMENTS 

f1. 0. Lutz2 J. Stein' S. UatL3 G .  D. Moak 

Large differences have heen found in the x-ray yields 
produced by 22.5- and 48-MeV iodine io11s incident on 
solid (,,Se) and gaseous (35Br  and 36Kr )  targets. These 
differences are attributable t o  the steady-stale ex- 
citation of the penerrating ion prior to the vacancy- 
producing collision and yield in forma tion on the state 
of energe tic ions in solids. 

1. Abstract of published papcr: Phys. Rev. Lett. 28(1), 8-- 10 

2. Kernforschungsanl3ge Julich, Julich, Wzst Germany. 
3,  Chen,istrp ,,ivibion. 

(1972). 

METASTABLE AUTOIONIZING STATES iN SODIUM-LIKE CHLORINE' 

I). J. Pegg' 1. A .  Sellin2 P. M. Griffin W. W. Smith3 

We have observed mnet;utable autoionizing states long-lived component of the I82-eV peak has a lifetime 
associated with partially stripped, highly excited ctilo- >43 nsec. 
cine ions. Charge-state fraction, electron energetic, and .. . 

series limit arguments indicate that these states are 
primarily associated with sodium-like chlorine (el6+). 1 .  Abstract of poblished papcr: l'h,vs. Rev. Lett. 28, 1615 

( 1  973, 
\ - -  -,- 

but few energy-level calculations exist for firm identi- 
fication. Proniinetit peaks occur in the electron spec- 
tnim at 90 k 3, 101 + 3 ,  138 2 3, arid 182 ? 3 eV.  A 

2,  ~ ~ ~ ~ , ~ ~ l t ~ ~ , t  in the pl,ys,cs ~ , ~ j ~ i ~ ~  fron, the IJnjversity of 
'l'ennessee. 

3. lJniversity of Connecticut, Storrs 



7. Instrume tation and Experimental Techniques 

MEASUREMENT OF SURFACE CONTAMINATION USING OXYGEN-ION-INDUCED X WAYS1 

M. J .  Saltmarsh A. van der Woude' C .  A.  Ludeinann 

X rays induced by 20-MeV oxygen ions have been 
used to search for trace quantities of lanthanum on the 
surface of N E 1  crystal. The results demonstrate the 
sensitivity of method to small quantities of heavy 
elements present on low-Z matrices. 

1 .  Abstract of published paper: Appl .  Phys. Lerf. 2S(2), 6 4  

2. Present address: Kernfysisch Versneller Instituut, Uni- 
(1972). 

versiteitscornplex Paddepoel, Groningen, Netherlands. 

HYDROGEN CONTAMINATION ON THE SURFACE OF TWIN METAL. FOIL' 

M. J.  Saltmarsh G .  E. McCuire' A .  Wolfenden' 

We have used a technique based on p i- p scattering3 the beam spot diameter was approximately 1 mm. 
to measure hydrogen contamination on the surfaces of Counting times were in the range of 5 to  10 min for 
a number of thin (10 to 20 mg/cm') metal foils. The each measurement. 
measurements were performed using an 11.5-MeV The foil samples were made from three types of 
proton beam from the Oak Ridge tandem Van De stainless steel and one alloy of alumirium. The surfaces 
Graaff accelerator. The beam intensity was 2 2  nA, and were cleaned by either electropolishing or chemical 

Table 1. Surface hydrogen concentration 
In nanograms per square centimeter 
Absolute normalization error = 7% 
- 

Material 

Alrirniniim 
Fre?h 

Old 

Stainless steel, 'Ti mod. 
Fresh 
Old 

Stainless steel 19-4-S-2 
Fresh 
0 Id 

Stainless steel 17-4-A 
Fresh 
Old 

. . . . .  

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

Chemical etch Elcctropolished 

Side A Side B Side A Side B 
- ......... ~___ ..... ____ ......... 

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

28.0 * 2.8 
25.8 t 2.6 
53.5 * 3.8 

34.4 f 3.1 
37.8 f 1.5 

32.6 f 3.0 
29.2f  1.8 
25.3 t 1.7 

32.6 i 2.8 
43.5 i 2.3 

~ .......... 

.... -. ........ 

31.1 I 2.9 51.9 f 3.6 79.6 5 4.3 

41.7 k 4.4 47.5 i 2.5 925 + 24 __.I.. .......... 

33.9 i 3.0 18.7 i 1.6 17.9 f 1.3 
58.7 i 3.8 18.1 i 1.2 21.2 + 1.5 

26.0 f 2.7 19.9 f 2.3 54.5 k 3.6 
28.2 f 2.5 19.0 f 1.4 21.9 k 1.6 
33.5 f 1.7 

27.6 t 2.7 21.2 t 2.4 22.0 * 2.2 
44.6 i 2.4 16.7 i 1.2 25.9 t 1.9 

..... ________ ~ . 
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etching. One sample set was prepared three weeks prior 
to the measurements, and a second a few hours in 
advance. 

The results for all the saniples studied are shown i n  
'Table 1. The quoted errors are statistical only and do  
not include the overall normalization uncertainty of 
75%. The two values underlined correspond to large 
localized concentrations of hydrogen, presumably intro- 
duced during liatidling. 

The results for 1tre aluminum samples show such large 
varialiotis that n o  crJnclusions can he drawn as to any 
differences between samples which have different 
histories. However, in the  case of stainless steel, 
difkretices are evident. Table 2 shows the combined 
results of 311 the stainless steel samples. Clearly the 
electropolished samples we re cleaner than those wliich 

Table 2. Average hydrogen Lxmcentrations in all 
stainless steel sainpleb 

In  nano%rdinj per rqudre centimeter 
-. 

blcctropol14icd Mdteri31 Pheniical etch 

k'rzdi 31.2 + 1.2 19.2 i 0.8 
Old 34.4 ? 0.7 19.6 i. 0.6 

werz chemically etched, but  thcie was no significant 
difference between the fresh and old samples. 

1. Presidential Intern, Analyticai Chemistry Division. 
2. Metals and Ceramics Division. 
3 .  U. I>. C'ohen, C .  I,. €;ink, :ind J. H. Ikgnati. J. AppI. Phys. 

43, 19 (1972). 

HALF-VALUE THICKNESS OF ORDINARY CONCRETE FOR NEUTRONS 
FROM CYCLOTRON TARGETS' 

13. M. Butler2 I(. M. Wallace' C .  H. Fulmer 

I-ialf-value thicknesses (or half-value layers) of  ordi- 
nary concrete were determined for neutrons emitted 
frorn a variety of cyclotron beam-targe t combinations. 
'rargets of carbon, aluniinum, copper, and tantalum 
were each bombarded with beams of protoris, deuter- 
om, alpha particles, and carbon ioiis at  the Oak Ridge 
Isochronous Cyclotron. Measurements were made of 
neutron attenuation by an 80-cm-thick wall for each 
target-beam combination. For protons, deuterons, and 

alpha particles a range of bombarding energies was used; 
maximum tieutrotl energies were as high as 6 0  MeV. 
'The half-value thicknesses for neutrons from a11 of these 
particle-target combinations are it1 the range of 9 to 
10.5 crn. 

1 ,  Abstract of a paper to be published in ffcalr/, p)lysjcs. 
2. Health Physics Division. 

RADIATION LEAKAGE THKOUGH THIN CYCLOTRON SHIELD WALLS' 

C .  R .  Fulniei H. M. Butler? K.  M. Wallace' 

Thick targets of carbon, aluminum, copper, and 
tantalum were each bombarded with beanis of protons, 
deuterons, alpha particles, and carbon ions. The target 
station was 5.5 m from an 80-cm-thick ordiuaiy 
concrete shield wall. Measiirernents were niade o f  
radiation levels of fast neutrons. thernial neutrons, and 
gamma radiation on the shielded side of the wall for 
each target-beam combination. 'Total radiation levels 
due to leakage through the wall were thus detemiined 
as a function of beam intensity for targets of a wide 
range of atomic mass and for a variety of incident be;ini 
particles with energies in the range of 8 to  66 

MeV/amu. 1)euternn beams result in the highest radi- 
ation levels (for a given beam energy). Measurements on 
both sides of the wall indicate tha t  neutrons ai-e the 
principal radiation leakage through the wall. Neutron- 
induced reactions in the wall, however, result in 
significant levels of ganinia radiation on the shielded 
side of the wall which are -*SO% o f  the total rem dose. 

1. Abslract of published paper: Particle Aced. 4, 63 --f38 

2. He;ilth Physics Thvision. 
(1 97 2). 
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NEUTRON YIELD FROM A SMALL HIGH-PURITY 'Pu02 SOURCE' 

J. K.  Bair H. M. Butler 

The neutron yield from a small high-purity * *PuOz 

'Pi1 with an accuracy of 
source has been measured t o  be 1.705 X lo4 1. Abstract of paper subrllitted for publication in Nuclear 

neutrons/sec per gram of 
better than 1%. 

Techt7olw~, Technical Note. 

DELAYED GAMMA RADIATIONS FROM THE OREIA TARGET 

C. H. Johnsoii 

A scintillator of NE1 I O  is presently used t o  detect 
proton recoils from neutrons in transmission measure- 
ments at ORELA. This plastic allows for detection* of 
low-energy (2 10 keV) neutrons but not for straight- 
forward pulqe-shape discrimination against the gamma 
rays that arise from cosmic rays, from various sources in 
the target room, and from neutron inelastic scattering 
or capture in the detector and its environs. Corrections 
are straightforward for the cosmic rays and for time- 
independent radiation from the source but not for the 
other time-dependent radiations. We must measure the 
time-dependent radiations in order either to eliminate 
them or to correct for their presence. 

Here we have limited our attention to  the source 
radiations. We placed the detector at 200 m, just as in a 
normal transmission experiment, but removed most of 
the neutrons from the beam by interposing either an 8- 
or 12-in.-long polyethylene scatterer in the flight path 
at either 8 or 80 m. An 8-in.. block of polyethylene 
removes essentially all neutrons below 1 MeV and 
nearly all at  higher energies but does not seriou4y 
attenuate gamnia rays above 100 keV. For example, it 
transmits 14.5% of the 51 I-keV radiation from posi- 
tron annihilation and 397% of the 2.2-MeV radiation 
from neutron capture by hydrogen. 

With the polyethylene in place, we proceeded by 
placing various scatterers of beryllium, calcium. and 
lead in the beam and recording in each case four 
simultaneous time spectra, one for detector pulses 
above a certain integral bias and one each for three 
lower differential pulse-height  window^.^ In all we 
recorded 21 sets with four time spectra each. The 
interpretation of these spectra is different from that for 
a normal transmission measurement in that, except for 
the fast neutrons that leak through the polyethylene 
filter, the time scale represents the time-dependent 
radiation from the source room rather than the neutron 
time of flight, and the attenuation in the scatterers 
resi~lts from scattering of gamma rays rather than 
neutrons. 

N .  W. Hill' 

Figure 1 shows a typical time spectrum for pulses 
exceeding the integral bias level. This was obtained with 
8 in. of polyethylene a t  80 m and with no  additional 
scatterer. The time scale has been corrected for the 
gamma-ray transit time. The counts in the first 1.7 psec 
must be ignored because the photomultiplier was gated 
off for 1.2 ,usee and required an additional 0.5 ysec to  
recover stable operation. Furthermore, the counts out 
to about IO ysec are t o  be ignored; they arise partially 
from the  fast neutrons (>2 MeV) that leak through the 
polyethylene filter. After 10 psec the count rate falls 
uniformly; the straight solid curve is obtained by 
subtracting the time-independent background from a 
smoothed curve through the data. 

We conclude that these counts are due to 2.2-MeV 
radiation from capture of themialized neutrons in the 
source cooling water. 'The imposition of any additional 
scatterer in the beam reduces the entire curve by a 
constant factor. From 19 measurements with and 
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Fig. 1. The spectrum for high pulses in NE110 scintillator 
with 8 in. of polyethylene in the beam. 
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without scatterers, we find a decay half-life o f  17.3 ?: 
0.1 psec, and we attribute this t o  the leakage of the 
thermalized neutrons from 1.he source. From nine 
transmission nieasuremetits with two lead samples (0.25 
and 1 .O in.), we find a cross section of  15.20 + 0.3 b, 
corresponding to 2.3 f 0.2 MeV ganinia rays.4 We also 
find cross sections of  2.74 b for calcium and 0.55 b for 
beryllium, ho1.b of which are consistent4 with ganirna 
rays of about 2.2 MeV. 

The counting rate for pulses falling within the first 
differential window below the integral bias also has a 
half-life of about 17 gsec; however, the cross sections 
are all larger than above. We fitid 33.7 C 1.3,4.25, and 
0.88 b for lexd, calcium, arid heryllium respectively. 
These correspond to gamma rays of 0.71 + 0.02, 1.0, 
and 0.9 MeV. Our explanation is that these pulses have 
their origin in the 2.2-MeV radiation but that Compton 
scattering in the source gives rise to a degraded 
spectrum which is preferentially detected in this lower 
window. 

The other two lowest windows show somewhat 
differen1 spectra. Figure 2 shows the counts observed in 
the middle window under the same conditions as for 
Fig. I .  (The spectrum for the lowest window is quite 
similar.) The solid curve i s  obtained as above by 
subtraction o f  the time-independent background from 
the smoothed data. The curve appears to be approach- 
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Pig. 2. Time spectrum for pukes in a low diffeKedd1 window 
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Pig. 3. Expansion of the f irst 15 psec from Pig. 2. 

ing a slope corresporiding to the 17.3-gsec half-life, but 
it also shows pronounced peaks at early times. 

Figure 3 i s  an expanded view of  the first 15 psec from 
Fig. 2 ,  with the time charinel widths reduced a factor of 
10. Four peaks are observed. The first is to be ignored; 
it is associated with the turn-on of the photomultiplier. 
The other three at about 2.3, 4.5, and 7.5 ,usee appear 
to be real. Transmission measurements show clearly 
that. the 2.3- and 7.5-psec peaks are associated with 
gamma rays from the source or source room. l'he 
evidence for the central peak at 4.5 psec is not quite so 
convincing because, when a 1-in. lead scatterer is 
interposed to remove all but 1% of the ganima rays, a 
peak due to fast neutrons i s  revealed at  about 5 psec. 
Nevertheless, any scatterer of moderate thickness atteti- 
uates all of the peaks about the same amount, arid all of 
the evidence taken together indicates that these peaks 
all originate from ganitna rays o f  about the same 
energy. 

Transmission measureinents for the 7.5-i~sec peak 
give cross sections of 64, 5.8, and 1.2 b for lead, 
calcium, and beryllium respectively. The corresponding 
gminia-ray energies4 are 0.45, 0.5, and 0.45 MeV. 
These gatnrna rays certaitily originate in the source o r  
its enviro~is, arid probably, although not certainly, they 
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are due to 5 1 I-keV positron annihilation radiations and 
the associated CoIiipton gamma rays. 

At present we have no  explanation for the time 
dependence in Fig. 3. We see no good reason for the 
three peaks and, in fact, no  clear reasons for the long 
delays for the 0.5-MeV radiation. 

One possible explanation for the peaks might have 
been that they are electronic oscillations. To check t h s ,  
'sit' operated the detector in the beam just as in the 
above experiments and generated a random count rate 
by placing a californium fission chamber near the 
detector and counting only pulses in the NEI 10 
coincident with fission events. These data show that the 
photomultipiier recovers within 0.5 ,usee after the 
iuin-on time. 'rhus. the peaks appear to be real 
phenomena associated with the source, the source 
room, and the various collimators and shields at the exit 
to the sourcc room. 

In regard to the neutron transmission experiments, 
these backgrounds are significant but manageable. 

Differential windows can be found at  most neutron 
energies such that these backgrounds become less than 
lyi, and can be readily subtracted. At  higher energies>2 
MeV, these backgrounds might be several percent even 
for carefully selected pulse-height windows, but in 
those cases a uranium filter can be inserted to  remove 
most of the gamma rays. 

1 , Instrumentation and Controls Division. 
2. J. A .  Harvey, N.  VV'. Hill, and W. t. Kinney, Bull. ilmer. 

Pliys. Soc. 17, '101 (1972). 
3. 'The gain was set so that the Compton edge from a 

661-keV gamma-rap source situated a t  the xide of the detector 
corresponded to  a pulse of 6 0  mV at the discriminator monitor 
output. The lower sides o f  the three windows and the intcgr:il. 
level were then set approximately at  3.5, 5 ,  15, and 43 mV 
respectivcly. 

4.  E. Stoilli, E:. i;ilbert, and El .  Israel, Gamrnii-Ray Absovp- 
lion Coefficients for Elements I through 100 Derived from the 
Theoretical Valrrrs of the Notional Bureau of Standards, 
LA-2237 (1958). 

h SIMPLE METHOD FOR ACCURATE MEASUREMENTS OF 'TO TAL INTERNAL 
CONVERSION COEFFICIENTS' 

S. Rarnan 

We describe a simple method employing a Ge(Li) 
detector for determining total internal convcrsion coef- 
ficients. This method can significantly increase the 
number of accurately known conveision coefficients of 
high-multipolarity (Af, 2 3) transitions. When an iso- 
mer deexcites via two transitions in cascade, one of 
which has a small total conversion coefficient (detcr- 
mined from theory or experiment), it is possible to  
deduce the other (high) conversion coefficient by 
measuring relative photon intensities only. This method 

is demonstrated by measuring the total conversion 
coefficient of the 88.5-keV, M 4  transition occurring in 
the I 1 / 2 -  (120-day 1 2 3 T e  isomer) + 3 / 2 +  (159.0-keV 
level) + I / ? +  ( I z 3 T e  ground state) cascade. 'The 
expcrimental value is 1076 t 42, compared with the 
theoretical value of 1149. 

.......... __ ..... _I___ ..... 
I .  Abstract o f  published paper: Nucl. Instmm. Methods 103, 

407 ( 1  972). 

HIGH RESOLUTION ELECTRON MICROSCOPY PROGRAM 

R.  E. Worshani J .  E. Mann E. G. Richardson N .  F. Lieglei 

Design and construction of the field-eniission electron 
gun for the high-coherence microscope column were 
completed. The gun is designed to  produce a transverse 
coherence length of - IO00 A in the illuminating wave 
on the specimen at  energies up to  150 keV. This long 
coherence length makes possible the correction for the 
spherical aberration of the objective lens by application 
of the techniques of image analysis to  the micrographs. 

The basic structure of the gun consists of a field 
emission tip, a conically shaped two-electrode acceler- 
ating lens, an aperture, and a single condenser lens. 

Vacuum of to l o - ' '  torr, required for stable 
field emission tip operation, is obtained with a 400- 
liter/sec ion pump. A high-voltage terminal, adjacent to  
the gun, houses the power supplies for tip forming, the 
first accelerating voltage supply, and a vernier high- 
voltage supply for voltage focusing. 

The gun was set up for testing independently of the 
remainder of the microscope columri. Voltage holding 
capability to 150 kV was checked. [Field emission tips 
made of ( 1  1 Ib-oriented tungsten wire appear to operate 
reliably using only voltage foiming to  obtain stability. 
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Commissioning of the mechanical and electrical con- 
trols was completed. Further meawiements of the gun 
operating characteristics and beam bi ighttiess were in 
progiess. 

The commissioning of the superconducting ohjectivc 
lens column using the existing thermionic pun con- 
tinued Independently. 

TRACK DETECTOR CALIBRATION 

13. R. Hart, Jr.' M. J. Salltnarsh A. van der Woude' 

We have used bemis of 182MeV Ar9' and 130-McV 
Fe9' from the OKIC to irradiate a variety of malerials 
in order to  calibrate their response as track detectors. 

high natural cosmic abutidance of 5 6  Fe which is 1. General Electric Research and Development Ctmter, 
reflected in cusniic rav snectra. The materials irradiated 

the track record in lunar soil and rock froin Apollo 
XV3 and in a measurement o f  the cosniic ray spectrum 
taken during llie Apollo XVI' missio~i:~ 

'The Fe9 '- beam was of' particular interest because of the _ -- 

Sclienectady, N.Y. 12301. 
i I  

illcluded phvsphate and various plastics, carried as 
track detectors on recent Apollo missions, as well as 
saniples of lunar and terrestrial minerals. Some of the 
preliminary data have already been used in studies of' 

2. Kernfysisch Versneller Instituut, Groningen, Netherlands. 
3.  R. L. Fleisher and H. R. Wart, Jr., Phys. Rev. I,c.tt. 30, 31 

(1973,, 
4. R. Id, Flei,scher and H. R. €Iart, Jr,. to lle published in 

&rlh arid phwtuvy  Science I,mers. 

A SIMPLE x+ DETECTOR FOR ENERGIES OF 10 TO 70 MeV' 

M. J. Saltmarsh B. M. Preedom' R. D. Edge' C.  W. Dardeu 711' 

A simple IT+ detector telescope based on NE102A 
plastic scintillator has been developed for use in the 
energy range 10 to 70 MeV. The detector has a 
relatively high efficiency (275%), a useful degree of I .  Abstract of puhlished paper: Nrrcl. Inskum.  Methods 105, 
particle identification, and a resolution capability (<I 
MeV FWHM) sufficient for a number of nuclear physics 2, physics ~ ) ~ ~ ~ ~ l ~ ~ ~ ~ t ,  university of south ~ ~ ~ ~ , l i ~ ~ ~ ,  
applications using high-quality pion beams ~ such as Cofumbia. 

those which will be available at (lie Los AlarnosMeson 
Physics Facility. 

11 (L972), 

n+ DETECTOR DEVELOPMENT 

M. J. Saltmarsh E. E. Gloss C .  A .  Ludeinann B. Preedorn' 

We have continued with the development of the 71' 

detector telescope' intended for use a t  the Los hlanios 
Meson Physics Facility, exploring the effect on the 
resolution capabilities of changes in the dimensions of 
the large stopping (E)  segment. This element is a piece 
of plastic scintillator in the form o f  :I truncated cone 
which is viewed directly from the larger end by a 3-in. 
photomultiplier tube. The cone has a length I 5 in.? a -- __ 
small-end diameter d = 1 in., and a large-end diameter D 1 D FWHM 

for the positions and widths of the peaks corresponding 
to ' 2C (ground state) and I ' C *  (4.43 MeV). Figure 1 
shows ttie relevant portion of a spectrum obtained with 
the best of the scintillator geoine tries investigated. 

