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INTRODUCTION 

TMs annual report descr ibes the s c i e n t i f i c 
u ' V d r c h c a r r i e d out wi thin the Nuclear Science 
r i v s i u n (NSD) during the pericJ between July 1 , 
1-r^ and June 30. 19P0. The pr inc ipal object ive 
.if the d i v i s i o n cont inues to be t; ie e*peri»?n*al 
and U . - c rp t i ca l i n v e s t i g a t i o n of the i n t e r a c 
t i ons uf heavy ions w i t h target n u c l e i . comple-
n tn ted w i t h programs in l i g h t i cn nuclear 
sc ience , in nuc lear data c o c p i l a n o n s , and i n 
jd^anced ins t rumenta t ion development. 

D i r e c t l y a f f i l i a t e d k i t h the d iv is ion during 
t h i s p e n o c were 5 ' acu i ty senior s c i e n t i s t s . 16 
s t a f f sen io r s c i e n t i s t s , 22 s t i f f s c i e n t i s t s , 
3 d i v i s i o n a l f e l l o w s , 15 post-doctoral fe l lows. 21 
graduate s tuden ts . 46 v i s i t o r s [ the majority 
f rom !? fo.-eign c o u n t r i e s ) , and ?< technical , 
a d m i n i s t r a t i v e and c l e r i c a l support s t a f f . The 
FY 1980 ope ra t i ng budget wa. i 3 , H i , 0 0 0 . N'npfy-
f - j f - ( j j i ' i d i - i n k l e s and r e p o r t s were publ ish!*J 
hy j i u i s K . n -e: ' t) t ' r^. and three Ph.D. degrees were 
awarded to Nuclear Science D i v i s i o n s tuden ts . 

Dur ing t h i s p e r i o d there ha-.e been sooe pro
gress iv;? changes in the d i v i s i o n . Two Assistant 
D i v i s i o n Heads were appointed: Michael Zisaan 
oversees the planning am, development of the 
d i v i s i o n ' s oany equipment, computer , and i n s t r u 
mentat ion p r o j e c t s w h i l e Jan i s D a i r i k i ' s respon
s i b i l i t i e s l i e in the general ared of s c i e n t i f i c 
adn in i s t r a t i c n . There have a l so been some w e l 
come s t a f f a d d i t i o n s : 

Howel Pugh has j o i n e d the NSD s t a f f as the 
S c i e n t i f i c Director of the Bevalac. He was 
p r e v i o u s l y Head o f the Huclear Science Sec
t i o n a t the Na t iona l S:i>nce Foundation. 
Because of h i s r e s p o n s i b i l i t y for the 
research program a t the Bevalac, which cuts 
across LBL d i v i s i o n l i n e s , and as co -
chairman {with Tom E l i o f f ) of the VENUS 
Plann ing Committee, he plays an important 
l i a i s o n r o l e . In a d d i t i o n , he has j o i n e d 
w i t h Andres Sandoval , Lee Schroedtr and 
Reirihard Stock (GSI) i n a program o f ~ e l a -
t i v i s t ' . heavy ion research . 

Robert Stokstad has cone from Oak Ridge 
Nat iona l Laboratory to become co- leader o f 
the Harvey-Stokstad group a t the 68- Inch 
Cyc lo t ron where he i s pursu ing a program t o 
study heavy ion r e a c t i o n mechanisms i n the 
•ntermediate energy reg ion (10-20 KeV/amu). 

With these gains there was a lso a l o s s : 
Davici Scot t l e f t LBL to accept a Hannah Chair o f 
Ph js i cs and Chemistry a t Michigan Sta te Univer
s i t y . 

Dur ing t h i s per iod a number o f awards and 
• enors were bestowed upon NSD s c i e n t i s t s : 

Arthur Posfcanzer received the I960 American 
Chemical Society Award fn Nuclear Chemistry 
a t the Society 's Houston nee t ing , Kerch 
24-28 , " . . . f o r M s pioneering use of high-
energy nuclear react ions to produce l i g h t 
nuclei fa r from beta s t a b i l i t y and for his 
experimental contr ibut ions to the under
standing of the mechanism of nuclear reac
t ions induced ~y proton* and heavy Ions of 
r e l a t i v f s t i c energy." A one-day svDposfua 
on High Energy Reactions and Nuclei Far From 
S t a b i l i t y was organized fn A r t ' s honor by 
Carl riyde, LBL Deputy D i rec tor . 