Table 1. Measured energy resolution (FWHM) 
of scintillator segments 

z 3 in. (in.) 
Measurements of the response o f  ;I number of 

(in.) h.1 eV Percent 

segments were made using a 67-MeV proton beam from 2.25 1.17 1.7 

13" by a thin (400 keV) carbon target and entered the 2.7s 1.09 1.6 
scintillator axially through a -in.-diam collimator 3.01) 1.12 1.7 

the ORIC. The protons were scattered ;it approximately 2.50 1.26 1.9 

placed in front of' i h e  I-in.-diam end surface. Energy 4.5 2.70 1.02 1 .s 
spectra were stored in 400-channel arrays and analyzed ...................................... 
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Fig. 1. Pulse-height spectrum wbtained with a playtic scintillaror element with 1 = 4.5 in., D = 2.7 in., and d = 1.0 in. 

In every case, several measurements were made at 
different values of the photomultiplier high voltage t o  
ensure that the system was operating in a region of 
linear response. The resolution was calculated by fitting 
Gaussian peaks to  the data and assuming a linear energy 
response between the ground and first excited states. 
Table I summariLes the results obtained for the various 
geometries. The resolution for the D = 2.50 in. 
scintillator appears to  be inconsistent with the data 
frorii the other detectors. In addition, the elastic peak, 

as seen with this detector, had a considerable high- 
energy tail. This anomaloiis behavior is presumed to  be 
due to a poor photomultiplier tube. 

From these results, we believe that we can achieve our 
goal of a T+ detector with a resolution 51 MeY for 
energies SHI M ~ V .  

1. Physics Department, University of South Carolina. 
2. Nucl. InSt1'14m. Methods 105, 31 1 (1972). 

DETERIOKA IlON OF LARGE Ge(Li) DIODES CAIJSED BY FAS I NEIJTRONS' 

P. H. Stelson. 
l'he large Ge(Li) gamma-ray detector has become a 

powerful tool for the investigation of nuclear reactions. 
Unfortunately, these detectors are quite susceptible t o  
fast-neutron damage, and this makes it difficult to  
decide whether or not to  risk using a detector to study 
reactions a t  accelerators, where fast neutrons are 
inevitably present. After ruining several detectors, we 
decided to study the problem in a controlled way. A 
30-cm3 irue coaxial diodz was systematically irradiated 
by neutrons from a plutoniirm-beryllium source. An 
increase in the width of the 2.614-MeV gamma ray 
from "*TI was first detected after an irradiation of 5 
X I O 7  neutrons/cm2. When the total irradiation had 
reached 6 X 10' neutronslcm', the peak width had 
increased by more than 50%. The irradiated detector 
was then reprocessed to  remove the damage. The diode 
was again subjected to neutron irradiation. The second 

J .  K. Dickens S. Ramao R.  C. Trarniiiel12 
curve of resolution deterioration as a function of 
neutron flux was quite similar to the first one. The 
procedure was repeated a third time with similar results. 
Thus, reprocessing a detector effectively removes the 
neutron damage at a cost of only about 10 to 15% of 
the original price. A method was also developed for 
using the gamma-ray spectrum to  evaluate the amount 
of neutron flux incident on the detector. 'The number 
of counts in the 693-keV peak [froin in, n ' )  reaction 
with the 7 2 G e  in the detector] can be multiplied by 20 
to get a rough measure of the neutron flux in neutrons 
per square centimeter. 

1. Abstract of published papcr: h'url. Instrum. Methods 88, 

2. ORTEC, Inc., Oak Ridge, Tenn. 
481L84 (1972). 
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THE MEASUREMENT OF THE ABSOLUTE TRANSPORT EFFICIENCY FOR RECOILS 
FROM HEAVY-ION REACTIONS WITH HELIUM JET SYSTEMS' 

W . - 0 .  Schmidt-Ott' R. L. Mlekodaj' C .  R. Bingham" 

The complex problems involved in the transporl of 
reaction recoils with helium jet systetns have been 
investigated. Ttie recoils 149 ,1  ''3' 'DY produced in 
the reactions 1 4 i P r ( ' J N ;  6,5,4rz) were stopped in 
helium gas and transported with the helium flow 
through Yeflon, stainless steel, and glass capillaries. 
From the recoils knocked out o f  the targel. 6.5% were 
trmsported through an 0.86-mrn-ID Teflon capillary of 
5 m length, 75% through a 2.25-111 stainless steel 
capillary. The dependence of the transport efficiency 
on various parameters was investigated. The transport 
efficiency wits increased by a small amount of carbon 
tetrachloride injected into the target chamber. 

In  order to transport the reaction products from the 
high-pressure region necessary to  stop the recoils into a 
low-pressure region where in future experiments an ion 
source can be operated, various glass-capillary-skirnrner 
system atid also a double vacuum chaniber evacuated 
by booster jet pumps have been tested. With the 

glass-capillai y-skinime r sys tern and using dit f erent ial 
pumping with mechanical pumps only, about 30% o f  
the iecoils were brought into a region with a 3 X lo3 
times smaller pressure. LJaing two booster pumps and 
the double vacuum chamber with one 1.S-mm brass 
skimmer, 46% of all the recoils were introduced into 
the second vacuum chamber, where the pressure is lo6 
times smaller than ici the target chamber. The opening 
angle of the cone into which the recoils from ttiz 
helium jef are emitted has been tneasured by radiograms 
to be 3" The double vaciiiim chambei was put oii h g h  
potential during the operation without the occuirence 
of :L gas discharge. 

1 .  Abslract of paper to  be published in Nuclear Instruments 

2. School of Chemistry, Georgia Institutc of Trchnology, and 

3 .  UNISOR. 
4. linivcrsity of 'Tennerxe, Knoxville. 

alrd Methods. 

UNISOR. 

PROPOSAL FOR A NATIONAL HEAVY-ION LABORATORY 

P. H. Stzlson 

During 1972, ORNL prepared a proposal for a 
National Heavy-Ion Laboratory. 'Twenty-two people 
from ihe Physics Division directly participated in the 
preparation of' the proposal. The abstract froin the NHL 
proposal is reprinted below. 

The Oak Ridge National Laboratory proposes to establish a 
National Heavy-Ion Laboratory with the mission t o  provide the 
nation's scietttists with beams of all ions from helium t o  
uranium. The energies of the ions will range from 100 MeV/amu 
for the lower masses lo 10 MeV/amu for the heaviest 
projectiles. Expected intensities are 1 0 ' ~  to 1 0 ' ~  ioris/sec. A 
\pecial effort is made to  assure beanis of low emittance and low 
energy spread and to provide for ease of energy variation. 

A t  the heart of the National Heavy-Ion Laboratory is a 
three-accelcrator complex. 'The nu in  accclcrator, a large sepa- 
rated-sector cyclotron, provides the second stage of ;iccelcration 
for beams injected either from a 20MV tandem or froin the 
Oak Ridge Isochronous Cyclotron IOKIC). Either the ORIC: or 
the tandem, when it is not used as the injector, is available for 
independent research suited to  its special capabilities. Thc 
proposed system is based on a combination of accelerator types 
with long histories of suzcessful use in nuclear physics. 

The Laboratory is designed to  support a variety of experi- 
ments and will be avaibabk for 1168 to all scientists in the nation. 
Sufficient experimental area (28,000 ft2) and a complete beam 
trinsport system will be provided to service 18 experimental 
stations initially, with the possibility of expanding to 25 or 
riioie. Experiment setup ar  
arc planned for the use of vi 

This proposal develops the compelling scientific motivation 
for research with fast tieavy-ion hearns. Whole new regions of 
riuclezrr behavior can be opened for study atid exploit;ition. New 
nuclear phenomena and ncw nuclear laws are to be expected; 
these ;ire important to achicve a greater understanding of 
nuclear physics and chemistry. 7'he collis~on between a fast 
heavy ion arid a target atom can literally denude the atom of its 
electrons. rhis feature of the collision process allows rnea$ure- 
ments of atomic propcrties which were formerly not possible 
and, with the lighter nvailable ions, has already led to  a number 
o f  surprising results. The "channeling" of heavy-ion beams in 
\ingle crystals is an  iniportmt experimental tool for the 

st. k inally, tlic high rate o f  energy deposition 
produced by heavy ions has interesting research possibilities for 
materials science arid biology. 

N o  less important are the possibilities opened up for applied 
research. These include radiation damage, since heavy ions 
present a grcal opportunity to simulate d:image processes 
causeit by  neutrons on time scalrs 100 times shorter than can be 
obtained in reactor irradiatiori. Interesting application$ are 
foreseen in medicine and biology because of the high L E I  
ntdiation, in the production of very sniaU pores in plastic 
material, arid in the implnnt'ition of ions tor development of 
new rolid-state devices. 

' Ihis proposal provides the scientific motivation, a description 
of the accelerators and their mode of operation, and a 
description of the building, beam transport system, cxperi- 
merital areas, and some equiptne tit. The construction of the 
I.ahoratory will take f o u r  years, and the total cost is estimated 
at $25 million. 
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A PROPOSED NATIONAL HEAVY-ION ACCELERATOR Al' OAK RIDGE' 

J .  A .  Martin E. D. Hudson R. S. Lord M. I.,. Mallory2 
Mi. T. Milner S. W. Mosko P. €1. Stelson 

The proposed National Heavy-Ion 1,aboratory will be 
provided with a multistage accelerator system inte- 
grated with the existing Oak Ridge Isochronous Cyclo- 
tron (ORIC) facilities. The main accelerator stage is to 
be a four-sector isochronous cyclotron that will provide 
beam energies up to  100 MeV/amu. Ions may be 
injected into the large cyclotron either from a 20-MV 
tandem electrostatic accelerator or from the ORIC. The 
ion energies range from 100 MeV/amu for oxygen to 10 
MeV/amu for uranium. Maximum beam intensities 
range from - I  0' 
particles/sec for uranium. The sector magnet angle for 
the cyclotron is 52". which yields radial and axial 

particles/sec for oxygen to 2 x I 0' 

focusing frequencies of v, = 1.1 to 1.2 and vz = 0.6 to 
0.8. 'i'he field-radius product of the magnet is 3018 
kG-cm at a maxjmum magnetic field of 16 kG. The rf 
system is tunable over the range 6 to 14 MHz to 
accommodate acceleration on hamonics  2 t o  11 .  
Second-harmonic resonators are provided to  increase 
the phasc acceptance and/or the energy resolution. 

.. -. . . .- _I ..-........ __ ...... 
1. Abstract of published paper: Cyclotrons ~ 1972, AIP 

Conference Proceedings No. 9 (Vancouver, Canada, 18--2 1 July 
1972), pp. 54 -62, ed. hy J. J .  Burgerjon and A. Strathdee, 
Arneiir:all Institute of Physics, New York, 1972. 

2. Chemistry Division. 

ALTEKNA ITES TO I'HE CYCLOTRON FOR HEAVY-ION ACCELERATION' 

J .  A. Martin 

The status and future possibilities for several alter- . . . . . . . . __ 
na te s  to the cyclotron for heavy-ion acceleratior, are 
discussed. Linear accelerators, both conventional and 
superconducting, tandem electrostatic accelerators, and 
the electron ring accelerator are among the accelerator 
types and concepts reviewed and compared. 

1. Abstract of published paper: Cyclolrorzs ~ IY72, AIP 
Conference Piocecdings No. 9 (Vancouver. Canada, 18 21 July 
1972), pp. 3 3  - 5 3 ,  ed. by J. J. Burgerjon and .4. Strathdee, 
Arneric;rn Inst i tute  of Physics, New york, 972. 

THE ORIC AS A HEAVY-ION INJECTOR FOR A SEPARATED-SECTOR CYCLOTRON1 

E. 1). Hudson R.  S. Lord M .  I , .  Mallory2 E'. H. Stelson 

The characteristics of the Oak Ridge Isochronous 
Cyclotron (ORIC) for the injection of heavy ions into a 
separated-sector cyclotron have been studied and found 
to be excellent. With a carbon foil between the 
accelerators, the output energy of the ORlC is suffi- 
cient to  give a stripped ion beam at least twice the 
charge state of the ORIC's extracted beam up to mass 
200. 'This allows an ideal iiiagnetic field match to a 
separated-sector cyclotron with a magnet fraction of 
0.58. The 37-MeV 40Ar4' beam from the ORIC was 
used to  test the lifetime of 20-pg/cm2 carbon foils. It 

was found that the stripping characteristic9 were un- 
changed after a total transmission of  5 X I O '  
particles/cm*. Results of the measurement of the OFUC 
beam loss as a function of pressure in the cyclotron 
tank and beam line are also presented. 

. . . ~ ~ . ~ ~  

1 .  Abstract of published paper: Cyclotrons ~ 1972, AIP 
Conference Proceedings No. 9 (Vancouver, Canada, 18-21 July 
1972), pp. 274-82. ed. by J. J. Burgerjon and A .  Strathdee, 
American lnctitute of Physics, New York, 1972. 

2. Chemistry Division. 

A MUTIACCELERATOR SYSTEM FOR HEAVY IONS' 

E. D. Hudson R.  S. Lord C. A. Ludemann M.  L. Mallory2 J.  A. Martin 
W. T.  Milner S. W .  Mosko P. H. Stelson A. Zucker 

The heavy-ion accelerator system being planned for 
the National Heavy-Ion Laboratory will provide a wide 
variety of beams and great flexibility of use. Two new 

accelerators, a four-sector isochronous cyclotron with 
an energy rating of440q2/,4 MeV and a 20-MV tandem 
electrostatic accelerator, will be integrated with the Oak 
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Ridge Isochronous cyclotron (ORIC) facility. The large 
cyclotron acts as an energy booster for ions from either 
the 20-MV taridern or the ORIC. One of the two smaller 
accelerators will always he available for independent 
research. Maximum energies and intensities of the NHI, 
beanis range from 100 MzV/amu for oxygen at 1013 
ions/sec to 10 MeV/amu for uiiintutn at -2 X IO" 
ions/sec. Beam emittance less than 10 mm-mrad arid 

energy spre'esd less than 0.1%) at full intensity are 
expected. 

1.  Abstract of paper to be published in proceedings of the 
1973 Particle Accelerator Cnnfer.erice (San I'rancisco, Cali- 
fornia, March 5 --7, 1973). 

2. Chemistry Division. 

ION STRIPPING CONSIDERATiONS FOR TANDEM-CYCLOTRON HEAVY-ION 
ACCELERATOR DESIGN' 

J .  A. Martin 
.. 1 wo-stage heavy-ion accelerat ors which employ a 

tandem electrostatic accelerator as the injector for a 
recond-stage cyclotron depend upon the use of gas or 
foil stripping between stages to increase the ion charge. 
We have systematically studied the influence of the 
variation of average charge with energy and the in- 
fluence of the appreciable widths of the charge disti-ibu- 
tions on the design of tandern-cycloti,c#i accelerators. 
Intensity vs energy results are obtained for a wide range 
of ion mass arid for various stripper combinations, 
including foils, ordinary gases, ant1 fluorocarbon vapor 
in the tandem terrninal and between the two stages. It is 
shown that to obtain good energy variation and 

P. H. Stelson 

multiparticle capability, the cyclotron injection systerii 
must be designed to provide variation of the ion 
injection radius if intensity loss is to be avoided. 
Evaluation of operation at charge states above the peak 
of the charge distribution shows sigtiificarit increases in 
energy for some cost in intemsiiy. With a 20-MV tandem 
injecting into a cyclotron with an  energy rating of 
44@2/A MeV, a 50% iricrease in energy can be 
achieved for a tenfold reduction in intensity. 

1. Abstract of paper to be published in proceedings of the 
1973 Particle Accelerator Conference (San Francisco, Cali- 
foinia, March 5 --7, 1973). 

ENERGY MULTIPLICATION BY BEAM RECYCLING 
IN AN lSOCHRONOUS CXLOTRON' 

E. I). Ehdson M. L. Mallory' K. S. 1,ord A. Zucker 
ti. G. RIosser3 

We have made an initial computer study o f a  recycling 
method for increasing the final energy of heavy-ion 
heatns from the ORIC. The systern involves simulta- 
neous acceleration of two beams. A first beam origi- 
nating either in ari ion source or external injector is 
accelerated, extracted, and reinjectcd in a higher charge 
state obtained by means of a foil located between the 
turns o f  the first-pass beam. For example, with a 20-MV 
landetn injecting into the OKIC, the energy for 2 0 8 P l ~  
after the first pass would be 1.9 or 2.3 MeV/aniu and 
after the second pass 5.2 or 6.3 MeV/;imu, depending 
on the injection charge. The requirements of this 

D. A. Johnson3 

scheme are: (1 )  sufficient dee voltage to override the 
differing inass inciea~e fdcl orb of the two beams, ( 2 )  
good beam qualily and acceleratoi stabdity tu enslire 
spatial separatiun of orbits, (3)  :in all-magnetic ex- 
traction system to a s w e  ideritical paths for the two 
beams, and (4) relatively s tandad  exteiiial beam 
separatiou ant1 reinjection equipment. 

1.  Abstract of paper to be published in proceedings of the 
1 973 Particle Accelerator Conference, San [Francisco, Cali- 
fornia, March 5 - - '~ ,  1973. 
2. Chemistry Division. 
3.  Michigan Stale {Jniversity. 

APPENDIX A :  CYCLOTKONS - 1Y72, *4VF AND FM' 

F. T. Howard 

This catalogue of cyclotron installal torib o f  the world ally varying magnetic field configurations to rrutiotain 
lists 70 of the newer-type macliiiies that use azimuth- isochronism and 17 of the i.ernaitiing older large 
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machines that use frequency modulation to accomniu 
datc the loss o f  isochronism at relativistic energies. Most 
o f  the installations have provided detailed two-page 
data reports which well describe each niachine. 

The chief activity at the higher energy range is tile 
construction of large machines with sectored magnets. 
Azimuthal field variations are being incorporated into 
one or two FM machines. In the low-enera field, 
compact isochronous cyclotrons are being supplied Strathdee, American Institute of Physics, New York, 1972. 

commercially, largely for biomedical applications. Mid- 
energy machines are increasingly active in the heavy- 
particle field. No attempt is made here to account for 
the few remaining standard fixed-frequency cyclotrons. 

1 .  Abstract of published paper: Cycloirotzs ~ 1972, AIP 
Conference Proceedings No. (Vancouver, Canada, July 
18 21, i972), pp. 689-829, ed. by J .  J .  Burgerjon and A .  

COMPIJ'TER CONTROL OF 'I'HE OAK RIDGE ISOCHRONOUS CYCLOTRQN' 

C. A. Ludemann J. M. Domaschko S. W. Mosko K. Hagcmann' 

'The controls of the Oak Ridge Isochronous Cyclotron 
are being interfaced to a computer system. The initial 
implementation of the systcm is designed to reduce the 
time for setting u p  the cyclotron between experiments 
and to closely monitor the operation of the accelera- 
tor's power supplies. The system will be cxpanded to 
include tlie monitoring and control of thc rf? beam-line, 
and vacuum systems. Later, diagnostic devices will be 
interfaced so that beam quality and intensity may be 
optimized. The operator communicates with the cyclo- 
tron via a CRT interactive display and a control console 

containing reassignable fiinction keys and LED readout 
devices. 'The computer is a Modular Computer Systems 
MCS 111/5. Operation data and program for controlling 
the cyclotron are stored on disk and magnetic tape 
lib rai-ies . 

1. Abstiact o f  paper to be published in proceedings o f  the 
1973 Particle Accelerator Conference, San Fimcirco, Cali- 
fornia, March 5 7, 1973. 

2 .  On leave from Niels Bohr Institute, Denmark. 

COMPUTEK CONTROL SYS IEM FOR THE OKK' 

C. A.  Luderriann J .  M. Doinaschko S W Mosko 

A computer control system is being implemented for 
the Oak Ridge Isochronous Cyclotron (ORIC). At the 
start of a run, operating parameters are set auto- 
matically using data stored in a disk library. Adjust- 

ments of these parameters are made thiough an 
operator-computer interface consisting of a CRT unit 
with a keyboard. An array of assignable push-button 
switches is available for fine tuning various machine 
parameters. The OMC has 43 ungrounded power 
supplies requiring adjustment resolution to within 1 
part in I O 3  to 1 part in 10' depending upon their 
function. These supplies arc controlled by reference 
voltages derived from 12- to 16-bit digital-to-analog 
converters (DAC's). A programmable comparator asso- 

ciatcd with each power supply relays information on 
power supply performance to the computer. The power 
supplies, DAC's, and comparators are isolated from the 
computer by optical couplings and blocking capacitors. 
'The control system sets and fine tunes the rf system, 
monitors and controls binary functions, switches power 
supplies to  required circuits, alerts the operator i f  any 
cyclotron parameter exceeds the spccified limits. and 
processes and storcs new run parameters. 

1 .  Abstract of published paper: Cyclotron\ . 1 Y72, AIP 
Conference Proceedings No. 9 (Vancouver, Canada, July 
18-21,  1972), pp. 500 -509, ed. by J. I. Burgcajon and A. 
Strathdee, .4rneric:aii Institute of Physics, New York, 1972. 

LIS1 OR SORT? - SOME EXPbKIENCE W!TH I'HE ORIC MULTIPARAMETER 
DATA ACQUISITION SYSTEM' 

D. C. Hensley 

'The data acquisition systcm at the ORIC is reviewed, 
and several of the data acquisition techniques used arc 

described. 'The experience of two years of data acquisi- 
tion with &IC system is disciissed, and a special effort is 



made to assess the merits and capabilities of an 
assvciative rneniory technique. A cui lent development 
in ihe programs for data acquisition IS sketched, and a 
simple giaphics techniquc For line printers is preserited 
which perrniis ploititig lhree daia points per line. 
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1. Abstract of papei to be published in the February 1973 
1E.M Trunwctions on 1VidclPar Srietire 

A NEW RF SYSTEM FOR THE ORIC' 

S. W. Mosko 

The rf system of the Oak Ridge Isochrotious Cyclo- 
tion has been convertzd from an RCA 6949 power 
amplifier to an KCA 4648 power aniplifer. The noise pel peak rf voltage. 
primaiy purpose for the conversion was to ieduce tube 
replacement cost, however, improved system perfonn- 

'Typical noise levels for ihe accelerating potential have 
been ieduced frorn about 0.05% to 0.01% peak-to-peak 

perforniance requirements wcre somewhat relaxed. fornia, March 5 - 7 ,  1973. 

CYCLOTRON LABORATORY ACCELERATOR DEVELOPMENT PROGRAM 

E. D. Hudson R. S. Lord C. A. Ludcmann M. 1.). Mallory* M. B. Marshall 
J .  A. Martin S. W. Mosko W. IC. Sinith J. PI. Uomaschko K. IIageinann' 

'The major emphasis of this program during 1972 was 
directed toward the iniplernentatioii o f  the Cyclotron 
Improvement Program, which includes installation of a 
computer control system, design and fabrication of a 
new interrial source for heavy ions, arid improvenierit of 
heavy-ion beam intensity by providing better vacuum 
with additional external and interrial pumping. The 
RCA 6949 power amplifier tube was replaced with a 
more compact higher-gain and lower-cost tube. Other 
activities include a study of some of the problems 
involved in increasing the energy of the OKIC (and 
other isochronous cyclotrotis) by recycling the beam, 
and preparation o f  the accelerator sections of the 
proposal for ;I National Heavy-Ion h b o r a t ( J r ~ . ~  Some 
effort was also devoted to developing a system for dc 
extraction of ions from the source. Some det a i  '1 s on a 
few of these items are given below. 

A Modconip If1 computer (16 bit, 24 K )  has beeri 
acquired for  control of the OKIC. It will be used 
iriitially to set arid nionitor the cyclotron magnet and 
external ion uptics power supplies according to stored 
information frorn previous nitis. A pro totype interface 
channel has been built arid is being tested prior lo 
fabrication of the complete system. 

Data have been ob tairied on heavy-ion beam attenu- 
ation due to interaction with the residual gas in the 
cyclotron vacuum tank (Fig. 1). For most be:ims a 
vacuum improvement of a factor of 10 would result in 

an increase in beam intensity of approximately a factor 
of 1 0  Mehod? of achieving lower pressure in the 
cyclotron are being studied. Five additioiul pumping 
stations have been acquired for  use in the external beam 
lines. 

The conversion of the ORIC power amplifier from the 
6948 triode to the 4648 tetrode was accomplished 
during a sixweek period in October and November. The 
new tube is only about one-h;ilf the size of the old one 

Fig. 1. Attenuation of the OKIC external beam as a function 
of internal pressure. All beams are nunnalized to 100% foi zero 
pressure. 



140 

and is quite different clectrically, requiiing substantial 
hardware nidifications. I t  has been operated over the 
whole frequency range from 7.5 to 22.45 MHz and has 
equaled the performance of the 6949 in some respects. 
Empirical optimization of the circuitry will be neces- 
sary, however, before the full capability is reali7ed. 
Power gain i n  excess of 27 dH is possible in our “grid 
driven” configuraiion without benefit of ne11 tralization 
circuitry. Drive requirements are such that in the future 
an all-solid-stiite driven amplifier is possible using the 
latest generation of power transistors. Replacement of 
the new tube can be accomplished much more simply 
than with the 69.1-9. It will no longer be necessary to 
break cyclotron vacuum and lower tile resonator from 
the crane. The cost of the conversion including the new 
tube was approximately equal to the price of a 
replacement 6949. 

Dircct current extraction from the ion source has the 
potential capability of increasing the intensity for 
beams accelerated on harmonics 3 ,  5, ‘7,9, and possibly 
1 1 .  Under normal conditions, with rf voltage being used 
for extraction of ions from the sourcc, beam intensity 
for harmonic acceleration decreases wiih incrcasing 

harmonic number. The fictors contributing to  this 
condition are the gap transit time, tlie initial starting 
phase, and the effective clectric field for ion extraction. 
If dc ion extraction is provided, the transit time for the 
first gap i s  reduccd, and, since ions are continuously 
extracted from the source, the initial starting phase and 
the elcctric field can be independently adjusted for 
optimum external beam. I n  a test, a dc extraction 
electrode was interposed between the ion source and 
the rf accelerating electrode on the dee. For an Ne’ 
beam on seventh harmonic thc external beam intensity 
was a factor of 15 greater t l i m  that obtained when the 
dc electrode was removed. The external bcarn was 
optirnizcd in each case. Application of this technique 
will provide heavy-ion beams of greater intensity for 
experiments requiring relatively low energies, for ex- 
ample, stripping foil lifctime measurements and radi- 
ation damage studies foi reactors. 

1. On loan from the Chemisiiy Division. 
2. Visiting scientist from Nicls Bohr Institute, Copcnhapi ,  

3. National Lleavy-Ion I,ahoratory a Proposal, ORNL. 
Denmark. 

October 1972. 

CYCLOTRON INTERNAL ION SOIJRCE WITH DC EX?’KAC‘TION* 

M. L. Mallory’ E. D. IIudson K. S. 1,ord 

This paper describes a method for increasing the for the Oak Ridge Isochronous Cyclotron. Use of the dc 
intensities for heavy-ion beams accelerated in iso- extraction system has increased beams of 40Ar3+ on the 
chronous cyclotrons at high harmonics (h  > 5) of  the fifth harmonic and 2 0 N e +  on the seventh harmonic 
orbit frequency. Normally, only small intensities are from the nanoaiinpere range to the microampere range. 
obtained at  high harmonics because o f  the low effective 
accelerating voltage and associated small phase accept- ......----------- 

between the ion source and the puller electrode. We 
have developed and tested a dc ion extraction system 

I .  Abstract of paper to be published in proceedings of the 
that from the large transit Of the ions 1973 Particle Accelerator Conference, Sal1 Francisco, Cali. 

fornia, ~~~~h 5p7,  1973. 
2. Chemistry Division. 

FEASIBILIT’Y ANI) COST OF A SUPX~KCONDUCTING HEAVY-ION 
LINEAR ACCELERATOR’ 

C. M. Jones 

Design, cost, and feasibility studies for a heavy-ion tween this accelerator and several other conceptual 
linear accelerator utilizing superconducting resonant designs. 
cavities are described. Comparisons are presented he- ................... ~ 

1 .  Abstract of paper to be published in Purtick Accelerators. 

SIJPEWCONDUCTING RESONANT CAVITIES 

J .  P. Judish C. M. Jones F. K. McGowan P. Z. Peebles. Jr.’ 

The results achievcd with our first superconducting 
cavity have been previously reported.273 They were 

sufficiently encouraging to lead us to design a some- 
what more elaborate and versatile system. The helically 



141 

loaded cavity remains nominally the sitme as our firs1 
model, but the arrangement of the transmission lines 
leading to  the cavity has been altered significantly. 

The new design has three coaxial t rarismission lines. 
The inner conductor of cach of these is separately 
movable to allow the rf  coupling o f  each line to the 
cavity to be adjusted independently. This arrangement 
will allow a simple interpretation of the electrical 
measurements and should also permit thorough explora- 
tion of the problems associated with tuning a high-Q 
high-field device. The vacuum pumping system has been 
improved, particularly wjth respect to  possible con- 
tamination of the superconducting surfaces when they 
act as a cryopiinmp. 

All parts of the new system I w e  been fabricated, 
assembled, leak-teTted, and outgassed at ii temperature 
of 250°C. Ledd plating of the cavity components is now 
under way. 

__._ .... . ... .. . 
1 .  Consultant from the University of Tennessee, Knoxvillc. 
2. C. hl. Jones, J .  P. Judish, R. 1:. King, F. K. McGowan, 

W. T. Milner, and P. Z. Pzzbles, Jr., ORNiA742. Dec. 31, 
1971, p. 126. 

3. C. M. Jones, J. P. Judish, R. P. King, 1:. K. McCowan, 
W. T. Milner, and P. Z. Peebles, Jr., Particle Accel. 3, 103 - ~ 1 3  
(1 97 2). 

RESONANT FREQUENCY CONTROL OF SUPERCONDUCTING RF CAVITIES' 

P. Z. Peebles, Jr.2 

Resonant frequency of superconducting radio- general characteristics of control, such as the form and 
frequency ( r o  cavities, which are used in linear accel- extent of frequency control and their dependence on 
erator research, may rapidly shift over many band- deslgn parameters, are first determined. Power dis- 
widths because of vibration. In tlns pdper an all-elec- tribution in the system is tlieri found. 

voltage-variablc ieactance to ccintro~ freqlrerlcy . " h e  2. Consultant from the University of Tennessee, Knovville 

MEASUREMENT SYSTEM FOR SUPERCONDUCTING RF RESONANT CAVITIES' 

P. Z. Peebles, Jr.2 C. M. Jones R. F. King3 J .  P. Judisli 

Special considerations must be given to  measuienient 

conducting rf resonant cavities. A system is described 
that is especially designed to overcome most problems 
associated with narrow bandwidth (Qs of lo8 01 

more), high field levels, and instabilities. 

tecliniques wliell making measurements c>n supel - 1. Abstract of paper presented at IEPb Region 3 Conference, 
April I9 72 

2. Consultant from the University of rennescee, Knouville. 
ORNIL 

DESIGN AND EVALUATION OF A HIGH-POWER VOLTAGE-VARIABLE REACTANCE' 

S. F. Smilli2 P. Z. Peebles. Jr.3 

Several methods for realizing a high-power voltage- l..lllll.lllllllll 

variable reactance at 136 MHz have investigated. A 
design based upon a "reactance modulator" principle 
was selected and constructed. Realized parameters 2.  Graduate student, University of 'Tellnesscc, Knoxville. 
were: nominal reactance of 200 CL (c;ip;icitive) variable 3.  Consultant from the University of Tennessee faculty, 
2 1.5% minimum and quality factor ((2) of 2.9. The unit 
was designed to handle a peak voltage of at least 100 V. 

1 .  Summary of final report 011 subcontract with the Electrical 
Engineering Departinent, the University of Tennzssee, Knox- 
ville. 
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A SLOW TUNER FOR SUPERCONDUCTING HELICALLY LOADED RESONANT CAV1TIk.S' 

C. M. Jones J .  I,. Fricke' 

We havc developed a concept for a device t o  control 
the static resoilant frequency of superconducting heli- 
cally loaded cavities over a wide range and have applied 
this concept t o  the particular problem of the Karlsruhe 
proton accelerator. Basically, the device consists of a 
niobium plunger attached to a dielectric cylinder which 
provides support and a path by which th? plunger may 
be cooled with liquid helium. Model tests on the second 
Karlsi-uhe cavity show that two such plungers can k. w e  a 
tuning range of 100 kHz at high field levels without 
significant sui-l'ace ficld enhmcement or disturbance of 
the flatness. Furthermore, with radiation pressure- 

B.  Piosczyk' J .  E. Vettci' 

induced static frequency shifts of up to 500 kHz, they 
permit constant frequency operation at arbitrary axial 
field levels without surface fields significantly in excess 
of tilose pi-csent at  maximum axial field and without 
significant flatness disturbance. Related materials prob- 
lems have been studied and will be discussed. 

1 .  Abstract of published paper: Proceedings of the I Y 72 
Frorori Linear Accderator Conference, LA-5 1 1  5 ,  pp. 163 67.  

2. Insti tut  fur Experirncntalle Kemphysik, Keinfor- 
schungszentrum Karlsruhi:, Karlsruhe, West Germany. 

STATUS OF THE UNISQW PROJECT' 

M. K. Carter R. L. Mlekodaj W. D. Schmidt-Ott E. H. Spejewski 

Introduction 'The UNISOR Annex 

UNiSOK is a cooperative effort to study nuclides far Construction of the UNISOR annex (Fig. 1 )  was 
froin the line of beta stability by employing an isotope essentially completed in February. After the delivery of 
separator installed on-line to the Oak Ridgc [so- the isotope separator, additional shielding walls and 
chronous Cyclotron (ORlC). The facility is housed in high-voltage rooms were constructed ill July. The 
an addition to the ORIC' building constructed for that installation of the cyclotron-beam line, including mag- 
purpose. This report outlines the development of the nets, pumping stations, controls, etc., was concluded oil 
facility during 1972. September 1. The first cyclotron beam (approximately 

OFF-LINE ION SOURCE // SAFETY IMTERLOCU DOOR 
POWER SUF 

SEPARATOR MAGNET 
RADIOACTIVE HOOD, 

O R N L - D W G  70-6334R2C 

'PLIES 

I ZUTERON SCATTERING FACILITY 
UMISOR F A C I L ~ ~  UDY FAClLlTY 

TRANSURANIC PWOOUCTIQN FACILITY 

-COULOMB EXCITATION FACILITY 

EXTRACTED BE4US 

NEUTRON FACILITY 

NEW CONSTRUCTION J 

Fig. 1. Additions to the ORIC building. The UNISOR facility is at the left 
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1 pA of 100-MeV 1 4 W )  was placed 
mnex on the satne date. 

Isotope Separator 

on a target in this 

The isotope separator, having a 90” horriogerieous- 
field magnet, was delivered by the Danish firm Danfysik 
in April. Installation, training of UNISOR personnel, 
and testing required sortiewhat more t h a n  a month. ‘The 
final acceptance tests were completed by the end of 
May, the required resolution Am/m < 1/2000 being 
met easily. Further work with the separator was thzn 
suspentled until construction of the high-voltage room 
and electrical safety interlocks was completed. Since 
that time, further experience has been obtained with 
the operation of the separalor including the two types 
of ion sources provided, Nielsen oscillating electron and 
Sidenius hollow cathode, from both the on- and off-line 
posi Lions. 

Target-Ion Sources 

The crucial cornponen t of at1 on-line isotope separator 
system is the target or target - - ionmime combination. 
This component must be designed to  separate the 
reactiori products from the target material arid intro- 
duce them into the ion source of the isotope separator. 
’Two types of target-ion-source combinations are under 
development, both of which take advantage of the high 
linear niornentuni transfer that occurs with heavy-ion 
bombardrnen t. 

“Pingis” type. A schematic drawing of one of these is 
shown in Fig. 2. The target, typically a rrietallic foil, 
f o r m  part of the anode cylinder of a standard Nielsen 
oscillating-electron ion source. Holes are cut through 
the ion-source vacuum-chainiber wall and the heat 
shields to permit entrance of tlie cyclotron beam. The 
recoiling product atoms enter the plasnia region and are 
stopped either within the plasma itself 01- in a catcher 
foil which is shown mounted on the filament. For most 
elements. the temperature of the catcher foil is suffi- 
ciently high that the stopped reaction products very 
quickly diffuse out of the catcher into the plasma. 

A recent modification has been to replace the 
filament and the catcher foil with a single foil which 
serves both functions. The ion source itself appears to  
operate equally well wliether the filament is the 
standard coil or whether it is a foil strip. By using the 
catcher as a filament, however, it is at the highest 
possiblc temperature (approximately 2500°C) of any 
portion of the ion source, and, therefore, [tie shortest 
product diffusion times are obtained. 

ORNL-DWG 72-10024 

CARBON CATHODE 
WITH EXTRACTION HOLE 

W A R 1  7 INSULATOR 

CARBON ANODE CYLINDER 

HBON RING WITH THREAD 

HEAVY ION BEAM 

CATCHER FI1 A M E N T  

- M O  POSTS 

CARBON CAl WODE 

Fig. 2. “Pingis”-type ion source. 

This type of ion source is suitable for target material 
with high inieltitig points since, residing near the plasma 
boundary, it is at a temperature of approximately 
1000°C. ‘This is an advantage because those reaction 
products produced near the outer surface of the target 
and slopped within the target have a hi& probability of 
diffusing into tlie plasma region. 

This “Pingis”-type ion source, at lesst in principle, 
works as planned. In test runs of the system, we have 
successfully obtained itirougli the isotope separirtor the 
following: Cd and Ag isotopes from a Zr target 
irradiated with 100-MeV ‘ N beams; Ag isotopes from 
a Zr target irradiated with a 100-MeV 1 4 N  beam; and 
Kr, Hr, Se, and As isotopes from Ni targets irradiated 
with 100-MeV “ N  and 80-MeV I 6 O  beams. Yields of 
product nuclei obtained through the system, however, 
are rather low. This is probably n result of small 
production cross sections at t tie energies used? but may 
be caused by lower ion-source efficiency and/or much 
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longer ion-source dwell times than expected. An addi- 
tional problem is the stability of some materials used. 
The filanient/catcher foil has a tendency to weaken 
with use and to rupture, as do some of the target foils. 

Helium jet. The second type of target -ion source 
under develop~nent employs a helium jet, shown sche- 
matically in Fig. 3 .  In this system, the recoiling 
products are stopped in helium gas at a pressure of 
about 1 atm. The helium is allowed to flow out of the 
chamber through a capillary tube, carrying along the 
stopped reaction products. By means of a system of 
“skiinmers” (Fig. 4), a portion of the helium gas can be 
removed from the stream without radically affecting 
the flow of the reaction products. Used off-line,* the 
system has yielded transport efficiencies of 40 to 50% 

ORNL-D’NG 72-9789 

H E A V Y  ION 

AI C O L L E C T O R  

“RESSURE 

-+ 
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P U M P  

Fig. 3. Helium-jet system. 
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with one skimmer only, and about 20% in the configu- 
ration shown in Fig. 4 using two skimmers. The gas 
pressure is reduced from 1 atm in the reaction chamber 
to about 1 0-3  torr in the collection chamber. 

Although these conditions appear to  be ideal for 
connecting to an ion source of the isotope separator, 
simply doing so has not resulted in an operable system. 
There appears to be some interference with the helium 
flow by the ion source which is not present for a static 
collection chamber. This problem remains to be solved 
before the system can be used on-line. 

Tape Transport 

In order to place the separated isotopes before 
appropriate detectors, the tape transport system, shown 
schematically in Fig. 5, was constructed. In operation, a 
single-mass beam is allowed to pass through the primary 
focal plane of the separator and is then focused onto 
the conducting side of an aluminum-coated Mylar tape. 
From this collection point, the collected isotopes can 
be transported to  any detector station downstream, or 
to each one siiccessively, with a transport time as low as 
0.9 sec. 

The system is modular in design so that a special 
module can be designed for any required detector 
arrangement. The inodules initially constructed are 
shown in Fig. 5. All have detcctor “portholes” which 
are closed by vacuum flanges that can be designed to fit 
any particular detector. The collection module, in 
addition to the beam opening, is provided with llve 
portholes. Two of these can accommodate particle 
detectors, and each faces the collection side of  the tape 

ORN L- DWG 72- IO025 
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Fig. 4. “Skimmers” for the Ireliurrr-jet system. 



145 

(the front) at a 4 5 O  angle. The other three face the back 
arid the edges of the tape. 'I'he next two modules have 
four detector positions each, viewing the fronl, i.he 
back, and the edges o f  the tape. The 90" module 
provides space for two detectors viewing the front o f  
the tape and two others viewing the edges. 

The electronic control unit3 for this system was 
designed to synchronize the operation of the separator 
beam deflector, the tape control electronics, and the 
data acquisition systeni(s). i t  consists of four sequen- 
1 idly operating clocks and logic circuits to determine 
beam collection time, delay time, data accumulation 
time, and transport plus delay time. Each clock can be 
set from 0 to 09,999 in increments of 1 or 0.1 sec. By 
choice of the proper cycle and clock times, it is possible 
to  maximize the data collection rate Eor any member of 
a given decay sequence. 

Data Acquisition Systems 

A computer-based multiparameter pulse-height analy- 
sis system has been ordered. It will be capable o f  
collecting three-paranie ter time-correla ted everits at 
high count rates. All three singles spectra will be stored 
in core with list-mode storage o f  [lie coincidence events 
on magnetic tape. Purchase of a magnetic disk system 
to facilitate programming and data hmdling is being 
considered. 

Procedures for the use of the URIC SEL computer as 
a data acquisiliori sysiern have been developed, and data 
lines have been installed. Some computer codes for the 
gathering atid analysis of data have also been written. 

Operations 

'The isotope separator has been in opera tirig condition 
since the beginning of September. Formal review of the 
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facility by the Radiation and Accelerators Safety 
Committee was not completed by the end of the year, 
so only test operations involving radioactive mater-ial 
could be performed. Seven cyclotron runs were made 
during this period to test designs and modifications of 
the on-line target - -  ion sources, some of the results being 
described above. 

Several separations of small amoiints of short-lived 
radioactive material were performed. These were made 
in an attempt to discover the extent of the con- 
tamination of the separator arising from off-line sepa- 
rations, and to test decontamination procedures. With 
the level of activity used, appreciable contamination 
was found only on the extraction electrode. Howzver, 
this appears to  be easily cleaned. Further tests of 

off-line scparation procedures with higher activity levels 
await approval of the facility by the safety committee. 

1. UNISOR is a consortium of University of Alahania in 
Birmingham, Georgia Institute of Technology, Emory Univcr- 
sity, Furinan Univerqity, University of Kentucky, Louisiana 
State University, University of Massachusetts, University of 
South Carolina, IJniversity of Tmnessee, Tennessce Techno- 
logical University, Vanderbilt University, Virginia Polytechnic 
Institute and State University, Oak Ridge Associated Univer- 
sities, and Oak Ridge National Laboratory. It is supported by 
these institutions and by the U.S. Atomic Energy Commission. 