Dick Diamond and Frank Stephens were awarded 
the 1980 Ton U. Bonner Pr i ze in Nuclear 
Physics, sponsored by the American Physical 
Society. The award, presented a t the Wash
ington A?S meeting i n A p r i l , has a c i t a t i o n 
that re t , , "Their studies of Mu l t ip le Coo
l e r * e x c i ^ t i o n s wi th heavy ions, of m u l t i 
ple gamma-ray cascades, and of the e f f e c t s 
of the Cor io l i s coupling in ro ta t iona l 
spectra are important ingredients in our 
understanding of rap id ly ro ta t ing n u c l e i . " 

Bernard G. Harvey became Chairman of the 
Div is ion of Nuclear Physics o f the American 
Physical Society 1n Apr i l for a one-year 
term, having been e lected to serve as Vice-
chairman for a year in Apr i l 1979. He also 
received an honorary degree from the Univer
s i ty of Science and Medicine in Grenoble. 
France on October 26 , 1979. 

Glenn T . Seaborg was awarded an L.H.D. 
degree from Augustana College in Rock 
I s l a n d , I l l i n o i s on Hay 2S, 1980. 

NSD members B i l l Kyers, Jorgen Randrup, and 
Gary Mest fa l l organized the f i r s t Winter Work
shop on Nuclear Dynamics held a t Granlibakken, 
Karch 1 7 - 2 1 . This successful conference was a 
st imulat ing blend of physics (wi th emphasis on 
the macroscopic aspects of nuclear c o l l i s i o n s ) , 
sparkl ing snow, and fresh mountain a i r . 

The d iv is ion continues to operate the 88 
Inch Cyclotron as a t a j o r research f a c i l i t y that 
also supports a strong outside user program. 
Both the SuperHlLAC and Bevalac accelerators , 
operated as national f a c i l i t i e s ay LB'-'s Accele
ra tor and Fusion Research D i v i s i o n , are also 
important to NSD exper imenta l is ts . Domestic and 
foreign cooperative e f f o r t s are underway a t a l l 
three acce lera tors; in p a r t i c u l a r , major co l lab 
orations with our German and Japanese colleagues 
continue to f lour ish at the BevaTac. In Hay the 
d iv is ion hosted a delegation from the People's 
Republic of China; discussions explored possible 
co l laborat ive research pro jects -



? 

The next few years proafse exciting advances 
In heavy ion physics. High energy uranium 
beams, socn to be available at U.L for the f i rs ; 
time anywhere, will open up a new *re* of heavy-
ion research with the stoey of nuclear system 
of high charge and nass under conditions of 
extremely high dersity and temperature. An 
Electron Bean ton Source (EBIS). currently under 
study, would sfgniffcant^y extend the 
performance of the 88 Inc*' Cyclotron for nedfun 
mass Ions in the 1C-30 KeV/anu range. Fusfon-
type reactions wili continue to be pursued In 
the search for the elus'.ve superheavy elements. 
Knowledge of particle-creation effects In the 

urn*Hear tqwaHcffl cf *?<*t* unAer csm^Utiin.r̂  wfl 
e * t re» miKlear densKtSes will toe strong**! at tine 
BevaUac. into.* experiments jmd tntfteirs planmed in 
the dlvlsfoini will be of substj*>tiialfly Uncreated 
tecttrntcaJ and c<pcept»al cample**ty. ^hty wkOTl 
fct- aided b/ strong If interact if cms nrftth the diivS-
SnC*"s nuclear theorists and ty the (mcreused 
f-ffort devoted to deweHopneitnt of s©&h*sttca?ed 
detectors and data analysts systems. 

JoitejA it cony 
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EXOTIC NUCLEI A N D NUCLEAR REACTIONS 

A B'ce' 
M Cable* 
fl ParlV* 

For a number of years this group has been 
ac t i ve ly explo fng tiie properties of nuclei near 
the l i m i t s of nucleon s t a b i l i t y . These i n v e s t i 
gations test the various theoret ica l Models used 
to predict the ground state masses and level 
schemes of exotic l i g h t nuclei and permit one to 
search foi new r -d ioact ive decay node*, such as 
oirc<. proton rad ioac t i v i t y or the s t i l l unob-
ser- 4 two-proton r a d i o a c t i v i t y . Techniques for 
ob'.> vfng the products of ve**y low y i e l d reac
tions have been developed. The studies p r i 
marily concern the l igh te r elements, since one 
expects to reach the onset of general nuclear 
i n s t a b i l i t y f i r s t in th is region, and p a r t i c u 
l a r l y among the neutrc . . -def ic ient nucl ides. 