2. W.-D. Schmidt-Ott, R .  L. Mlckodaj, and C. R. Ringham, to 
be published in Nuclear Lnlnstrirmerib and Methods. 

3.  Provided by the Amcs Laboratory AEC through the 
courtesy of J. R. McConnell and W. BL. i-albert. 

STATUS REPORT ON THE 3-MV VAN QE GRAAFF ACCELERATOR 

J. P. Judish 

During 1972, as in the previous year,' the 3-MV Van 
de Graaff provided pulsed proton beams for use by the 
Health Physics Division in their studies of atomic .............. 

excitations in noble gases. The Van de Graaff has 1. J .  P. Judish, ORNL-4743, Dec. 31, 1971, p. 145. 

performed reliably. The accelerator lube installed in 
May 1971 shows no  sign of  deterioration. 

STATUS REPORT OF THE 6-MV VAN DE G K A W F  ACCELERATOR 

J. A. Bigerstaff W. T. Newton' 

During the first quarter of 197% the 6-MV accelerator 
was used for Coulomb-excitation angular correlation 
nieasureinents and for charged-particle-induced x-ray 
yield measurements. The last three quarters have been 
spent in making major modifications to prepare the 
accelerator to provide heavy-ion beams for use in 
radiation damage studies. 

An iinproved post-acceleration gac stripping tube has 
been installed, and the origiiial inass X energy product 
12 magnet has been replaced with a product 34 magnet 
(originally the analyzing magnet on the tandem acceler- 
ator). An improved crossed-field velocity aaalyzer has 
been constructed and installed in the terminal of the 
accelerator in order to provide better selection of mass 

analyzing magnet has been mounted on a movable 
platform sirice the radiation damage experiments need 
to be perforined directly below the machine in order to 
quickly change ion species. 

A bakeable differentially pumped test specimen 
chamber has been constructed and i s  being tested. I t  is 
fitted with a foil wheel which will hold foils that will 
degrade the energy of H and Ile beams to energies 
giving them the same penetration into the test specimen 
as the heavy ions which produce the damage being 
studied. 

A heavy-ion source has been installed in the terminal 
and has produced usable beams of F, Cl, AI, and Fe 
ions. 

species. ?'he post-acceleration stripper and analyzing ... .. 

magiiet will be used for diagnostic purposes. The 1. Instrumentation and Controls Division 

STATUS REPORT OF THE TANDEM VAN DE GRAAFF ACCELERA'TOIR 

G. F. Wells' R. L. Kobinson 

The tandcrn Van de Graaff accelerator perforhied experimenters as shown In l'able 1. Schcduled opera- 
tiondl a n d  maintenance support for the iescdrch pro- 3634 hr of rescarch duiing the year, appoitioned among 
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gram, which was provided for 4016 hr  during the year, 
was utiliLed as shown in Tablc 2. 

blainteiiance time was primarily devoted to the 
accelerator charging system. Of eight tank en tries, five 
were to  replace belt drive motors and/or termind 
generators. Tbe average lifetime of these units was 800 
hr. The last installation, made in October, has new 
bearing housings and reground shafts for a more pre 
beaiiog fit. An internal spring was placed in the bearing 
housings to axially load the inner bearing race, thus 
assuring ball-to-race rolling contact. 'This combination 
of units has now given over 1000 hr of operation. 

An electrostatic quadrupole lens was installed in the 
terniiiid in May to examine its effect on beam 
transmission of higher-charges tate, foil-stripped heavy 

ions. A 50% increase in analyzed beam current of a C1"" 
beam was noted. Since the quadrupole system used 
occupied too rniich space to  allow gas stripping as well 
as foil stripping, i t  was removed after the test. 

In November, new screens were installed on the 
charging system. These screens were bias cut from 
40-mesh stainless steel screen wire. Bias cutting the 
screetis provides more wire edge contact. wilh the belt 
and better individual wire support against flexural 
breakage. Screen deterioration has been noted by 
measuring the down-charge screen current. When 
screens were new atid in good contact with the belt, the 
down-diarge current was negative. In approximately 
200 hr this current reduced in value to zero and as the 
screens wore became more and more positive. Terminal 

"able I .  Researcli activities on the tandem Van de Graaff accelerator 

Projectile Investigators Percent of 
rcsearcli time 

(' ' (.),u), (' ' ~ , d )  reactions 

( '60,Xr) in-beam y 

(0,n) cross sections 

( I 6 ~ , x )  cross sections 

Coulomb excitation 

Short-lived radioactivities 

X-ray energy shifts 

Trace elements 

Radiohalo studies 

Slopping power 

X-ray and Auger electron studies 

Channeling 

Heavy-ion atomic physics 

Ionization cross section 

Ford, Del Campo, Robinson, T h o r t ~ t o n , ~  and Stelson 

Kim, Robinson, and Milner 

.Biiir, Johnson, Stelson, and Dress 

Robinson, Kim, Ford, Jr., Wells." and Liii' 

McChwan, Bernis, Stelson, Milner, Ford, Robinson, 
fiamilton,c Varneu,d lange,c Cupta," Rainayya," 
and Reiche 

Kartian, Gove, and Walkiewicd 
S;tltm:irsh, Van de Woude, and Ludeinann 

Sallmar4i, Van de Woude, Gros. 
Gentry" and Collins" 

Mo;ik, D a t ~ , ~  Appleton,i Higgerstaff, and Menendezi 

Moak, T>atz,h Appleton,i 

Rloak, T>ntz,'* Appleton,' Biggcrstaff, Barrett,i N ~ g g l e , ~  

Sellin,' Brown,k Donrially ,m Griffin, ~ a c ~ o n a ~ d , ~  Mov,at,k 

Dugan,"  Chaturvedi,Y E. Robinson,' Iiumptirey,s 

udeniann, and McGuirtg 

Sellin,' and Higgerstaff 

and M. Robinsonz 

Pegg,' Peterson,' and Smithn 

Creighton,' Sachlebehn," Carlton," Lin,' I'erree,' 
Callman,' anti 1)atz" 

19 

6 

6 

9 

27 

2 

3 

2 

0.3  

4 

4 

4 

12 

2 

"llnivernity of Virginin. 
fJ'l'enncssee 'lechnological Institute. 
Wandcrbilt University. 
dyale  University. 
pAetojet Nuclear Co., Idaho Falls. 
fEdinboro College. 
ghnalytical Chemistry Klivision. 
hChemist.ry Division. 
iSolid State Division. 
iuniversity of Georgia. 
kKansaias State University. 

kJnivasity of Tennessee. 
W . a k e  Forest College. 
ntlnivcrsity of Connecticut. 
W a k  Ridge Associated IJniversities. 
PUniversity of Tulsa. 
4SIJNYC:ollege, Cortland. 
Wniversity of Alabama. 
$Western Kentucky University. 
Wriiversity ol' Omaha. 
t~I-Iastings College. 
Widdle  Tennessee State University. 
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screen replacement started the cycle over. The new 
bias-cut screens have not been replaced since installa- 
tion ~ and down-charge currents still read negative after 
agproximately 800 hr of operation. 

Begnning in March 1972, an ion source upgrading 
pi-ogi-am was begun. A I-lortig* -type sputter-ion source 
and a Heineke3 Penning source are being purchased. A 
new chargc-exchange source has been fabricated by 
ORNL. These sources are to be housed in off-ground 
vacuum housings capable of 100-kV operation. A new 
injection magnet capable of bending mass-energy 
product 25 (amu-MeV) negative-ion beams from either 
of two 30” injection legs is being purchased. Installation 
of this system of ion sources is expected to  begin in 
March 19-73. 

Experience has already been gained with the new 
charge-exchange ion source, mounted in the existing 
on-ground vacuum housing since November. Two of the 
design features of this source have proven themselves in 
providjng case of changeover from one ion species to  
another and in long-term continuous operation. The 
first of these features, the interchangeable exchamgc 
canal unit, allows one to remove an oven-heated canal 
and replace it with a gas-fed Freon-cooled canal without 
disturbing the remainder of the extraction-lens assem- 
bly. The second feature, a technique for shielding 
electrode insulators, has allowed continuous operation 
without insulator failure due to  conductive deposits on 
the insulator surfaces. The assembly was placed in 
operation in November and has more than 800 hr of 
operation without insulator replacement. Table 3 sum- 
marizes the operational experience to date with the 
soli rce . 

Ideal optics for beam injection into tlie accelerator 
have not yet beell achieved, sirice the source has been 
limited to 30-kV operation. When the ion source system 
is completed it will be capable of up to 160-kV beam 

Iable 2. UtiDLation of scheduled operation 
on maintenance support time‘ 

~ ~~- ~ 

Hour\ Percent of time runction 
- -~ ~ ~~ ~ ~- 

Maintenance 1180 29.4 
Ciiangeoverb 290 1.2 
1)evelopment 488 12 2 
Rewarch‘ 2058 51 2 

Total 4016 100.0 
___ ~ 

asisteen hours per day, five days a week. 
b7.ime required to change from one experiment to  another. 
‘1576 hr of additional research was performed in non- 

scheduled time (between midnight and 8 Ah4 and on weekends 
and holidays), .[‘his gives a utilization factor of 

3634 research hr 
........ ........ = 89% ~ 

4016 scheduled support hr 

Table 3. Negative-ion %peck5 produced In ORNI, 
charge exchange source 

Exchange ion Intensity Source gas 
medium spccies ( P A )  

........ ......... ......... ....... .- 

He Ca (650°C) He- I 
98% He, 2% O2 NH3 0-  15 

He sl:6 F- 15 
He CH2 12 1 .- 8 

He CClA CI - I 5  

energy, and improved beam transmission through the 
accelerator is anticipated. 

1. Instrumentation and Controls Division. 
2. M. hfuekr  and G. Hortig, “An Ion Source for Negative 

3. E. Hcineke and 1-1. Uaumann, “Pcnning Source for MP 
Ions,” IEEE Trans. N u l .  Sci. NS-16, 38-40 (1969). 

Accelerator,” N w l .  Insirurn. Methods 74, 229-32 (1969). 

STA1‘US REPORT ON ‘ITHE OAK RIDGE ELEClKON IJNEAK A(’CELERAT0R (OWEEA) 

J. A. Harvey 1’. A. Lewis’ F. C. Maienschein’ €1. A. Todd’ 

Accelerator Operation 

For the past year, ORELA has been used for research 
for over 5200 hr, with a considerable aniixmt of it with 
SO kW of beam on the target and a peak current of 
about 15 A. ‘Ihe accelerator is operated 24 hr a day, 
seven days a week except for holidays, with four days 
of routine maintenance scheduled each month at the 
convenience of the experimenters. Scheduled major 
shutdowns to install a new vacuum pump for the target 

room, a new target positioner, and a new water-cooled 
tantalum target with beryllium walls in January and to 
install the new ~ w n  tank in  April accounted for most of 
the accelerator downtime. The old gun tank is now used 
for grin arid injcction development and to “condition” 
new or rebuilt electron guns and test them before their 
installation on the accclcrator. The principal reasons for 
the unscheduled shutdowns were the failure of the old 
target room vacuum pump, problems with Eimac guns 
early in the year, failures in the elzctronics in the old 
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Table I .  Electron beam hours for experimenters 
at ORELA, 1972 

January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 

Total for 1972 

Table 2. Klystron lifetimes at ORELA, 1972 
......................................... ~ _ iÎ  

Klystron High-voltage 
NO. hours Bate 

0 
150.0 
593.2 
317.2 
416.7 
542.5 
583.4 
505.7 
5 86.8 
608.2 
518.7 
380.2 

2003 
2006 
2007 
2004 R 1 
2010 
2012 
201 3 
2009 
201 1 
2002 

18,309 
12,922 

7,850 
7,406 
5,727 
4,027 
3,904 
3,106 
2,327 
1,447 

Orginal Decenibar J972‘ 
Novcmber 1969 May 1972’ 
Decrmbrr 1969 April 197 1 (spare) 
September 1971 -1)cccmber 1972‘ 

Api-11 1972 DeLernlxr 1972‘ 
April 1972 I k m n l x r  1972‘ 
September 1970 Apnl 1971 (\pare) 
April 1971 Septembci 1971 (\pare) 
Origmal November 1369 (spare) 

A p ~ l l  1971 April 1972 (\pdlc) 

5202.6 

gun tank, problems with heat exchangeis in August, and 
flooding of the acceleratoi and modulator r o o m  due to 
torrential rains in mid-December. A monthly tabulation 
of rhe ORELA operation for experirnenieis is showo in 
‘Table 1. Much of the operation the last four months 
was at 1000 pulses/sec and about 50 kW, made possible 
by the new gun, the new gin  tank, and modifications 
made to  the modulators such as replacing old capacitors 
i n  the pulse-forming network arid high-voltage Feed- 
through connectors to  the klystron tanks. 

Klystrons are continuing to operate exceedingly well, 
and one of the original klystrons has over 18,000 
high-voltage hours and is still in the accelerator. During 
this yea], one of the original klystrons which had 
operated for 12,922 lir was returned to Litton for 
repair. Details of the lifetimes of the klystions are given 
in  Table 2 arid the electron guns in  Table 3 .  The gun 
built by OKNL which was inslalled in the accelerator 
on August 2 has performed exccedingly well. It has 
operated in the accelerator for a longer period than any 
eailier gun, has produced niorc peak current on the 
target, more than 20 A, due in pait to the higher 
accelerating voltage i t  can stand, and has opeiatcd a 
great deal at 1000 pulses/sec. 1)escriptioris of the 
neutron time-of-flight experiments and results may be 
found in this progress report, last yeai’s report 
(ORNL4743), and the Neutrvn Physics Division annual 
reports (OKNL-4800 and ORN L-4705). 

Data Handling System3 

In January, acceptance tests were completed for the 
immediate-analysis computer, a PDP-IO computer lo- 
cated at the OKNL Computing Center in Building 

“S~LU in accelerator. 
’At Litton factory for repair. 

‘Table 3. Electron gun lifetimes for OKELA, 1972 

Gun Beain I:ailure 
No. hours date ____ ................. ........................... .__ ............................... 

Einiac 5-4 494.4 January 11, 1972 
Einiac 7-2 1088.0 April 28, 1972‘ 
Einiac 4-4 1548.3 August 1 ,  1972“ 
ORELA No. 1 2622.8 Still good on December 3 1, 1972 

Total 5753.5 

‘Eimac guns 7-2 and 4-4 &veloped vacuum leaks at a flange 
and may still be good. 

4500N, and its associated equipnient. OREI-A has three 
interactive displays, each containing a PIX’-1 5 corn- 
puter, and three remote Teletypes with hard-wired 
computer links. The original data links between the 
ORELA displays arid the PIP-IO were found to be too 
slow arid were replaced with purchased modems that 
were newly developed with an operating speed of 9600 
bits/sec. A lower operating cost has resulted. Accept- 
ance tests for the peripheral eyuiprneni controller at 
OREL,A were cornpleted in October, with integration 
into the data handling system by mid-November. This 
controller operates the line prjnter, Calconip plotler, 
card reader, magnetic tape drives, etc., at OKELA and 
pzrniits the two SEL data acquisition computers to be 
devoted solely to the accurnulatiori of data. Data 
acquisition programs wcrc written for two more experi- 
menters, bringing the total to  nine. Experimental data 
a t  ORELA can be transferred to  an experimenter’s disk 
011 the PI>P-lO at the Ccmputing Center. The data can 
be scanned on the OKELA display units before and 
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after data processing on the PDP-10 (or the IBM 
360/91), such as dead tiine corrections and the calcu- 
lation of cross sections and energies. l'he results can 
then be plotted or printed at ORELA or the Computing 
Center. Although several programs for analyzing data 
on the PDP.10 are now available to experimenters, the 
full potential of the system will uot be realized until 
next year. 

1.  Instrumentation and Controls Division. 
2. Neutron Physics 
3.  Details of the systein may be found in rcccnt annual 

progress reports of the Instrumentation and Colttiols and the 
Mathematics divisions. 

OAK RIDGE ISOCHRONOUS CYCLOTRON OPEIXA'TIONS 

R. S. I,ord 
A. W. Riikola 
€1. L. Dickerson 

C. L. Viar 
M. B. Marshall 
S. W. Mosko 
K. M. Wallace' 

Introduction 

Ihe Oak Ridge Isochronous Cyclotron (OIUC) con- 
tinued to be operated on a 16-shift/week schedule in 
197.'. Nuclear rcsearcb programs used about 59% of the 
total ho lm available, which was abouc 376 more than in 
1971. Heavy particle experiments used about 52% of 
the total nuclear research time. 

Research Homhardments in 1972 

A total of 6164 hr  was the scheduled available time 
for ORIC operations in 1972 (see 'Table 1). Research 
bombardments were assigned a total of about 3660 hr, 
or about 59% of the total time availahlc. A usable beam 
was on target about 26'72 hr,  or about 43% of the total 
time available. Distribution of the research experiments 
for 197% is showii in Table 2. A total of 257 
bombardments were made with the various particle 
types and energies noted in Table 3.  

Operations Summary 

Operation has been on a 16-shift/wcek, 128-hr/week 
schedule. Initial operation of two new beam stations in 
the South Research Addition was achieved. These are 
the IJNISOR and the transuranic research station (Fig. 
1). In addition, one of the existing experiment rooms 
was partitioned by a concrete block wall to provide a 
location for a lead-shielded gamma counting facility. 
This is now in routine operation. 

Unscheduled outage decreased from 19.6% to  about 
15% of the total available tirae. However, r f  outage 
increased from 4.0% to 5.5%. No major component 
failures were experienced during the year. Scheduled 
engineering was substantially higher than last year, 
increasing from aboiit 3% to about 9%. This was 

E. Newman C. L. Haley 
I-I. D. iiackler G. A. Palmer 
J. W. I-lale L. A.  Slover 
E,. W. Sparks' 

primarily because of the replacement of the old power 
amplifier tube (RCA-6949) with a new iube, 
RCA-4548. 'This required extensive changes to the 
existing rf enclosures and associated hardware. 

In a routine examination of the water passages of thc 
alumiiium conductors of the main magnet coils, evi- 
dence of corrosion was discovered. Inspection of the 
defects with an electron microscope revealed the 
presence of copper at the site of the defects. I t  is 
postulated that, because of the highel temperatuies 

Haws Peicent 

Ream on target 
Beam adjustment 
Target setup 
Startup and machine <hutdown 
Machine research 
'Total machine operable timc 

Source change 
Vacuum outage 
Rf outage 
Power supply outage 
Electrical component outage 
Mechanical component outage 
Water leak outage 
'Total unscheduled outage 

Scheduled maintenance 
Scheduled engineeiing 

Total time available 
Total nuclear research experiments 

2671.7 43.4 
246.7 4.0 

76.6 1.2 
562.8 9.1 
733.6 11.9 

4291.4 -70.0 

256.3 4.2 
49.8 0.8 

336.6 5.5 
102.1 1 .7 
63.0 1 .o 
12.3 0.2 

101.5 1.6 
95 1.6 -15.0 

399.0 6.5 
8.9 552.0 

951.0 -15.0 

-. ... . . . 

- ___ 

..___ __.- 

6104 100 
3660, or -59% of total 

time available 
.... ... 
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Table 2. ORIC research bombardments in 1972 
....................................... 

Affiliation Reactions Investigators Hours 

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

Physics Division 1 4 4 ~ m ( 1  4 ~ , X r 2 ) ,  4 4 ~ ~ 1 ~ ( 1  9 ~ , x n ) ,  Toth, Ilahn, Schmidt-Ott, 
44Srn(2 'Ne ,xn) ,  ' l)y("Nc, YN) C'. Bingham, Ijaz, WaEkar 

16 O(d,a1)I4N*(2 31 MeV), Newman, 1 oth,  
"Zr(d, 311e)8'Y, I 4 l P r ( '  2C,6n)147 l'b Kochei, Gross, FuIIiier, 

156Gd(i ' L ,  un), ' 50Nd(20Ne,xn), 
' 'Ndf2 ' N e ~ r r ) ,  ' 54 Sm(' ' Ne,xn) 

6~ + ' o clastic scattering, 
LIPH~,  t )  

" O  induced particle reactions, 
(p ,  d) @, t) recoik, 311e induced 
reactions, 144Nd(d,p), 
90 Lr( Hc, a)' Zr, ' 384 Sr@, t )  

Heavy-ion-induced fisrion research 

(P, 2n), ( P , P ' ) ,  (3He,d), 
208Pl,(l  2c, 12c') 

40 Ar + metiistable tic-like quenching 
by collisions on carbon foils, H, He, 
Ne, and AP gas 

I-lydrogco contamination in metal 
foils; test n' detectors for IAMPF 
exper. ("ArgC and 5b12c10+at~d 
K production; calibrtltion of lunar 
glass, plastics, minerals, terrestrial 
minerals, and Apollo 16 detectors 

Excitation function measurements 

" ~ + d -  6 L i o r 6 t i e ,  
"B + ( I - - +  'Li or 'He, or 7Be or 'Li 

Isotope production for medical 
applications 

In collaboration with universities 

Fulriier, Iiensley Large-angle elastic and 
inelastic scattering 

Criernistry Division ' 36Ce(3 He, 3n)' 6Nd, ' "Ce 
( He, 2n)' Nd 

2 3 8  U!' ' ( ' ,xn) ,  239Pu("C,axn) 
angular and rmge distributions 

Hensley 

Stelson, Robinson, Johnson, 
Eichler, G. Hagemam, 
Kicdinger, Hensley 

Halbert, Saltinarsh, Raman, 
Stelson, H. Bingham, 
Ilensley 

Ball, Larsen, Ford, l;uImer, 
'Totli,  Gaedke, Hillis, 
Riley, C. Bingham, Rester 

Plasil, Schniitt, Ferguson, 
Pleasonton, Beniis, 
Freislebcn, Huizenga 

Berlrand, Lewis, Iioren, 
Auble, Hall, Ellis 

Sellin, Pegg, Griffin, Smith, 
Mowat, Peterson 

Saltmarsh, van der Woude, 
I,iidernann, Preedom, 
Grosb. Hart 

Fulmer, WMianis. Pii~ajian 

Goodman, Hensley 

Newman, Katlcdge 

Riysics total hours 

Eidson, h e x e l  University; 
Foster, University of 
Missouri; O'Fallon, 
IJniversity of Missouri 

Ketelle, Hrosi 

tlahn, Toth, Dittner, Keller 

2 24 

120 

240 

56 

576 

140 

216 

128 

86 

31  

431 

56 

Percent of 
total 

available 
time (61 64 hr) 

3.6 

2.0 

3.9 

0.9 

9.4 

2.3 

3.5  

2.1 

1.3 

0.6 

7.0 

0.9 

2310 

136 

56 

56 

37.5 

2.2 

0.9 

0.9 
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Table 2 (continued) 

Percent of 

Affiliation 

Metals and Ceramics Division 

UNISQR 

Outsidc uscrs 

Florida State 
University 

University of Kentucky 

University of Georgia 

Reactions I tives t igators 

Coulomb excitation experiments 
Ar, Ne, 0; ("0, a3n)  x-ray 
identification of Z-103, 104, 106; 
( L 8 Q , 0 1 4 n ) ( a , 2 n )  

4He, surface bubbling, study of voids in 
stainless steel 

( ' N ,511 ) , ( 
(' 6 0 , 5 n )  

N ,6n 1, ( ' O,4n 1, 

Alphas - ineladc scattering; (p, I )  

reactions on Ni 

( ' * C , x n ) ,  (m,4n), (3He,x1~), (I4N,xn);  
decay studies 

Mo@, P' 1 9 2  

experienced-during the last two years of heavy-ion runs, 
an oxidation process has taken place, catalyzed by the 
copper ions that enter the demineralized water from 
other components. Prior to the recent long periods of 
operation at fiill power, n o  damage had been seen. A 
new pump has been ordered to  provide enough cooling 
to reduce the temperature to pre-heavy-ion levels. In 
addition the dissolved oxygen is now being reduced by 
sparging with nitrogen. The heat transfer surfaccs were 
thoroughly cleaned with a solution of phosphoric and 
chromic acids bcfore operation was resumed. 

Radiation Safety 

Radiation safety at the ORIC during 1972 remained 
good. There were no personnzl exposure? or contami- 

Johnson, Ikhler ,  Sayer, 
O'Kelley, Dittner. Beniis, 
Plasil, Ferguson, Silva, 
Keller, Zvara, Ilensley 

Chemistry total hours 

Wiffen. King, Wolfenden, 
Davis 

Spejcwski, Mlekodaj, Carter; 
Schmidt-Ott, Rester, 
C. Hingham 

Fox, Greenfield, Keniper, 

total 
available Hours 

time (6 164 hr) 

5 5 8  9.1 

...... . . . - 
670 10.9 

120 1.9 

24 8 4.0 

72 
G u m ,  Obst, Vourvopoulos, 
Dchleiyer 

Iiofstctter, Stickler 32 

Scott, Owais, Whitten, Herren 72 
__ 

Totnl houru 176 2.9 

'1ot;d research bombardments 3660 59.4 
11.9 Total machine research 

4394 71.3 
_ _ ~  134 

- - -  

nations beyond periiiissible limits. The maximum inte- 
grated dose received by any one individual associatcd 
with cyclotron operations was 0.85 rem. The cyclotron 
operators, who received the highest exposures, received 
doses which averaged about 460 millirems, with the 
highest single exposure being that indicated abovc. 

Continuously operating beta-gamma and alpha air 
monitors in a d  around the facility indicated effective 
containment of particulate radioactive materials. No 
responses significantly above background variance were 
observed. 

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

1. Health Physics Division. 
2. Instrumentation and Controls Division. 
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Tahk 3. Analysis of beam usage by types 
...... 

Particlc Energy 
(MeV) 

Carbon 59--176 
Argon 9.- J 82 
Neon 5.- 162 
Nitrogen 100 --130 
Oxygen 22-148 
Boron 72.- 13 7 
Chlorine 64-129 
I;luorine 170 

Total heavy-ion experiments 

Deuterons 18-40 
Protons 1 J ---67 
Alphas 28--80 

lie 25--107 

‘Total light-ion experiments 
Total nuclear research expcrinients 

Machine research 

Heavy ions 
Light ions 
Miscellaneous 

‘Total 

576 
398 
366 
228 

92 
72 
88 
72 

1892 

568 
496 
435 
269 

15.7 
10.9 
10.0 

6.2 
2.5 
2.0 
2.4 
2.0 

51.7 

J 5.5 

13.6 
11.9 

7.3 

1768 
3660 

421 0 
240 6 

72.0 

733.6 

48.3 
100.0 

57.4 
32.8 

9.8 

100.0 
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Fig. 1. Plan of the ORIC experiment rooms. 
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J. C. Hafele, P. T. Sewell, C. C. Foster, N. M .  O’Fallon, and C. B. Fulmer, “Diffraction-Like Structure in the 

14 ,530  (1972). 

Description o f ’  ’C”;BuIl. Amer. Phys. Soc. 17,  506 (1972). 

59 1 (1 972). 

5696-keV Level in ‘ 70”; Bull. Amer. Phys. Soc. 17 ,442  (19’7%). 

Amer. Plzys. Sac. 17, 559 (1972). 

Excitation Function for 180’ Blastic Alpha Scattering from 58Ni”;Bull. Amer. Phys. SOC. 17, 604 (1972). 
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H. J. Kim, R. L. Robinsorr, W. T. Milner, and Z. W. Grabowski, ‘Bffect of Jnitial Angular Monientum or1 the 
Stretched E2 Transit iotis from the “Ni(‘ ‘ O,2p)’ Se and ’ Fe(’ 0 ,2n)  7 2  Se Reactions”; Ucill. Amer. Phys.  SOC. 
17,530 (1972). 

D, C. Kocher and D. J. Horen, “Evaluation of Nuclear Data f u r  ‘4. z:: 02”;H2111. Amer. Phys. S ic .  17, 51 3 (1972). 

S. J. Krieger arid C. Y. Worig. “Validity ofSi.rutiosky’s Theory of Renormalization”; BuN. Amer. P/~.ys. Sur. 17, 

J .  S. 1-arsen, J. R. Ball, arid C. R. Fulmer, “The 96Ku(p, t )94Ru Reaction”; BUN Arner. Phys. SOC. 17, 513 

M. B. Lewis m d  F .  E. Bertmnd, “Evidence froni Inelastic Proton Scattering for the Excilation o f  Strong 

SO7 (1972). 

(1972). 

Vibrations in the Nuclear Continuum”;Bull. Amer. Plzys. SOC. 17, 462 (1972). 

J. U .  McGroty, A. Arirna, C. M. KO, T .  T. S. Kuo? and G.  Flerlirig, ”Shell Model Spec1,roscupy o f  2 0 4 - 2 0 6  Pb, 
2 1  ‘At ,  and 2 ’ 2 K ~ ~ ” ; B u I I .  Amt?r. P!z.ys. SUC. 17, 579 (1972). 2 1 0  --zlzpb,210po, 

P. 13. Miller, W .  B.  Dress, and N.  F. Kamsey, “Experimental Upper Llmit for the Electric Dipole Mornent of  the 

M .  C. Mustafa, H. W. Schmilt, aiid 17. Mosel, “Asym~netry in Nuclear Fissiori”; Bull. Amer. Plzys. SOC. 17, 581 

E. Newnian, K.  S .  ’Toth, and I .  K. Williams, “Level Structure o f ’  “51n”;Bull. Amer. Phys. SOC. 17, 557 (1972). 

S. Karnan, R. Gurinink, T .  A. Walkiewicz, and 3. Martin, “Precise M4 Conversion Coefiicierit in ’ 7Sri”. , Bull. 

A.  V. Rarnayya, J.  L. C. Ford, Jr., R. L. Robinson, arid J. II. Hamillon, “Levels in 8 6 S r  Studied via (p,p‘) 

R. L. Robinson, H. J. Kim, and J. L. G.  Ford? Jr., “Cross Sections for s8 ,60Ni ( ’  00 ,X)  Reactions”;Hul1. Amer. 

G. G. Slaughter, 0. A.  Wasson, S. F. Mughabgliab, l?. E. Clirien, G. W. Cole, and M .  R. Rhat,  ‘-‘ ‘ 3Dy(n,y)’ b 4  Dy 

P. 13. Stelson, ”Statistical Model Predictions of Partial Cross Sections for ’ 0 + Ni Reactions”; Bull. Anzrr. Phys. 

K. G. Tirsell, L. G. Multliauf, and S. Raman, “Gamma-Rays from I .  I -inin ‘hln and 1.7-iniri ‘Mn”; Bull. rimer. 

K. S. Toth, R. L. tlahn, M. A. I.jaz, and R. F. Walker, Jr . ,  “Search for New Osmium Isotopes with A << 172”; 

T. A. Walkiewicz, S. Raman, and H. J .  Kim, “Decay o f  14.4-min ‘121n”;Uull. Amt‘r. Pliys. Soc. 17,  467 (1972). 
0. A. Wasson, R .  J .  Allen, R. R. Winters, R. L. Macklin, arid J. A. Harvey, “Cross Section Measurenients of 9 2  Mo 

I .  K. Williams, C. B. Fuliner, and W. C. Palnier, “Evidence of Large Stripping Cross Sections for s ‘Fc( l i ,~)S7(’~~”;  

C. Y. Wong, “Doubly-Magic Toroidal and Bubble Nuclei”;B~dl. Arncrr. PIzys. SOC. 17, 581 (1 972). 

Nelltron”; Will. Amer. Phys. Sot. 17, 469 (1‘372). 

(1972). 

Amer. Phys. Sac. 17,468 ( 1  9‘72). 

Keaction”;Hull. Arner. I’liys. Soc. 17, 445 (1972). 

Phys. Soc. 17, 531 (1972). 

Reactiori Revisitied”;Bull. Arne?. Phys. Soc. 17, 580 (1972). 

SOC. 17,531 (1972). 

Phys. ,%IC. 17, 604 (1972). 

Biill. Amer. Piciys. SOC. 17, 559 (1972). 

-4- i~”;Bull .  Amer. Phys. Soc. l 7 ,  556 (1972). 

Bid. Anzer. Phys. Soc. 17, 604 !1972). 

Americun Society c?fMec!iunicul Engineers, Nashville, Tennessee, April 25, 19 72 

K. L. Vander Sluis, “Lasers and Holography.” 

Symposium on iMoleculur Structure and Spectroscopy, Columbus, Ohio, June 12.- 16, I972 

H. W. Morgan, P. A. Staats, and E. Silberman, “Infrared Spectra (if FSOj  and OHSO; in Alkali Halide Solid 
Solutions.’’ 

H. W. Morgan, P. A. Staats, and E. Silberman, “Infrared Spectra of SCN - in Alkali Halide Solid Solutions.” 
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American Association o f  Physicists in Medicine, Philade!pizia, Pmtzsylvania, June 26 -28, 19 72 

L. B. Hubbard, “Cube-Root of Mass Dependence of the Absorbed Fraction for Small Objects.” 

Gordon Research Conference ori Nuclecrr Chemistry, New London, New Hampshire, June 26-30, 19 72 

F. E. Hertrand (invited paper), “Application of the Intranuclear Cascade Model to Continuum Spectra from 
30- 60 MeV Proton Bombardment.” 

European Conference on Nuclear Physics, Aix-en-Prrovence, France, June 26 July 1, 19 72 

R. L. Hahn, P. F.  Dittner, K. S. Toth,  and 0. L. Keller, “Compound-Nuclear and Transfer Reactions in ’ 2 C  
Keactionswith 2 3 8 U  and 2 3 9 P u . ”  

W. ‘r. Milner, F. K. McGowan, C. E. Bemis, Jr., J. L. C. Ford, Jr.,  R. L. Robinson, and P. H. Stelson, 
“Equilibrium Quadrupole arid Hexadecapole Deformations in Actinide Nuclei.” 

F. Plasil, “Predictions for Heavy-Ion Reactions Based on the Rotating Liquid Drop Model.” 

K.  S. Toth and R. L. Hahn, ‘‘New Osmium Isotopes: 7 0 0 s  and 7 1 0 s . ’ 1  

C. Y. Wong, “New lslandr of Toroidal and Bubble Stability?” 

Sixth Internalional Cyclotron Conference, Vancouver, B.C., Canada, July 18-21, 19 72 

E. D. Hudson, R. S. Lord, M .  L. Mallory, and P. H. Stelson, ‘“The OlUC as a Heavy-Ion Injector for a Separated 
Sector Cyclotron.” 

C. A. Ludemann, J .  M .  Dornaschko, and S. W. Mosko, “Computer Control System for OKlC.” 

J .  A. Martin (invited paper), “Alternates t o  the Cyclotron for Heavy-Ion Acceleration.” 

J .  A .  Martin, E. D. Hudson, R. S. Lord, M .  L. Mallory, W. ‘r. Milner, S. W. Mosko, and P. H. Stelson, “A 
Proposed National Heavy-Ion Accelerator a t  Oak Ridge.” 

Gordon Reseurch Conference on Nuclear Structure Physics, Tiltnn, New Hampshirs, Jul.v 24-28, 19 72 

J .  L. C. Ford, Jr. (invited paper), “Nuclear Hexadecapole Moments.” 

Gordon Research Conference on the Chemistry and Physics of Soli&, 
New Ifumpton, New Hampshire, July 31 ‘4ugusi 4 ,  1972 

T .  A. Carlson (invited paper), ‘?Use of Multiplet Splitting in the Determination of Chemical Bonding in 
‘Transition Metal Compounds.” 

International Conference on Nuclear Structure Study with Neutrons, 
Budapest, Hungary, July 31 -August 5, 19 72 

Data .” 
C .  H. Johnson, J. I,. Fowler, and R .  M. Feezel, “R-Matrix Analysis with a Diffuse-Edge Potential for I 6 O  -1 n 

U. A. McClure, S. Raman, and J.  A. Harvey, “The Low-Lying Excited States of I4’Nd Populated by the Capture 

S. F. Mughabghab, M. R. Bhat, G. A.  Bartholomew, R.  E. Chrien, G. W.  Cole, 0. A. Wasson, and G.  G. Slaughter, 

G.  R. Satchler and F. G.  Perey (invited paper), “The Optical Model.” 
G. J. Vanpraet, R. L. Macklin, B. J .  Allen, and R. R. Winters, “Neutron Capture Cross Section Measurements for 

0. A.  Wasson and G. G. Slaughter, “Test of the Valency Model of Neutron Capture in 92Mo t Neutron.” 

of Thermal Neutrons.” 

“Nonstatistical Effects in the 4s Giant Resonance.” 

“Sr, 87Sr ,  and 88Sr.” 



Thsd Ivrlernalionul Conference or1 A tornic Physics, Boulder, Colorado, A ugzist 7-  11, 19 72 

Ions.’’ 
D. J. Pegg, P. M. Griffui, I. A. Sellin, W. W. Srnitti, arid E. Donnally, “Metastable States o f  Iliglily Excitcd Heavy 

Twenty-second Fisk Infrured Jnstitrcti?, Nashville, Tennessee, August 14---I&’, 19 72 unci Atigust 25, 19 72 

H. W. Morgan, “Laser Raman Spectroscopy.” 
Ci. W. Morgan, “Optimum Conditions for Infrared Instrument Operation.” 

H. W.  Morgan, ”Future Developmenls in Interpretation of 1nfr;ired and Ramari Spectra.” 

1’. A. Staats, “Absorption Spectra of Liquids and Solutions.” 

P. A.  Staats, “Experimental Infrared Spectroscopy.” 

Thirtieth Annuul Electron Micst~scopy ,Society of Americu Meeting, Los Angeles, Culif)rniu, Aiigust I4  - -  18, I9 72 

T. A. Welton (invited paper), “Image Theory arid Image Processing.” 
R. E. Worsham, J.  E. Mann, and E. G. Richardson? “A Field-Emission Gun.” 
W. F. Zieglei-> “A High-Voltage Terminal for a Field-Emission Gun.” 

Kirigston iViicleur 7?leory Synzposittm ut Queen’s University, Kingston, Ontario, Cunudn, August 2~8---2.5, I 9  72 

J .  B. McCrory (invited paper), “Shell Model Hodge-Podge.“ 

American Cfiemicul Society Meeting, New Yosk, New Yosk, August 27.- September I ,  1972 

R. S. l’oth and R. L. Hahn (invited paper), “Study of New Alpha-Emitting Isotopes Far from Stability.” 

International Conjkrence on Few Partick Problems in the Nwleur [nteruction, 
Los Angeles, CulijOrriiu, Art.qist 28-September I ,  I972 

M. I,. Halbert, P. Paul, K .  A. Snover, and E. K. Warburtori, “Kadiaiive Capture o f  Protons by Deuteriuni.” 

???it’d Internutional Conference on Ruman Spectroscopy, Reivis, Fsunce, Seprember & 13, 1972 

E. Silberman, J .  R. I ~ w s o n ,  arid H. W. Morgan, “Vibraliorial Determination of Crystal Structures.” 

Ititernnlional Conference on Perspectives for Hyperfine Inteructions in Mugrieticully 
Ordered Solids by NMR and Other Mrrthods, I ,  Xquilu, Italy, Septemhes I I - -  1.5, 197.2 

J.  C. Love and F. E. Obenshain, “Mixsb:iuer Effect Study o f  6 ’  Ni Hyperfine Lnteractioris in Heusler Alloys.” 

F. E. Ohenshain, J. E. Tansil, and G. Czjzek, “Magnetic Hyperfine Fields at “ Ni Nuclei in Dilute Pd:Ni Alloys.” 

Uenerul ivleeting on Photoelectron Spectsoscopy of’hfolecules, Sussex, England, Septernbes I?--- 14, JY  72 

‘r. A. Carlson and K. M. White, “Study o f  the Angular Distribution for the Photoelectron Spectra of Halogen 
Substituted Me thane Molecules.” 

Arriwicun Nuclear Soc Irty Mwting (Topicul Mwting on Nt.w L)evelopments in Rencior Phy5icr 
urd Shielding Cuk‘ulntions), Kinmerhrr Lake, New York, September I2  15, I972 

J. A. Harvey (invited paper), “keV Neutron Total Cross Section Mzasuremenl s a t  OKELA ” 

Symporircrn on Przscwt Stuliis und Nc,vd Drveloprnents in the Nudeur Muny-Body Problem, 
12ome, Ituly, September 19 23, 1972 

R 1- Recker (invited pdper), “The 1Cenornixilimtl Bruzckrier-Ilartree-Fock Approximation.” 

W. F. Ford, R. C Bialey, K. L. Becker, and M. R. Pattelson. “Deformed Riueckner-Hartree-Fc,ck Calculations.” 
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Third lntertintional Conference on Beam-Foil L~peCti*OSCQpJJ, Tucson, Arizona, October 2-6,  I972 

D. J. Pegg, P. M .  Griffin, I .  A.  Sellin, and W. W. Smith, “Electron Spectroscopy of Foil-Excited Chlorine Beams.” 

1. A. Sellin (invited paper), “Metastable Autoionizing States.” 

I972 Proton Linear Accelerator Conference, Los Alamos, New Mexico, October IO- 13, 1972 

C. M. Jones, J .  L. Fricke, B. Piosczyk, and J.  E. Vetter, “A Slow Tuner for Superconducting Helically Loaded 
Resonant Cavities.” 

1972 Fall Meeting of Optical Society of America, San Francisco, California, October 17-20, 19 72 

L. J .  Nugent and K. L. Vander Sluis, “Extension of Free-Atom and Free-Ion f-Electron Systematics to General 
Lanthanide and Actinide Phenomenology.” 

K .  1,. Vander Sluis and L. J.  Nugent, “Systematics in the Relative Snergies o f  Some Low-Lying Electron 
Configurations in the Gaseous Atoms and Ions o f  the Lanthanide and Actinide Series.” 

f i y f t h  Symposium on the Structure of Low-Medium Mass Nuclei, Lexington, Kentucky, October 27, 19  72 

F .  B. Malik and M .  G. Mustafa (invited paper), ‘‘A Pedestrian Approach to  the Intermediate Structure in 
Photonuclear Reaction in  Light Nuclei.” 

Ameriran Physical Society Meeting, Seattle, Washington, November 2--4, 19 72 

Reactions”; Bull. Amer. Phys. Soc. 17,899 (1972). 
C. R. Bingliam, D. L. Hillis, and J. B. Ball, “Neutron Shell Structure of 1 4 5 N d  from (d ,p)  and (a,’He) 

J. K. Dickens, G. I.. Morgan, and G. G. Slaughter, “Cu(n,xy) 1teactions”;Rull. Amw.  Phhys. Soc. 17,901 (1972). 
J .  L. C. Ford. Jr . ,  J .  Gomez del Campo, S. T.  ‘Thornton, R. L. Robinson, and P. H. Stelson, “Investigation o f  the 

C. B .  Fulmer and J .  C .  Hafele. “Optical Model Family Ambiguity Resolved for Helion Scattering from “Ni”; 

R.  M .  Gaedke, J. B. Ball, J .  L. C. Ford, Jr., J. S. Larsen, and K.  S. Toth, “ 2 0 8 P b ( ’ 2 C , 1 1 B ) 2 0 9 e i  and 

C. D. Goodman, D. C. Hensley, A .  van der Woude, and S. Raman, “Isospin Conservation and the Reactions 

N. B. Cove and S. Raman, “Log f l t  Values for First-Forbidden IJnique Beta-Transitions and the Decay of 

J .  A. Harvey. N .  W. Hill, and W .  E. Kinney, “A Proton Recoil Detector for keV Energy Neutrons”;Bull. Amer. 