Current research at the 8fi Inch Cyclotron 
focuses on en '->yino the on- l ine mass separator 
RAMA ( for Rei-c.l " ' ^ Mass Analyze*-' in the 
study of e>r'-' •» l e i iir from the val ley of 
beta -s t?b i l '.• f/MA employs a hel ium-jet to 
transport rat. 1 . . * . *v nuclides fr*m the target 
area to a h o l l o Ln.de ion source: fol lowing 
extract ion and magnetic ana lys is , the mass of 
in te res t is co l lected en*-"*- on carbon f o i l s in 
the focal plane ( f o r beta-delayed proton 
studies) or on a tape transport system ( f o r be*a 
and >-ray s tud ies ) , k i t n RAMA, one more ( p r e v i 
ously unknown! T 2 = -2 beta-delayed proton 
emi t te r , 3 6 C a < T 1 / 2

: 100 w ) , has been d is 
covered (cgcnplementimg the ^i-covery of the 
decays of 20MQ and * *S i reported l as t ye&r). 
thereby completing the heaviest ^sospin q u i r t e t 
possible with established tec^ni^ues and \ taDle 
ta rge ts . Excellent agrcetnent is observed *r. 
this heavy mass system with the predictions of 
the isobartc mul t ip le t mass equation, fu ture 
studies arc plennec on Doth ne*_ ;ron-def ; ient 
and neutron-excess Tight ^sctopes. 

0 * n v 
H fh«f«n, 
J Wout« \ * 

Another par t of the program in studying 
nuclei f a r f ron s t a b i l i t y i s the i n i t i a t i o n of a 
series of experiments to determine t o t a l decay 
energies of isotopes t j L t h e v i c i n i t y of the 
doubly magic nucleus * ° °Sn . Mass excess 
determinations for nuclides in tills region 
should h i g h l i g h t the Inf luence of the closed 
Shells on u v decay energies and estab l ish 
whether such proton-r ich magic nuclei fol low the 
same anss system t i c s as do those nuclei nearer 
s t a b i l i t y . The decays of 103 - I06 j „ nave been 
observed fo l lowing t h e i r production v ia 110 HeV 
" N on Jto t a r g e t i and o n - l i n e mass ana lys is . 
The simple decay schemes for 103,1051,, have 
permitted the determination of t h e i r mass-
excesses f o r comparison wi th various theories of 
the mass surface. 

In previous work i n nuclear react ions t h i s 
group has observed the nuclear s t ructure of 
l i g h t nuclei via :•** tK>-nucleon pickup ( p . t ) 
and ( p , ^He) r e a c t i o n . Cur ren t ly , they tn 
developing techniques to detect , under optimum 
condi t ions , unbound resonant states as nuclear 
react ion products. An example i s the observa
t ion of the unbouno system 'He; i t s successful 
detection permits such measurements as two-
neutron s t r ipp ing via the (*He, ^He) reac
tion wt**ch has led tc the cbsenration of the 
p-e i>r . .n t ia i population of states wi th ' d j / ^ l ? 
and ( ' 7 /3>? character . Recent studies have 
u t i l i z e d th is technique in the invest igat ion of 
scat ter ing and transfer reactions induced by 
heavy ions in which t rans i t ions to s p e c i f i c , 
unsound, exci ted states of the outgoing heavy 
ion can be observed. 

http://Ln.de
file:///taDle




HEAVY WH REACTIONS 

Mahonev 
A J Mutphv 
V D Rae 

Ha've> and R G Stokstad 

H IMJ 'O» I SJC'JV *-»a»Ke 
J Co'«* Grenoble Fiance 

This new research group cont inues the study 
o f heavy ion r e a c t i o n s t h a t wa; begun by i t s 
predecessors (Harvey, Hendr ie , Sco t t ) a t t-.e 88 
Inch C y c l o t r o n . 