D. J .  Horen, R. L. Auble, F.  E. Bertrand, and J.  B. Ball, “A Study of the 107A8(3He.d)’08Cd”;Bull. Amer. 

E. T .  Jurney, S. Raman, G. G. Slaughter, J. A.  Harvey, J. C. Wells, Jr., J. Lin, and D. A. McClure, “Observation 

H. J .  Kim, R. L. Robinson, W. T. Milner, and J .  C. Wells, Jr.. “Ratio ofE2 Effective Charges for 42T1 and 42Ca”;  

R. L. Macklin and R. R.  Winters, “Neutron Capture in Fluorine from 2.5 to I500 keV”; Bull. Amer. Phys. Soc. 

F .  K. McCowan (invited paper); “Electric Mexadecapole Moments in the Actinide Nuclei”; Bull. Amer. Phys. 

“B(”O,d), ’ o B ( ’ 6 0 , ~ ) , a n d  ‘ 2 C ( ’ 6 0 , a )  Reactions”;Bull. Amer. Phys. SOC. 17,920(197%).  

Bull. Amer. Phys. SOC. 17, 895 (19’72j. 

208Pb(i 2C, ’  3C)207Pb Reactions at  High Bombarding Energies”;Rull. Amer. Phys. SOC. 17, 914 (1972). 

“B(d,61-le)7Beand “B(d6Li*)71,i”;Bull. Amer. Phys. Soc. 17, 929 (1972). 

90mY”;Bu11. Amer. Phys. Soc. 17, 909 (1972). 

Phew. Soc. 17,901 (1972). 

Phys. Soc. 17,906 (1972). 

of the 7 120-keV, 3 - -+ 2,’ Primary y-Ray in ’ 44Nd”;  Bull. Amer. Phys. Soc. 17, 898 (1972). 

Btill. Arrer. Phys. Soc. 17, 932 (1972). 

17 ,900  (1972). 

Soc. 17,890(19723. 
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S. Rarnan, J. A. Harvey, T. A. Walkiewicz, G. J. Lutz, L.  G. Multhauf, and K. G. ‘Tirsell, “Gainina Transitions in 

R. L. Robinson and Z. W. Grabowski, “Properties o f  the 2‘ and 2“ States  TI ’ O 6  Cd”; Bull. A mer. Phys. 

K. 0. Sayer, N. R.  Johnson, E. Eichler, D. C1. Hensley, arid L. L. Riedinger, “Coulomb Excitation o f  

J. P. Svenne and R. L. Becker, “A Problem of Level Inversion in Nuclear IJF and BHF Calcu1ations”;Uull. Amer. 

1,. Varnell, J. 1%. Hamilton, J. Lange, R.  L. Robinson, P. H. Stelson, and J .  L. C. Ford, Jr., “Couloriib Excitation 

0. A. Wasson and G. G. Slaughter, “Valency Neutron Capture in 92Mo(n,y)93Mo”; 1MI. Amer. Ph-vs. Sol:. 17, 

J. C. Wells, Jr., J. Lin, S. Ramati, R. L. Auble, and E. Newman, “The 43Nd{d,p) Reaction at 25 MeV”:BulI. 

’’ 9Sri”;Uull. ‘4mer. Pkys. SOC.  17, 906 (1072). 

Soc. 17,906 (1972). 

Dy with “5cl 1ons”;Rull. Amrr. Phys. Soc 17, 899 (1972). 1 6 0 , 1 6 2 , 1 6 4  

Ph.ys. Sac. 1 7 , 9  10 (1972). 

Studies of 76 Hf”;BuZl. Amer. Pkys. Sac. 17,X!)9 ( 1972). 

?02 ( 1  972). 

Arner. Phys. Soc. 17, 898 (1972). 

Southeasterri Section Meeting of Americun Physicul Society. Uiiminghalam, AIuburnu, November 16--- J8, 1972 

in Program 39th Meeting SESAPS. 
9. M. Springer, E. Silberman, ;]rid €1. W. Morgan, “Vibrational Determination o f  Crystal Si  rnictures,” Paper EB9 

P. H. Stelson (invited paper), “On the Shapes of Heavy Nuclei,” Paper CBI  in Progiatn 39th Meeting SESAPS. 

I972 IEEE Nucltrur Science Symposium, Miami Reach, Floridlr, December 6--8, I 9  72 

Acquisition System.” 
D. C. Hensley (invited paper), “List or Sort? ~~ Some Experiences from the ORlC Multiparameter Data 

ANNOUNCEMENTS 

Alexander Zucker returned to ORNL dfter a two-year 
leave of absence in Washington, D.C . where he served 
ds Executive Ihrector of the Erivuoninental Studies 
Board o f  the National Academy of Sciences. Since his 
ieturn, Mr. Zucker has been appointed Aswciate 
Director for Basic Physical Sciences a t  Oak Ridge 
Natmnal Labox:itory. 

C. M. Jones w3s appointed group leader for the Ion 
Source Development program. 

111 October 1972 the first issue of tlie Jorirnal of 
Electron Spectroscopy appeared . The coed 1 tors are 

C. K. Hrundle of the University of Bradford, England, and 
‘r. A. Carlson of Oak Ridge National Laboratory. ‘The 
journal will be published bimontldy by Elsevizr Scien- 
tific Publishing Company and i s  an international journal 
devoted to all aspects of’ electron spectroscopy, both 
theoretical and experiine rital. ‘The jourrial is in response 
to the tremendous growth of activity in the field of 
electron spectroscopy during the last few years, some of 
which was pioneered at ORNL. 

PERSONNEL ASSIGNMENTS 

During 1972 the Physics Division has been host to  
approximately 34 guests from abroad arid from abroad. A list o f  participants follows: 
throughout the 1J.S. Some o f  thesc are short-term 
assignmenls, such as those sponsored by the Oak Ridge 
Associated Universities. Other appointments may ex- 
tend for one or  two years and are iisually sponsored by 
feellowsl~ips or the individual’s home institution. In 
addition, a number of Ph.D. staff members have bzen 

guests o f  othei laboratories in the [Jrrited States and 

* 
Guest Assignees from Abroad 

J. B. Allen (Exchmge Assignee), Austt aliari Atomic 
Eneigy (‘ornniission Lucas Heights Research Est ab- 
listiment, Sulherland, New South Wdes - Nuclear 
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Geophysics and Oak Ridge Electron Linear Accelera- 
tor Neutron Time-of-Flight Spectroscopy Programs 
(completed 2'/2 -year assignment in March 1972). 

'Tzun-Ren Chang, Institute of Nuclear Energy Research, 
Taiwan, Republic of China - -  Oak Ridge Electron 
Linear Accelerator Program (began two-month assign- 
ment in December 1972). 

Jen-Chang Chou, Institute of Nuclear Energy Research, 
'Pawan. Republic of China - Oak Ridge Electron 
Linear Accelerator Program (completed two-week 
assignment in November 1972). 

E. D. Earle, Atomic Energy of Canada, Limited, Chalk 
River, Ontario, Canada ~ Oak Ridge Electron Linear 
Accelerator Program (completed two-week assign- 
ment in July 1972). 

Gudnan Hagemaiin (Exchange Assignee)> Niels Bohr 
Institute. University of Copenhagen, Denmark ~- 

Nuclear Physics Program (completed one-year assign- 
ment in July 1972). 

K. .4. Bagernann (Exchange Assignee), Niels Bohr 
Institutc, University of Copenhagen, Denmark - -  

Nuclear Physics Program (completed one-year assign- 
ment in July 1972). 

G .  D. James (Exchange Assignee), Atomic Energy 
Research Establishment, I-Ianvell, England - Oak 
Ridge Electron Linear Accelerator Program and part 
time with Molecular Anatomy Program of Director's 
Division (began one-year assignment in October 

J.  S .  Larsen (Exchange Assignee), Niels Bohr Institute, 
University of Copenhagen, Denmark - Nuclear 
Physics Program (completed ten-month assignment in 
June 1972). 

Tove Imseri, Technical University of Denmark, 
Lyngby, Denmark - Nuclear Physics Program (com- 
pleted ten-month assignment in June 1972). 

R. L. Mossbauer? Technical University of Munich, 
Munich, Germany ~ Mossbauer Experimental Pro- 
gram (completed one-month assignment in February 
1972). 

1972). 

Siaresh C. Pancholi, University of Delhi, Delhi, India . . ~  

Nuclear Data Project (completed three-month assign- 
ment in Ilecember 1972). 

P. Perrin, Centre Etude Nucle$re Grenoble, Grenoble, 
France Van de Graaff Program (completed two- 
week assignment in Februuy 1972). 

W. D. Schmidt-Qtt, University of Goettingen, Goet- 
tingen, Germany - University Isotope Separator a t  

Oak Ridge Program (began one-year assignment in 
June 1972). 

Guest Assignees from the United States 

C. R. Bethunae,I Bethune-Cookman College ~ Physics 
of Fission Program (completed threemonth assign- 
ment in August 1972). 

C. 1Tc. Hingham,I University of Tennessee - Nuclear 
Physics Program (completed three-month assignment 
in August 1972, now consultant under subcontract). 

H. K. Carter, Oak Ridge Associated Universities ~ 

University Isotope Separator at Oak Ridge Program 
(began one-year assignment in June 1972). 

C. T. Condo, University of 'Tennessec - . ~  High Energy 
Physics Program (summer appointment closed in 
September 1972, now consultant under subcontract). 

N. C. Fcrnelius, Research Consultants, Inc. . . ~  Electron 
Spectroscopy Program (completed 13-month assign- 
ment in Jiune 1972). 

R. M. Gaedke,' Trinity University - Nuclear Physics 
Program (completed three-month assignment in 
August 1972). 

D. Coss,' Nebraska Wesleyan University - Theoretical 
Physics Program (completed three-month assignment 
in Augurt 1972). 

Z. W. Grabowski, Furdue University (sabbatical leave) - 
Charged Particle Cross Section Data Center (com- 
pleted seven-rnonth assignment in February 1972). 

E. 1,. Hart, University of Tennessee - High Energy 
Physics Prograin (continued part-time: ;:ssignment 
begun in October 1969). 

P. G .  Huray, University of Tennessee ~ Mossbauer 
Experimental Program (guest assignment closed in 
April 1972, now consultant under subcontract). 

C. A .  Keyworth, Los Alarnos Scientific Laboratory - 
Oak Ridge Electron Linear Accelerator Program 
(completed five-month assignment in December 
1972). 

University Isotope Separator at Oak 
Ridge Program (began indefinite appointment in 
January 1972). 

J.  R. Mowat, University of 'Pennessee - Van de Graaff 
Program (began one-year appointment in June 1972). 

R. L. Mkkodaj 

. - __._. . _- 
1 .  Rescarch participant sponsored by  Oak Ridge Associated 

Universities. 
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A. V. Ramayya,’ Vandcrbilt University Nuclear 
Physics Program (completed thiee-month assignment 

A. C. Rester, 4r. University Isotope Separator at Oak 
Ridge Program (completcd srx-rnonth ‘ippointnient in 
April 1972). 

Oak 
Ridge Electron Linear Accelerdtor Progiatn (com- 
pleted five-month assignment in Deceinbei 1’972) 

E. B. Spejewski, Oak Ridge Associated Univeisities 
assigned as Director of University Isotope Separator 
at Oak &dge Progratn (began i n d e h t e  assignment in 
June 1972) 

Qak 
Ridge Electron Linear Acccleiator Neutron Tiine-of- 
Flight SpeLtroscopy Progiam (completed one-year 
assignment in AuguTt 1972) 

Van 
d e  Graaff Program (completed three-moiith assign- 
ment in September 1972). 

R. M. White, Baker University (sabbatical leave) ~ 

Electron Spectroscopy Program (completed one-year 
assignment in August 1972) 

Nucleai Geophysics Program (completed five-month 
dssignnient in May 1972, followed by  one-month 
summer appointment completed in June 1972, now a 
consultant under contract anangement with Oak 
Ridge Associated Universities). 

i n  hugust 1972). 

F. T. Seibel, 1,os Alamos Scientific Laboratoiy 

0. A. Wasson, Brookhaven Naf iondl Lahoiatory 

J. C. Wells,’ Tennesgee Technological TTniverxity 

R. R. Winters, Denison University (sabbatical leave) 

Staff Assignments 

J. B. Ball - Nuclear Phyrics. Began in July 1972 
one-year exchange assjgnmerit to Niels Bohi Institute, 
Copenhagen, Denmark. 

Van de Graaff Laboratory t o m -  
pleted in March 1972 18-month assignment to Aus- 
tralian Atorriic Energy Commission in Lucas Heights 
Reseaicli Establishment, Sutherland, New South 
Wales, Australia. 

Van de Graaff Program. Began in July 
1972 15-inonth assignment with Institute Laue- 
Langevin in Greiioble, Grenoble, France. 

W. B. Ewbank - Nuclear Data Project. Completed in 
February 1972 13-month leave of absence with Free 
{Jniversity , Amsterdam, Netherlands temporary 
Lecturer in Physics. 

Ja A. Biggemtaff 

W. B. Dress 

C. D. Goodman - Nuclear physics Began in September 
1972 nine-month assignment at Univerqity of 6‘010 
rado iis visiting professor of physics. 

Nucleai Physics. Completed in August 
1972 one-year exchange assignment to Niels Bohr 
Tnstitiite, Copenhagen, Detinidi k. 

Edith Halbert - Theoreticd Physics Completed in 
Aiigusl 1972 one-ycar assignment with State Wni- 
versity of New York .ut Scony Brook and wlth 
Brookhaven Nationdl I,.iboiatory (part time). 

Nuclear Physics. ComplctGd in August 
1972 one-year exchange assignnient with Brookhaven 
8ational Laboratory. 

C. M. Jones Ion SourLe Developincnt Program. 
Compleled in July 1972 one-yedr assignment to 
Institut fur Espermeiitelle Kei nphysik Kernfor- 
schungszentrurn Karlsrutie, Karlsruhe, Germ;t ny. 

P D. Miller - Van de Giaatf Program. Began in July 
1972 1 5-month ds\ignrnent with Institute h u e -  
Ldngevin i n  Grenoblc, Grenoble, Fiance 

Nuclear Pliyxics Completed r n  July 1972 
two-year leave ot absence with Environmental Studizs 
Bodid of National A c . d m y  of Sciences in Washing- 
ton, DX’., 21s Executive Director. 

E. E. Gross 

M. L. Halbert 

A. Zucker 

Staff Appointments 

H. G .  Binghiim, Jr. - Nuclear Pliy.;ics. Began in October 
1972 three-year appointment . 

J. M. Domschko - Nuclear Physics, Completed in 
December 1972 one-year appointment as NSF Pt esi- 
deiitia( Intern. 

D. C. Kocher - Nucleat Data Project. Began in 
September I97 1 two-year assignment (Ndei tr  Infor- 
mation Research Associate urider National Science 
Foundation Grant). 

Mi. G .  Mustafa - Physic& 01 Fission. Began in May 1972 
ten-month assignment (formerly a consultant uiider 
sister-laboratory agreement between OKNL arid Yaki- 
s tan Atomic Energy Coinin~ssion). 

Staff ‘remination 
A. van der Woude - Nuclear Physics. Completed in July 

1972 tempoiary appointment. Now with Kern- 
physiscb Versrieller Instituu t ,  Groningen, The Nether- 
lands. 
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Staff Appointees - Intralabosatory Loans September 1972 one-yex loan assignment with UI- 
rector’s Division, Planning and Analysis Program. 

T. A. Carlson (Electron Spectroscopy Program), Chern- 
istry Division, continued loan assignment with Physics 
Division. 

W. M. Good [Oak Ridge Electron Linear Accelerator 
(ORELA) Program] conpleted in July 1972 elevcn- 
month loan assignment with Environmerital Reports 
Project. 

M. 0. M d h y  (Electronuclear Systems Development 
Program), Chemistry Division, began in July 197% 
loan assignment with Physics Division. 

F. Plasil (Physics of Fission Program) completed in 

H. W. Schm.ift (Physics of Fission Program) completed 
in May 1972 four-iiionth loan assignment with Di- 
rector’s Division, Planning and Analysis Program. 

P. A .  Staats (Atomic and Molecular Spectroscopy 
Program) completed in February 1972 one-month 
loan assignment with Informa tion Division Program 
of Declassification at  AEC-ORO. 

T. A.  Welton (Academic Affairs Director and Theoreti- 
cal Physics Program) began in October 1972 approxi- 
mate six-month loan assigniiient with Oak Ridge 
Gaseous Diffusion Plant (K-25) Centrifuge Program. 

MISCELLANEOUS PROFESSIONAL ACTIVITIES OF DIVISIONAL FEBSONNEL 

Staff members of the Physics Division are frequently 
requested or appointed to assume certain professional 
duties which are incident to  their primary responsibili- 
ties a t  ORNL. Such duties may be in connection with 
scieniiiic journals, societies, conferences, committees. 
institutes, etc. During 1972 such activities have in- 
cluded the following: 

K. 1,. Becker - reviewer for the Physzcal Review, 
Physical Review Letters, and Nuclear Science nrzd 

Engineering; instimctor for the Oak Ridge Resident 
Graduate Program of the University of ‘i’ennessee; 
member of the advisory coiimiittees of several 1’h.D. 
students a t  the Univcrsity of Tennessee. 

T. ‘4. Carlson’ - reviewer for the Physical Review; 
nlernber of program Advisory Board. International 
Symposium on Fiiture Application of Inner Shell 
Ionization Phenomena, Atlanta. Georgia, April 22, 
1972; Joint Editor-in-Chief of the Joumnl of Electron 
Spec tm sco py . 

1-1. 0. Cohn - membei~ of Accelerator Users Group at 
National Accelerator Laboratory, Stanford l inear 
Accelerator Center, Brookhaven National Laboratory, 
and Argonne National Laboratoiy. 

K.  T. R. Davies - reviewer for the Physical Review and 
Physical Review Letiers. 

J .  L. C. Ford, Jr. - Organizing Committee member of 
the ORNL Heavy-Ion Summer Study. 

I .  On loan from the Chemistry Division t o  the Physics IJivi- 
sion . 

J. L. Fowler - -  member of Executive Committee of 
Council of the P.merican Physical Society (1970 -~ 

1973); representative of the American Physical 
Society on the Governing Board of the Amel-ican 
Institute of Physics (1972-1974); member of the 
Manpower Statistics Advisory Committee of the 
American lnstiiute of Physics (1972-1973); member 
of Publications Committee of the Council of the 
American Physical Society ( 1970 -- 1972); Divisional 
Councilor of thc ,4merican Physical Society for the 
Division of Nuclear Physics (1970-1973); member of 
Executive Commit tee of Division of Nuclear Physics 
of the American Physical Society (1970-1973): 
member of Program Committee for the Division of 
Nuclear Physics of the American Physical Society 
(1972- 1973); member of Nominating Coininittee of 
the Uivision of Nuclear Physics of the Ameiican 
Physical Society ~ appointed by Council (1972); 
chairman of the Publications Committee for the 
Division of Nuclear Physics of the American Physical 
Society for the Physical Review C and Physical 
Review Letters (1972- 1973); member of Program 
Committee for the 1972 Fall Meeting of the South- 
eastern Section of the American Physical Society; 
secretary of the Cominission on Nuclear Physics of 
the International Union of Pure and Applied Physics 
(1972-1975); ex oXicio lnembcr of U.S. National 
Committee for the lnternational Union of Pure and 
Applied Physics; referee for the Physical Review and 
Physical Review Letters. 

C. B. Fulmer - member of the ORNL Accelerator and 
Radiation Sources Review Committee; referee for the 
Physical Review and Physical Review Letters. 
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C. D. Goodman --- member of prograni comrnittee for 
IEEE 1972 Nuclear Scieoce Symposium; member of 
advisory committee for the information Division of 
the American Institute o f  Physics; referee for the 
Physical Review and Pliyyicul Rrvicw Letters. 

E. E. Gross - -  member of the 'Technical Advisory Pariel 
('TAP) for the Los Alamos Meson Faculity; reviewer of 
proposals for the Research Corporation. 

E. c'. Eialbert -- referee for t h e  Physi~~~ul Review. 

M. I.,. Halbert --- reiei-ee for the Yhysitzl Review C and 

J.  A. Harvey ' -  secretary-treasurer of the Division of 
Nuclear Physics of 1 tie American Physical Society 
{1967---1973); member of the editorial board of 
L~uc~eur Duta Tubles, a journal published by Academic 
Press; reviewer for the Physicul Review arid 1Vucleur 
Science und Engbzeering; labor coordinator for the 
Physics Division. 

D. 5 .  Horeri -- rnetnber of the Conirnif lee o r i  Nuclear 
Data Chmpilations of the Division of Nuclear Physics 
o f  the American Physical Society (197 1 ---1973); 
merriber of Ad Hoc Panel on Nuclear Data Compila- 
tions of the National Academy of Sciences (1971- 
1973); U.S. tnember of [AEA tnternalional Working 
Group on Compi1;i t ior i  Evaluation, and Dissemination 
of Nuclear Structure and Reaction Data (1971 -.- 
1973); member of U.S. Nuclear Data Committee 
(1972); reviewer for the Physicul Review. 

Mys ieu l  Review Lettws. 

C. M. Jones --- reviewer for Purticle Accelerutors. 

C. A. Ludemann .- Physics Division represenl ative to 
the Union Carbide Nuclear Division Affirmative 
Action Program; member of UCCND Advisory Panel 
t o  study the feasibility o f  computer control o f  the 
calutrons. 

R. I,. Macklin --- inenher of the Oak Ridge Gaseous 
Diffusion Plant N iiclear Safety Commit tee; chairman 
of the Subcommittee on Neutron Capture Cross 
Sections of the linired States Nuclear Data Com- 
mittee; reviewer for I1 ~Vuovo C'inzento, the Phjisical 
Review, Nuclear Physics, Physicd Review Letters, 
iVucEeur Instruments u r d  Methods, Astrophysical 
Journul, Nuclear Applicntions, Nuclmr Science and 
E'ngineering, utul Nuclear Science und Technol~gy. 

J. A .  Martin -- vice-president of the Nuclear and Plasma 
Sciences Society of the Institute of Electrical and 
Electronics Engineers; metnber of the Administrative 
Committee of the E E E  Nuclear and Plasma Sciences 
Society (1971 ---1975); inember of the Technical 

Committee on Parl.icle Accelerator Science and Tech- 
nology of  the IEEE-NPSS; member of  Editorial 
Advisoly Hoard of  Purticle Atwlerufors; reviewer for 
Purfide Ac~celeruturs; consultant t o  the National 
Science Foundation Physics Section 
the Visiting Comtniltee for ihe Indiana University 
Cyclotron Project; member of the Organizing and 
Program CommitLees f o r  the 1973 Particle Accelera- 
tor Conference (San Francisco, California, March 
i 9 n j .  

F. K. McCowan - nieniber of the Editorial Board of 
Mrcleur Dutu Tables, a journal publislied by Academic 
Press; reviewer for (he Physicul Review and Physicul 
Review Letters. 

J. H .  McGrory - - -  cli:tjrinan, 1972 Gordoti Research 
Conference on Nuclear Structure; referee for the 
Physical Review and Physical Review Letters. 

1-1. W. Morgan - -  faculty member o f  Fisk University 
Infrared Spectroscopy Institute; on the Membership 
Cornrnittee for the Southeastern Section o f  the 
American Physical Society ( 1971 ---1!172): member of 
the Program Committee for the Southeastern Section 
of the American Physical Society (.Birmingham, Ala- 
bama, November 1972); chairman of the Board of 
Directors of the Terinessee Partners of the Alliances 
for Scientific Exchange between universities in Ten- 
nessee, Brazil, and Venezuela; Senior Research Asso- 
ciate, Department of Natural Sciences, Holliris Col- 
lege. 

E. Newmari - member of the ORNI, Graduate Fellow 
Selection Panel; reviewer for the Physicul Review and 
Physicul Review Letters; scientific secretary for the 
ORNL Heavy-lon Summer Study. 

F. E. Obenshain - part-time faculty membcr with the 
Department of Physics of' the University of Ten- 
nessee; reviewer fos the Physical Review arid Physical 
Review Letters. 

S. Raman - reviewer for the Physical Review, Physicxf 
Review Letters., and iVucleur Physics. 

R. I,. Robinson - -  reviewer for the Physicul Review and 
Physical Review Letters. 

M. J. Saltniarsh --- scientific secretary for the ORNL 
Heavy-Ion Summer Study; coauthor of Section 5 
(Applications o f  Heavy Ions) in the National Heavy- 
Ion Laboratory Proposal. 

G. R.  Satcttler - - -  member of editorial board ofParticfes 
and Nuclei, a journal published by F.U. Research 
Institute, Athens, Ohio; rnember of editorial board of 
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Nuclenr Dura Tables. a journal published by Academic 
Press; member of panel of “Contributors” to  Com- 
merits on Nirclcur und Farticle Physics, a journal 
published by Gordon and Breach, Inc.: reviewer for 
the Physical Review, Physicul Review Letters, Nuclear 
Physics, and Physics Letters. 

H. W. Schmitt .. reviewer for the I’hysical Review, 
Physical Review Letters, Nuclear Physics, and Nucleur 
Science and Engineering: member of editorial board 
of Nuclear Dutu Tables; member of Committee on 
ORNL Sister-Laboratory Arrangement with the Paki- 
stan Atomic Energy Comi-nission; consultant to Tri- 
Ilniversities Nuclear Laboratory of Duke University; 
organizing committee inember of the ORNL Heavy- 
Ion Summer Study. 

G. G.  Slaughter ~ reviewer for Nuclear Science and 
Engineering and the Physical Review. 

P. A .  Staats ~ faculty member of Fisk University 
Infrared Spectroscopy Institute. 

I”. I1 .  Stelson ~ part-time faculty member with the 
Depaitinent of Physics of the University of rennes- 

see; associate editor of Nuclear Physics; member of 
the executive committee of the Soiitheasterii Section 
of the American Physical Society: member of corn- 
mittee for the International Conference of Nuclear 
Physics (Munich, Germany, August 2’7- September I ~ 

1973). 
K. S. Toth - -  reviewer for the Physical Review and 

Physical Review Letters; haisoil n u n  between Physics 
Division and UNISOR Project. In particular, attriided 
all executive committee and users meetings, acted as 
chairman of the UNlSOK Scheduling Comittee, and 
participated in nuinerous technical matters as a 
member of the IJNISOR Technical Committee. 

K. L. Vander Sluis -~ member of the Committee on 
Line Spectra of the Elements of  the National 
Academy of Scicnccs ~ National Research Council. 

T. A. Welton ~ pari-time faculty member with the 
Department of Physics of the University of Tennes- 
see, teaching graduate nuclear physics course; taught 
(fall quarter) a senior-level quantum mechanics course 
to students from Great Lakes College Association; 
reviewer for Jouriial cifApplied Physics. 

Scientists with the Physics Division receive numerous 
requests to present seminars and colloquia, both in this 
country aitd abroad. Some of these are supported 
through the Traveling Lecture Program. administrated 
by the Oak Ridge Associated Universitics. Funds for 
transportation for the lectures are provided b y  the Oak 
Ridge Associated Universities. The institution request- 
ing the lectures in turn provides funds for the local 
expense. Following is a list of these talks: 

II. G. Singham, Jr. ~ Florida State 1Jniversity. Novein- 
ber 14. 1972, ”Lithium-Induced ‘Three-Nucleon 
‘i-ransfer Reactions on N = Z Nuclei.” 

T. A.  Carlson (on loan from Chemistry Division) 
Rutgers University, Apiil 5,  1372, Research Labora- 
tories of Eastman Kodak, July 10, 1972, “Recent 
Developments in the Application of Electron Spec- 
troscopy to Chemical Problems”; Yale University 
(Photoelectron Spectroscopy Symposium). November 
30, 1972, “ l h e  Use of Multicomponent Lines in 
X-Ray Photoelectron Spectroscopy” ; instituto de 
Fisica, University of Mexico. Mexico City, Mexico, 
May 10, 1972, “General Survey of Electron 
Spectroscopy.” 

J .  L. C. Ford. J r .  ~ University of Virginia, April 1 1 ,  
1972, “Equilihriiuxn Quadrupole and Mexadecapoie 
Deformations in Actinide Nuclei.” 

J .  L. Fowler ~~ North Carolina State University, 
February 7,  19’71, ”The History of the Technological 
Development of the hrrrts Race”; North Carolina 
State Universjty, February 8, 19’7’2, “Toroidal Nuclei: 
A Speculation.’’ 

C. D. Goodrnari ~ University of Colorado, December 7,  
1972, “Can We l.eain about Complicrted Nuclear 
Reactions from the Simple Symmetry of Isospin 
Conservation?” 

E. E. Cross ~ University of Birmingham, Birmingham, 
England, April 18, 1972, “Polarization ~ Asymmetry 
Test of ‘Time Reversal Invariance”; Harwell Scientific 
Laboratory, England, April 2 1. 1972, University of 
Heidelberg, Germany, May 23, 1972, “Violation of 
the Barshay-l’emmer Theorem in the Reaction 
* H)3 He”; University of Marburg, Germany, 
May 23, 1972. “Testing Time Reversal lnvariance in 
Nuclear Physics”; University of Georgia, November 30, 
1972, “Interference between Coulomb arid Nuclear 
Excitation in Inelastic Scattering of 0.” 
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M. L. Halbert -- Universily of Virginia, November 8, 
1972, “Resonances in He?”; National Bureau of 
Standards, Center for Radiation Research, November 
9 ,  1972, “Are There Resonances in 3fie?” 

E. D. Hudson --- University of Caljfornia, Davis (repre- 
senlarives of Crocker Nuclear Laboratory, the Naval 
Research Laboratory, and Oak Ridge National L- ‘I b or- 
atory), July 1514 ,  1972, “Heavy Ions at ORlC.” 

C. M. Jones --- Daresbury Nuclear Physics Laboratory, 
Daresbuiy, England, March 7 ,  1972, “Feasibility of 
Accelerating fieavy Ions with a Superconducting 
Linear Accelerator.” 

R. S.  Lord --- University of California, Davis (representa- 
tives o f  Crocker Nuclear Laboratory, the Naval 
Research Laboratory, and Oak Ridge National Labor- 
atory), July 13-14, 1972, “OKIC Improvement 
Programs.” 

J. B. McCrory - University of South Carolina, Feb- 
ruary 3, 19’72, Texas A iy, M University, March 16, 
1972, Tulane University, March 17, 1972, Florida 
State IJniversity, May 22, 1972, ‘“The Use of the 
Nuclear Shell Model to Study Quantuni Collective 
Systems”; University of Pennsylvania, April 2 1 , 1972, 
“Shell Model Calculations in the Calcium and Lead 
Region”; Duke University, November 2,  1972, 
“Recent Shell Model Investigations at Oak Ridge.” 

C. D. Moak - University of Witwatersrand, Johannes- 
burg, South Africa, February 22---2.5, 1972, “Heavy- 
Ion Nuclear Physics”; Heavy-Ion Solid-state Physics”; 
“Accelerator Technology .” 

H. W. Morgan -- Hollins College, May 5 ,  1972, “Lasers 
and Their Applications to the Sciences, Particularly 
Physics arid Medicine.” 

S .  W. Mosko --- University of  California, Davis (repi-esen- 
tatives of Crocker Nuclear Laboratory, the Naval 
Research Laboratory, and Oak Ridge National Labor- 
atory), July 13-~-14, 1972, “‘The New ORlC Power 
Amplifier.” 

12. E. Obensliain - - -  University of Louisville, September 
29, 1972, “Magnetic Properties of Transition Metals 
and Their Alloys Determined by  Miissbauer Measure- 
ments with ’ Ni”; Rice University, November 1.5, 
1972, “Miissbauer Studies of Exchange Enhancement 
and Magnetic Properties of YdNi Alloys.” 

F. P h i l  - Iiistitut de Physique Nirclt$aire, Qrsay, 
France, July 1Y72, Technische Universitiit Munchen, 

tiarching, Germany, July 1972, “Limits on Angular 
h’lonieii turn in Ifeavy-Ion Reaction?”; University of  
Tennessee, November 14, 1972, “Limiting Angular 
Momentum in Heavy-Ion Reactions.” 

113. J. Saltniarsh ~ University of South Caiolina, March 
9 ,  1972, “Inner Shell Excitation Induced by Heavy- 
Ion Bombdrdment”; Kernfysisch V e r s n e h  Instituirt, 
Groningen, Netherlands, May 17, 1072, “Multiple 
Inner She11 lonization Induced by Energetic Heavy 
Iot1s.” 

University of Pittsburgh. Septeniber 
78, 1972, “Excitation of Giant Quadrupole States III 

Nuclei”, Michigan State University, November 13, 
1972, University of Micliigan, November 15, 1972, 
“The Excitation o f  Giant Resonance States in 
Nuclei.” 

G. K. Satchler 

1-1. W. Schinitt - Tul:me University, April 13, 1972, 
“Nuclear Physics with Emphasis on the Physics of 
Fissicxi”; Texas Christian University, April 14, 1972, 
“‘Some New insights in the Physics of Nuclear 
Fission”; Florida State CJniversity, April 18, 1972, 
“New Insights in the Physics of Fission.” 

K. L. Vander Sluis - University o f  Miami, February 23, 
1972, University o f  South Florida, February 24, 
1972, Catholic Universily of  America, March 2.3, 
1072, “Coherent Light and Holography.” 

A. van  der Woude - lliiiversity of Czorgia, May 4, 
1972, “X-Kay Excitation by Heavy Ions.” 

C. I,. Viar University of California, Davis jrepresenta- 
tives of Crocker Nuclear Laboratory, tlie Naval 
Research Laboratory, and Oak Ridge National Labor- 
atory), July 13 ---14, 1972, ‘URIC Operating Experi- 
ence.” 

T. A. Welton -- Furman IJniversity, February 7-8, 
1’972, “Energy: Conversion and Control”; “Coherent 
Electron Microscopy.” 

C. Y. Worig - - -  University of Manitoba, February 3,  
1972, ‘“Toroidal and Bubble Nuclei”; Vanderbilt 
University, October 6, 1‘972. “Do Toroidal Nuclei 
Exist’?” Georgia Institute o f  ’Technology, November 
29, 1972, “Toroidal Nuclei, Toroidal Stars, and All 
That”; IJniversity of Virginia, December 1 9  1972, 
“Toroidal Nuclei arid Toroidal Stars.” 
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PHYSICS DIVISION SEMINARS 

The normal day for weekly Divisional seminais, long a 
practice of the Physics Division, is Friday a t  3:OO PM. 
Frequently, however, additional talks are scheduled for 
other days of the week in order to  include on the 
seminar calendar topics of especial timeliness or in- 
terest. Advance Laboratory-wide announcement is 
made of these seminars, which are open to both 
employees and guests. 

Seminar Chairman for the first eight months of 1972 
was S. Raman (Nuclear Data Project); in September 
1972 the duties of Seminar Chait-man were assumed b y  
Edith Halbert (Theoretical Physics). Lectures arranged 
b y  these Chairmen during 1972 were as follows: 

January 7 ~ H. W. Bertini, ORNL, “Continuum State 
Nuclear Reaction Calculations from 18 to 3000 MeV 
via Intranuclear Cascades” 

January 14 - Calvin Buiwell, OKNL, “New Directions 
in Energy Research at ORNL” 

January 7 I ~ R. Broglia, State Univetsity of New York, 
Stony Erook, “influence of the lsovector Quadrupole 
Mode in the Particle Evaporation Conpling Scheme” 

February 4 ~ Frank Comas, Department of Radiology, 
University of Tennessee Memorial Research Hospital, 
“Radiotherapy - -  The State of the Art” 

February I 1  - 0. A. Wasson, Brookhaven National 
Laboratory, “Radiative Neutron Captuie Measure- 
ments at  ORELA” 

February 18 ~ B. J .  Allen, Australian Atomic Energy 
Commission, Lucas Weights. “Neutron Capture Cross 
Sections and Stellar Nucleosynthesis” 

February 25 ~ Robert W .  Manweiler, Cornel1 Univer- 
sily, “Non-Local Nucleon-Nucleus Effective Interac- 
tions: A Consistent Picture” 

March 3 ~ Samuel Penner, National Bureau of Stand- 
ards. Washington, D.C., “Nuclear Moment Measui-e- 
merits b y  Inelastic Electron Scattering” 

March 10 ~ Duane Larson, Michigan State University, 
“High-Resolution Inelastic Proton Scattering from N 
= 82 Nuclei” 

March 17 ~ T .  A. Welton, ORNL, “High Coherence 

J. C. Hafele, Washington University, “Time, 

Electron Microscopy” 

Relativity, and Around-the-World Atomic Clocks” 

March 24 ~ A. hl. Koehler. Harvard University, 
“Radiological Applications of High-Energy Protons” 

March 20 

April 7 - 13. W. Schmitt, ORNL, “Some Recent 
Advances in Nuclear Fission” 

April 11 ~ J. I’. F. Sellschop, University of Witwater- 
srand, Johannesburg, S. Africa, “Cosmic Ray Experi- 
ments at  10,500 Feet Below the Surface of the 
E art h” 

April 14 -- G. R. Satchler, ORNL, “Towards a 
Microscopic Description of Scattering from Nuclei” 

April 21 ~ A.  J. Sierk, California Institute of Tech- 
nology, “Super Conducting (?) Heavy-Ion Linacs” 

April 28 ~ J. P. Svenne, University of Manitoba, 
“Hartree-Fock Calculations with Density-Dependent 
Effective Interactions” 

May 5 .~ Walter Benenson, Michigan State University, 
‘‘(3 Me) for the Masses” 

May 12 - Cleland H. Johnson, ORNI,, “Single-Particle 
Fragments in 0 from Neutron Total Cross Sections” 

May 19 ~ Akito Arima, State University of New York, 
Stony Brook, “Spectroscopic Information from 
I-Ieavy-Ion Reactions” 

May 26 - S. Wagner, Ortec, Inc., ‘ T h e  Efficiency 
Instability of Ge Detectors and the Related Short- 
T e r n  Effects” 

June 8 - - C. W. Wong, U.C.L.A., “GeneratorCoordinate 

June 16 J.  A. Riggerstaff, ORNL, “Gullible’s Travels” 
June 26 ~ P.  ‘l’odd, Pennsylvania State Ilniversity, 

“Possibilities for Radiobiological and Biomedical Re- 
search wi th  Fast Heavy Ions” 

July I O  E. Konecny, Technische Universitat 
Munchen, “Electromagnetic Transitions in the Second 
Minimum in 40 Pu” 

Theory of Collective Motion” 

July 19 - K .  Amos, University of Melbourne, Australia, 
“Inelastic Scattcring and the s-d Shell” 

July 21 ~. Freeman J. Dyson, Institute for Advanced 
Study, Princeton, “Do the Constants of Nature Stay 
Constant?” 

July 31 ~ J .  Halbritter, lnstitut fur Experimentelle 
Kernphysik, Karlsruhe, W. Germany, “RP Yupercon- 
ductivity in Niobium” 

August 4 ~ K. 1-1. Rhatt, Physical Research Laboratory, 
Ahmedabad, india, “Studies of the Structure of Shell 
Model Wave Functions” 

August 11 
film) 

“Apollo 16 ~~ Nothing So Midden” (color 
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August 18 

August 25 ~ C. M. Jones, O W L ,  “Status of the 
Super-Conducting Linear Accelerator at Karlsruhe” 

September 8 - F. Plasil, ORNL, “Predicled Limits on 
Angular Momentum in Heavy-Ion Reactions” 

September 15 J. B. McGrory, ORNL, “A Funny 
Thirig Happened on the Way to  Europe” 

September 18 - A. H. Wapstra, Instiaute of Nuclear 
Physics Research, Amsterdam, The Netherlands, 
“Atomic Effects in Determinations of Nucleai Masses 
(with a short introduction on The Multi-Particle 
Detector BOL)” 

S. J. Krieger, University of Illinoir, 
Chicago Circle, “Some Recent Resul Is of Deformed 
Wartr ee-Fock Calculations” 

October 3 ~ Ulrich Mosel, University of Washington 
axid Justus Liebig IJniversity, Giessen, Germany, 
“‘FiniteSize Effects in Heavy-Ion Scattenng” 

P. 4. Ellis, Oxford University, hngland, 
arid Argonne National Laboratory, “The Effective 
Charge and Interaction i n  Nuclei” 

.I. L. Fncke arid J E. Vetter, lnstltut fur 
bxperimentelle Keinphyak, Karlsruhe, Germany, 
“Current Status of the Karlsruhe Superconducting 
Linac, and Expermental Studles of i -f Superconduc- 
tivity 111 Nb at Low Fiequencies” 

E. E. Gross, ORNL, “Danish Pastry” 

September 22 

October 12 

October 16 

October 25 - H. C. Lee, Atomic Eriergy of Canada 
Limited, Chalk River Qntano, Canada, “Coulomb 
Induced Mirror Asymmetry in Allowed &Decays in 
the Hartree-Fock Approximation” 

November 10 1-I. Nifenecker, Lawrence Berkeley 
Laboratory, “New Features of Gamma-Ray arid Neu- 
tron Emission fiom ”C‘f Fission Frdgments” 

November 17 - B.  H. Wildenthal, Michigan State 
University, “Five Yea rs o f  Interaction between Shell- 
Model Tlieory and Experiment in the sd Shell” 

November 22 R .  B. Back, Los Alamos Scientific 
Laboratory dnd the Niels Bohi Institute, Copenhagen, 
Denmark, “Fission of Actinide Nuclei Lnduced by 
Direct Reactions” 

December 1 - €1. J. Kiln, O W L ,  “Populatiori of 
(f7/2)2 States via ( ‘ ‘0 ,xn)  Keactions on SI Irotoper, 
and 6’2 Effective Charges for  Protons v h  Neutrons” 

December 8 L. J .  Nugent, OKNL, “Generalized 
f-Eleitron Energetics in L a n t l ~ n i d e  m d  Actimde 
Cheniical Phenomenology” 

R P. Scliarenberg, Purdue University, 
“Experimental Basis of the Reorientation Effect” 

December 15 - Alexander Zucker, ORNL, “Science 
and Envirorimental Policy” 

December 11 

Ph.D. THESIS RESEARCH 

During 1972, 16 Physics Division staff members served in either an advisory or supervisory capacity for thesis 
research conducted by 17 candidates foi the Doctor of Philosophy degiee. For the most part, research by the 
students was carried out at Oak Ridge National Eaboratoiy t tirough fellowship appointments or through guest 
assignment arrangements with the Laboratory. 

one by Vanderbilt 
University and seven by the University of Tennessee. A listing of those concerned follows: 

Doctoral degrees were conferred during the year to  eight of the graduate students 

Ph.D. candidate Staff advisor(s) Field of research 
(thesis title listed if known) 

W. 3 .  Carter 111 T. A. Carlson “Electron Spectroscopy Applied to Environmental 

“Photoelectron Multiplet Splitting and C:hemical Shifts 
University of Tennessee Problems” 

University of Tennessee 
J. C : .  Carver T. A. Carlson 

in Transit ion-Metal Compounds” (Ph.D. granted 
March 1972) 

K. Dagenhart P. 1-1. S telson Coulomb excitation of Sn 

1). 0. Calde 

University of Tennessee 

‘8’ularie University C .  A. Ludemann 
M. L. Halbert 

A. van der Woude 

Proton-proton brenisstrahlung at 64.4 MeV 
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J. Goniez del Campo 
National University of 
Mexico 

M.  B. Greenfield 
University of Tennessee 

J .  P. Judish 
IJniversity of Tennessee 

University of Tennessee 

University of Tennessee 

University of ‘Tennessee 

G. E. McGuire 

Elizabeth C. Miller 

Joyce A. Monard 

R. Peterson 
University of Tennessee 

University of Tennessee 
C. L. Rao 

W. J .  Roberts 
Universiiy of Tennessee 

D. Y. Spears 

John Springer 

J. E. Tansil 

University of Oklahoma 

Vanderbilt University 

IJniversity of Tennessee 

University- of Tennessee 

University of Illinois 

W. l u t t l e  111 

G. Vernon 

J. L. C. Ford, Jr. 
G. R. Satchler 

E. Newrnan 
M. J. Saltmarsh 
T.  A. Welton 
P. H. S telson 
C. M. Jones 

‘T. A. Carlson 

‘r. A. Welton 

F. E. Obenshain 
R. L. Becker 

I .  Sellin 

G. R. Satchler 
T. A. Welton 
R. I,. Becker 

E. E. Gross 
E. Newrnan 
P. H .  S telson 

‘r. A. Carlson 

IJ. kli .  Morgan 

F. E. Obenshain 
R. L. Becker 

P. W. Stelson 

T. A. Carlson 

Heavy-ion reaction 

‘‘-4 Study of {.he ( 3 H e , n )  Reaction at 25 MeV” 
(Ph.D. granted fall 1972) 

Superconducting rf cavities 

“Study of Complex Metals Salts by Photoelectron 

Ultrasonic waves in liquids (Ph.D. granted 

“Mossbauer Studies of Electrostatic Hyperfine Inter. 