The foundat ion o f much o f the c u r r e n t and 
proposed work r e s t ; on the s u r p r i s i n g discovery 
of Scot t et a l . t h a t the heavy i o n f ragmenta t ion 
process sets i n very r a p i d l y between 10 and 20 
MeV/A. Already a t 20 KeV/A, cross sec t ions and 
momentum w id ths are c l ose t o t h e i r va lues a t 2 
GeV/A. Fron these and subsequent r e s u l t s , i t i s 
c l e a r t h a t the phys ics o f pe r i phe ra l c o l l i s i o n s 
i s remarkably s i m i l a r a t these two e n e r g i e s . As 
Sco t t emphasized i n h i s 1CMP l e c t u r e , h igh 
energy heavy ion phys ics begins a t 15 MeV/A. 

Th is group 's research program i s designed to 
look f o r a d d i t i o n a l s i m i l a r i t i e s and t o t r y to 
understand >vhy 15 MeV/A i s such an i ^ o o r t a n t 
f r o n t i e r . Experiments a t ORNL and the Bevalac 
showed t h a t the r e a c t i o n cross s e c t i o n CR f o r 
the "C. + **C system r i s e s r a p i d l y v u s t 
above the Coulonb b a r r i e r bu t becomes much lower 
a t Bevalac ene rg ies . De Vr ies i n t e r p r e t s t h i s 
obse rva t ion i n te rns o f the nuc leon-nuc leon 
cross s e c t i o n s , which a lso drop- The group has 
r e c e n t l y measured -R * t energ ies i n te rmed ia te 
between the ORNL and Bevalac p o i n t s and the 
p r e l i m i n a r y r e s u l t s dc indeed c o n f i r m t h a t OR 
reaches a maximum and then f a l l s o f f . The peak 
value seems to f a l l i n the c r i t i c a l r e g i o n 
around 15 KeV/A. Is t h i s indeed due t o the 
i nc reas ing r o l e o f nuc leon-nuc leon c o l l i s i o n s 
i h a t rep laces the nuc lea r mean f i e l d d e s c r i p t i o n ' ' 

Experiments and t h e o r e t i c a l work by 
Wi l czynsk i e t a l . draw a t t e n t i o n t o the impor
tance o f the c r i t i c a l angu lar momentum i n d e t e r 
min ing whether nucleon t r a n s f e r s o r f ragmenta
t i o n w i l l occur i n p e r i p h e r a l c o l l i s i o n s . When 
app l i ed to the system 1 6 0 + ^ ^ b t h a t was 
s t u d i e d bv Sco t t e t a l . , t he U i l c z y n s k i c r i t e r 
ion p r e d i c t s t ha t f ragmenta t ion w i l l s t a r t a t 15 
MeV/A, e x a c t l y as observed- The Harvey/Stoks tad 
group has s tud ied the mechanism f o r f ragmenta-

* " IZf. + *UP U e i n a , 12r t i o n Of 1 C 0 £Z + qHe using a lcL 

target and oxygen energ ies o f 8 .5 and 20 K e * . 
They f i n d t h a t even a t 2C MeV/A f r agmen ta t i on 
occurs predominate ly by i n e l a s t i c e x c i t a t i o n o f 
l o 0 t o o-decaying s t a t e s between 10 and 20 
HeV/A and not by a d i r e c t s i n g l e - s t e p process-
fhus , t h e t r a n s i t i o n f r o * i n e l a s t i c e x c i t a t i o n 
( i . e . , resonant f r a g m e n t a t i o n ! t o p r « i p t f r a g 
menta t ion appears i n t h , s case t o occur a t *>o*i-
bard ing energ ies above 20 feeV/A. 

t n o rder t o get a more complete p i c t u r e o f 
heavy i on r e a c t i o n s ir the i n t e r m e d i a t e energy 
r e g i o n , they have begun t o use a sma-1 streamer 
chamber t o measure the s u l t i p l i c i t ) o f charged 
f ragments i n co inc idence w i t h an i d e n t i f i e d 
fo rward -go ing p a r t i c l e . I f the streamer c h a r t e r 
proves to be as use fu l as expec ted , f u r t h e r 
exper iments w i l l be p lanned w i t h a more e labo r 
ate t r i g g e r system, perhaps us ing . - r a y s to 
i d e n t i f y t h e r e s i d u a l t a r g e t f ragments . 