Spectroscopy” (Ph.D. granted June 1972) 

slimmer 1972) 

actionsin 2 3 8 U ,  2361J>and 2 3 4 U ”  
(Ph.D. granted August 1972) 

Atomic physics 

‘“Target Excitations and Higher Order Corrections to  
the Optical Potential for Protons” (Ph.D. granted 
fall 1972) 

3H(3He,41Ye)2H and 3He(31-Ie,4He)2p at 16.0 MeV 
c.m.” 

“Test of Isospin Conservation by a Comparison of 

“Study of Electron Shake-up in Photoelectron 

Infrared spectroscopy of molecular solids (Ph.D. 

“The Nickel-6 1 Mossbauer Effect in Nickel-Palladium 

Spectroscopy of Gaseous Atoms and Molecules” 

granted 1972) 

Alloys” (Ph.D. granted August 1972) 

Excitation” 
“Interference Effects from Coulomb and Nuclear 

“Application of Photoelectron Spectroscopy” 

M.S. TMESIS RESEARCH 

Five students were advised or supervised by staff members of the Physics Division during 1372 while conducting 
thesis rcsearch leading to  the Master of Science degree; four of these studerits were awarded the M.S. degree during 
the year. Students and staff members concerned are as follows: 

M.S. candidate Staff advisor Field of research 
(thesis title listed if known) 

J. P. Forester K. S. Toth ‘“The Decay of ‘ 4 8 E u ”  (M.S. granted August 
university of Tennessee 

Lawrence Hess 
Fisk University 

El. W. Morgan Infrared spectroscopy of solid solutions (M.S. 
in 1972) 

i 9’1 2) 

granted 
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2. T.  L. Lukuba C. B. Fulmer Accelerator production of radioisotopes useful in 

“Measurement of a-Decay Branching Ratios for 
IJniversity of Tennessee 

LJniversity of Tennessee 

medical diagnostic work 

Dysprosium and Terbium Isotopeb” (b1.S. granted 
August 197 2 )  

liriified Field” (M.S. granted August 1972) 

1). 17. O’Kain K. S. l’oth 

It. A. Villecco F. E Obenshain “Mossbauer Investigation of Weyl’s Theory of the 
University of Tennessee 

STUDENT GUESTS 

Graduate Agnes L. Blake, Furman University 

Kay W. Brown,‘ Cleinson University 

R. B. Dickinson,’ University of California, Berkeley 

L. W. Mlinarski,‘ University of Chicago 

Christine E. Poe,‘ Emory University 

H. Tang,2 Kalainamo College 

Beverley A. Taylor,’ East Tennessee State University 

H. Teichman,’ Upsala College 

D. L. Vassy, Furman University 
L. S. Weaver, Eastern Mennonite College 

J. J. Bautista, Los Alainos Scientific Laboratory 

It. P. Fogel, University of Virginia 

Joachim Maruhn, University of Frankfurt 

R. A. Villecco, University of Tennessce 

Undergraduate 

K. R. Bensch,’ Oklahoma State University 

1. ORAU undergraduate research trainee. 
2. Great Lakes College Association program. 

COOPERATIVE EDUCATION PROGRAM FOR UNDERGRADUATE STUDENTS 

Promising students in science and engineering 
Igenerally those who have conipleted at least two 
quarters of  undergraduate study) are selected to partici- 
pate in the Cooperative Educaiion Ptograni of Oak 
Ridge National Laboratory. Students alternate between 
equal periods of time spent in school attendance and in 
work at the Laboratory. Dunng calendar year 1972, SIX 

co-up students were with the Physics Division; of these, 
lour completed their assignments in the program, and 
two ai e continuing their work ilSSoLldtlOli wlth the 
Division. These students, the schools they attend, and 
the research programs of the Division wlth which they 
have been assigned are as listed 

W. K. Bell, University of Tennessee - Theoretical 
Physics Program (completed igrimerits in June 
1972) 

S. D. Blazier, University of  Tennessee Theoretical 
Physics Program (changed assignment 111 summer 

1972 within Physics Division; formerly with Electron 
Microscopy Program) 

J.  L. Brown, University of Tennessee - Electron 
Microscopy Program (completed assignments in June 
1972) 

R. M. Feezel, Auburn University - Van de Graaff 
Program and Oak Ridge Electron Linear Accelerator 
(ORELA) Time-of-Flight Spectroscopy Program 
(completed assignments in June 1972) 

P. B. Foster, Georgia Institute of Technology -- Van de 
Graaff Progiarn and Oak Ridge Electron Linear 
Accelerator (ORELA) Time-of-Flight Spectroscopy 
Program (began assignments 111 January 1972) 

M. A. Stephens, Georgia Institute of Technology -- 

Physics of Fission Prograrn (completed assignments in 
September 1972) 
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GUEST ASSIGNEES - STIJDEN'TS NOT ENGAGED [N THESIS RESEARCH AT BRNE 

11. J. Wargis, on leave of absence fi-om the Mathematics 
Division; presently graduate student at the University 

nessee 
indefinite assignment begun in October 1969) 

High Energy Physics Program (continued 

Karen M. Smith, employee of the University of Ten- indefinite assignment begun in December 1968) 

CONSIJLI'ANTS UNDER SUBCONTRACT WITH UNION CARBIDE CORPORATION 
NUCLEAR DIVISION - Q W L  

Faculty members o f  colleges and universities who 
served as consultants under subcontract t o  the Physics 
Division during the past year are listed below, along 
with the research program with which they were 
associated. Numerous other consultants (not under 
subcontract or not faculty members) have also been 
associated with the various physics programs of the 
Division, either as collaborators or as seminar speakers, 
during this report period. 

Michel Raranger, Massachusetts Institute o f  Technology 
~ Theoretical Physics Program 

C. R. Bingham, University of Tennessee ~ Nuclear 
Physics Program 

Gregory Breit, State University of New York, Buffalo ~ 

Nuclear Physics Program (contract closed in January 
1972) 

D. A. Bromley, Yale University . Nuclear Physics 
Program 

W. M. Sugg,, University of Tennessee ~ High Energy 
Physics Program 

J .  W. Burton, Carson-Newman College - Mossbauer 
E x p e h e n t a l  Program 

J .  G. Castle, Jr . ,  University of Alabama - Electro- 
nucle ar Systems Development Program (contract 
closed in August 1972) 

K. W. Childers, University of Tennessee - High Energy 
Physics Program 

G. T. Condo, University of Tennessee - High Energy 
Physics Program 

R. Y. Cusson, Duke University - Theoretical Physics 
Program and Physics of Fission Program (contract 
began in September 19'7%) 

R. M. Drisks, University of Pittsburgh ~ Theoretical 
Physics Program 

J. B .  French, University of Rochester ~~ Theoretical 
Physics Program (contract closed in February 1972) 

J. M. Goldstein, Emory University ~ Atomic and 
Molecular Spectroscopy Program 

L, B. Hubhard, Furman University -~ Theoretical 
Physics Program 

P. G. Ruray, University of Tennessee ~ Mossbauer 
Experimental Program (contract began in May 1972) 

I). Molb, Duke University ~~ Physics of Fission Program 
(contract closed in May 1972) 

S. J .  Kreiger, liniversity- of Illinois, Chicago Circle 
Theoretical Physics Program 

J. C. Love, Clarkson College of Technology - Moss- 
bauer Experimental Program (contract closed in 
August 1972) 

F. B. Mdik, Indiana University - Electron Spectros- 
copy Program (contract closed in Augilst 19'72) 

I<. J .  McCarthy, Carnegie-Mellon University Theo- 
retical Physics Program 

G. H. Nussbaun, University of Tennessee ~- Van de 
Graaff Program (contract closed in August 1972) 

S. C:. Panclaoli, IJnjversity of Delhi, India ~ Nuclear 
Data Project (contract closed in December 1972) 

1'. Z. Peeblcs, University of Tennessee 
Program 

ID. J .  Pegg, University of Tennessee - Van de Graaff 
Program (contract began. in January 1972) 

L. L. Riedinger, University of Tennessee ~ Van de 
Graaff Program (contract began in May 1972) 

J. T. Sanderson, NSF, Washington (formerly with 
Marvard University) - -  Physics of Fission Program 
(contract closed in December 1972) 

R. 0. Sayer, Funnan University - Van de Graaff 
Program (contract began in ,4pril 1972) 

I. A .  Sellin, University of Tennessee Van de Graaff 
Program 

K. K. Steth, Northwestern University ~ Nuclear Data 
Project (contract closed in April 19'72) 

Van de Graaff 
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S. 0. Thornson, University o f  Tennessee - IllOssbauer 

S. T. Thornton, University of Virginia -~ Van de Graaff 

Herldrik Verheul, F~~~ ~ ~ ~ i ~ ~ ~ . ~ ~ , ~ ,  ~ ~ ~ ~ ~ ~ ~ d ~ ~ ,  ~ ~ ~ h ~ ~ -  

Lawrence Wilets, University of Washington -- Physics of 

1. R .  Williams, Knoxville College (now with Technical 
Applications Group of k e d s  Register of Shipping, 
London, England) (contract closed in May 1972) 

Experimental Program Fission Program 

Program (contract began in July 1972) 

larids --- Nuclear Data Project 

CONSULTANTS UNDEK CONTRACT ARRANGEMENT WITH 
OAK RIDGE ASSOCIATED UNIVERSITIES 

Under arrangements with Oak Ridge Associated 
Universities (“S” contracts and “U” contracts), 62 
university or college faculty members visited the 
Physics Division for consultation and collaboration 
during the past year. These individuals and the educa- 
tional institutions with which t.hey were affiliated at the 
time of their 1972 visits are as follows: 

D. A. Atkinson, Tennessee Technological University 

F. T. Avignone, University of South Carolina 

W. H. Brantley, Furman University 

M. D. Brown, Kansas State University 

R. F. Carlion, Middle Tennessee State University 
H. K. Carter, Furman University 

W. E. Collins, Jr., Vanderbilt University 

R. Y .  Cusson, Duke University 

R. H. Davis, Florida State University 

B. L. Donndly,  Lake Forest College 
F. E. Durham, Tulane University 

R. W. Fink, Georgia Institute of Technology 

H. J. Fischbeck, University of Oklahoma 

J. D. Fox, Florida State University 
R. M. Gaedke, Trinity University 
L. A. Galloway III, Centenary College of Louisiana 
M. B. Greenfield, Florida State University 
J. C. Haefele, Washington University 

J. 1-1. Hamilton, Vanderbilt University 
K. J. Hofstetter, University of Kentucky 
R. F. Holub, Florida State University 

D. L. Humphrey, Western Kentucky University 
M. A. ijaz, Virginia Polytechnic Institute and State 

J. A. Jacobs, Virginia Polytechnic Institute and State 

University 

Cniversi ty 

R. W. Jones, University of South Dakota 

K. W. Kemper, Florida State University 

B. D. Kern, University of Kentucky 

Y. E. Kim, Purdue University 

K. Kurnar, Vanderbilt University 

Juergen Lange, Vanderbil t University 

Jung Lin, ‘Tennessee Technological IJriiversity 

J. C. Love, Clarkson College 

D. A. McClure, Georgia Institute of Technology 
D. L. McShan, Florida State University 
R. J. de Meijer, Florida State University 
M. G. Menendez, University of Georgia 
U. B. Mosel, University of Washington 
B. M. Preedom, University of South Carolina 

B. P. Pullen, Southeastern Louisiana University 

A. E. Quinton, University of Massachusetts 
N. F. Rarnsey, Harvard University 

A. V. Ramayya, Vanderbilt University 
P. J. Riley, University of Texas 
E. L. Robinson, University of  Alabama 
P. G. Roos, University of Maryland 

R. 0. Sayer, Furniari University 

W. 1). Schmidt-Ott, Georgia institute of Technology 

H. L. Scott, University ofGeorgia 

Enrique Silberman, Fisk University 

W. W. Smith, University of Connecticut 

E. 1-1. Spejewski, Oberlin College 

F. L. Talbott, Allentown College 
S. T.  Thornton, University of Virginia 
L. S. Varnell, Yale University 
Geoge  Vourvopoulos, Florida A & M University 
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R. @. Walker, Centenary College 
r. A. Walkiewicz, Edinboro State College 

J .  C. Wells, Jr . ,  ’Tennessee Technological University 
hl. I,. Whiten, Arrnstrong State College 

H. M. Wildenthal. Michigan State University 

K. H. Winters. Denison University 

E. F. Zganjar, 1,ouisiana State University 

ANNUAL INFORMATION MEEI’ING OF THE PIIYSICS DIVISION 

Advisory committees are attached to  the majority of 
the research divisions of the Laboratory for the purpose 
of reviewing and offering advice on the cogency and 
effectiveness of the varied scientific programs. 

Division was held at  ORNL on May 31 and June 1,  
19’72. 

Members of the 1972. Advisory Committee were: 

Professor J.  S. Blair, University of Washington 
Professor D. A. Bromley, Yale University 
Professor Roy Middleton, IJniveisity of I’ennsylvania 

Dr. Joseph Weneser, Brookhaven National Laboratory 

- h e  ’4nnual Information Meeting of the 

RADIATION CONTROL AND SAFETY IN THE PHYSICS DIVISION 

The Radiation Control and Safety Officers for the 
Physics Division report that there was one “unusual 
occurrence” in the Division for the year ‘This involved 
an unplanned exposure to x rays during the testing of 
high-voltage capacitors. The larger of the two doses 
involved was about one-third of the maximum per- 
missible quarterly limit. 

The Oak Ridge Electron Linear Accelerator, a joint 
Physics Division-Neutron Physics Division facility, has 
now completed its fourth year of operation and has had 
no  “unusual occurrences” or direct radiation exposures 
above normal levels. 

UNISQR PROGRAM 

The UNISOR facility (University Isotope Separator at 
Oak Ridge) was formally dedicated in ceremonies held 
at  Oak Ridge National Laboratory on Junr  19, 1972. 
Attending were administrators and scientists from all of 
the sponsoring and participating institutions: Georgia 
Institute of Technology, Louisiana State University, 
Oak Ridge Associated IJniversities, University of Ken- 
tucky, University of Massachusetts, University of South 
Carolina, University of Tennessee. Vanderbilt Uni- 
versity, Virginia Polytechnic Institute and State Uni- 
versity. Emory IJniversity, Furman IJniversity, and 
‘Tennessee Technological IJniversity. In addition to 
these and to  ORNL administrators and staff, represen- 
tatives from a number of other universities and govern- 
ment laboratories were in attendance. 

Speakers for the dedication were Joseph H. Hamilton 
of Vanderbilt University, the Chairman of the UNISOR 
Executive Committee; Alvin M. Weinberg, Director of 
OKNI.,; H. Willard Davis of the University of South 
Carolina, the President of ORAIJ; Alexander R. 
vanDyken, Assistant Director for Chemistry Programs 
of the AEC; and P. Gregers Hansen, Director of the 

ISOLUE Project, CERN. William G. Pollard, Executive 
Director of ORAU, presided. ‘The formal ceremonies 
were followed by a very informal ribbon-cutting cere- 
mony and tour of the UNISOR facility at the ORIC 
building. 

Thc UNISOK Executive Committee met on April 28, 
Jiune 20, and August 22 at the ORIC building for 
business sessions. The Scientific Programs Committee 
met on July 11 to consider proposals and recommenda- 
tions for the experimental program. ‘This was followed 
by a meeting of the Technical Committee on July 12 to  
discuss experimental equipment needs based on the 
recommendations of the Scientific Programs Com- 
mittee. 

A general Users Croup meeting was held on June 20 
in the ORIC conference room. The UNISOR staff 
described the facility and the equipment which were 
under construction, and discussed the developmental 
program which was to begin once construction was 
completed. F. T. Avignone presented the report of the 
Scientific Programs Committee, recommending general 
directions for the experimental program. 



183 

PARTICIPATION IN VARIED INSTITUTES AND SYMPOSIA 

Fisk University Twenty-third Annual Infrared Insti- 
tute, Nashville, Tennessee. H. W. Morgan iind P. A .  
Staats (Atomic and Molecular Spectroscopy Program) 
served as visiting lecturers at the Fisk University 
Twenty-third Annual Infrared Institute, held on the 
Fisk University campus in Nashville, August 14 - -  18 and 

Included in the institute were seminars on basic 
infrared spectroscopy, gas chromatography, and inter- 
pretation of infrared and Raman spectroscopy. P ,  A. 
Staats directed laboratory sessions designed to  train 
participants in the construction and renovation of 
liquid and gas absorption cells, the preparation of solid 
and liquid samples, qualitative and quantitative anal- 
yses? the calibration and operation of standard infrared 
spectrometers, and the use of newer infrared techniques 

August 21-25, 1972. 

and accessories for difficult samples In addition to  
serving as a fdculty member, H. w Morgan was 
associated with the planning of the institute and the 
organization of the lecture program as well as assisting 
111 the laboratory program 

The OKNL participants presented a total ol eight 
lectures on the topics listed below 

H. W Morgan “Instrumentation 11” (optimum 
conditions for instrument opeiatioa), “Laser Ratnan 
Spectroscopy,” “Liquid Phase Smplrng,” and 
“Future Developtiients 111 Irifraed and Ramdn Spec- 
troscopy ” 

P. A. Staats “bxperimental In f r~ red  Spectroscopy” 
(four lectures) 

ORIENTATION MEETING AT THE O W L  NUCLEAR DATA PROJECT FOR NSF-SPONSORED 
NUCLEAR INFORMATION RESEARCH ASSOCIATES (NIRA) 

All Nuclear Information Research Associates ( 1  1) and 
their sponsors were invited to an Orientation Meeting a t  
ORNL during the week ofOctober 2 - ~ - 7 ,  1972. The first 
day was devoted to  formal presentations regarding 
various aspects of the NIRA Program and the philos- 
ophy and methods employed by die Nuclear Data 
Project. The latter were presented by D. Horen, S. 
Ranian, arid M. Martin. During the remaining days, 
infomial discussions were held which attempted to give 
those NIRA’s with predominantly nuclear reaction 
s tiidy background an exposure to  radioactive decay 
processes, and vice versa. 

I n  addition to  ORNL staff members in attendance at 
the Orientation Meeting, the following guests were 
present. 

F. Ajzeriberg-Selove, University of Pennsylvania 
F. M. Bernthal, Michigan State University 
H. Feshbach, Massachusetts Institute of Technology 
J. Joy, National Science Foundation 
Wni. C .  McHarris, Michigan State University 
J .  Nunn, National Academy of Sciences 

Sponsors 

E. C. Fuller, National Bureau of Standards 

W. H. Kelly, Michigan State University 

J. J. Kraushaar, IJniversity of Colorado 

M. ?‘. McEllistrem, University of Kentucky 

R. A. Meyer, Lawrence Livermore Laboratory 

K. Segel, Northwestern University . 

W. L. Talbert, Jr.,  Iowa State University 

NIRA ’s 

R. L. Bunting University o f  Colorado 

‘r. W. Burrows, Uriiversity of Kentucky 

G .  H. Carlson, Iowa State llniversity 

L. R. Greenwood, Northwestern University 

E. A. Henry, Lawrence Livemiore Laboratory 

H. R. Hiddleston, University of Notre Dame 

J. F. Lemming, Ohio University 
L. Sarnuelson, Michigan State University 

J .  R. Shepard, University of California, Davis 

R. M. Strang, University of California, Los Angeles 
H. Van der Molen, National Bureau of Standards 

C. P. Rrowne, University of Notre Dame 
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ORNL HEAVY-ION SUMMER STUDY 

Since the use of heavy-ion beams in scientific research 
is rapidly increasing, ORNL management believed it 
would be valiiable to  hold a summer study to review the 
many recent results in this field and t o  appraise future 
possibilities for heavy-ion research. The form, content, 
and speakers for the summer study were developed 
through discussions of ORNL staff members of the 
Physics, Chemistry, and Solid State Divisions. The 
study lasted three weeks. The first two weeks empha- 
sized heavy-ion nuclear physics and chemistry. The 
third week was concerned with atomic, solid-state, and 
biological. physics. Scheduled sessions were held each 
morning with usually two invited speakers. The pace of 
the summer stiidy was slow enough to allow appreciable 

time for discussions, both during the sessions and 
during the afternoons. 

Initially the format was planned to  be much like the 
Gordon Conferences, and so the speakers were told that 
they did not have to bring a prepared text. This format 
promotes open, frank, and timely talks, but it has the 
drawback that there is no  written record with which t o  
refresh the memory. We therefore decided to  tape the 
talks and discussions and to type the entire summer 
study in the belief that the proceedings [USAEC: 
CONF-720669, 638 pp. (1973)] would be useful to  the 
participants and in the hope that they would also be of 
interest t o  otheis. 
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