A s imple s e m i - c l a s s i c a l model o f massive 
t r a n s f e r t o r incomple te f u s i o n ) r e a c t i m s can Ire 
used to c a l c u l a t e the e x c i t a t i o n energy and 
angu lar momentum o f the f i n a l nuc leus . I t has 
been very success fu l i n p r e d i c t i n g the . - r a y 
m u l t i p l i c i t i e s t h a t are neasured i n co inc idence 
w i t h q u a s i - e l a s t i c f ragments- Tne code! p r e 
d i c t s t h a t massive t r a n s f e r r e a c t i o n s w » i l popu
l a t e f i n a l s t a tes i n a narrow bano" o f e x c i t a t i o n 
energy and angu lar momentum. Th is i s m sharp 
c o n t r a s t w i t h t h e ( H . I . , x n l coep le te f u s i o n reac 
t i o n s t h a t a re be i ng used to produce M g r - s p m 
s t a t e s . I n these r e a c t i o n s , a l l angu'a*- nompnta 
are formed f rom zero t o a maxinuc v a l u e . H igh-
sp in spectroscopy would b e n e f i t e n o n x u O y by 
the use o f r e a c t i o n s t h a t produce a narrow 
reg ion o f angu la r momenta cen te red around a 
value *hat can be p r e d i c t e d and v a r i e d fc> 
changing the beam energy and the r e a c t i o n . Con
sequen t l y , t h i s group p lans t o make futhe«-
exper imenta l t e s t s o f the s e r i - c l a s s i c a l model 
t o t e s t i t s p r e d i c t i v e power. I n oroer t o reach 
r e a l l y h igh s p i n s , they w i l l e v e n t u a l * , r e q u i r e 
beans o f heav ie r ions such as A r , K r , and Xc a t 
10-20 HeV/A. These w i l l become a v a i l a b l e *>-cr 
advanced ion sources. 
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NUCLEAR STRUCTURE 

D Lebeck 
H Klugt*. Hahn Meilnet Institute. 
Berlin. West Getmaty 

H L.ndel>erget 
b Xhiii. Shanghai. Institute ol Nuclear Research. 
Shanghai. China 

M Diamond and f S Stephens 

J 0 Nemon Australian National U"-\.< 
'"anberia AusHai'ia 

C Srhu^k C S N S M Otsav fM«'t<-

The aim of th is group is to study and under
stand some of the important aspects of nuclear 
structure and, part icular ly at the present t i ne , 
the changes that occur with increases in angular 
momentum. They use beams of very heavy ions 
( 4 c Ar through 208pDj rrom the SuperHlWC and 
of smaller ions (4He through 4 0 A r ) from the 
BB Inch Cyclotron. They exploit the particular 
properties of heavy ions, namely, their Targe 
nuclear charge, the large recoil velocit ies of 
the composite system, and the high spin of the 
composite system. 

The high nuclear charge makes tfte heaviest 
ions (* 3 6Xe and 2 0 8 Pb) especially suitable 
for Coulomb excitation studies. States with 
spins up to 30 t: can be excited by multiple 
excitations* The large recoil velocit ies given 
to product nuclei under heavy-fon bombardment 

makes heavy-ion projecti les the choice for 
determining lifeti-aes by Doppler-shift Methods 
(10~ 1 0 to 1 0 ' " seconds), for g-factcr aea-
sureuents, ard for a variety of other techniques 
requiring implantation of tne recoil ing nuclei 
in special materials. 

The high angular momentum imparted In heavy-
ion fusion reactions leads to nuclei fn spin 
states greater than 60 n. Studies of the de-
e»citatiop of these states by continuum >-rays 
gives information about the cement of inert ia 
and the shape of these nuclei as a 'unction of 
spin. In certain cases [non-rot«tional nucle i ) , 
discrete states may be seen up to spins of 
36-37 ft. Such studies comprise one of the most 
excit ing Melds i'i recent nuclear structure 
research. 

7k* Nuclear Structure JX'OU: 'S sur. s:, 
7. Shuck, £". JtKes, J>:J S. Shuzr.p-Hu. 



POLARIZATION PHENOMENA IN NUCLEAR PHYSICS 

H E Cocueti 
R M Latimer F> von Rcnsen. 

Unrvetsitv ol Bonn. West Germany 

This group's research uses the polarized 
beams from the 88 Inch Cyclotron, and I t Is con
cerned with spin-polarization effects in nuclear 
scattering and reaction. I t particularly ad
dresses such fundamental questions as parity 
violation by the weak interaction component 1c 
pp scattering, time-reversal invarfance in 
reactions, charge symmetry of the nucleon-
nucleon interaction, and the three nucleon 
problem. 

They have essentially completed a program to 
measure the various polarization observables in 
p+d scattering for comparison with exact three-
nucleon calculations. With the exception of the 
tensor analyzing powers, the agreement between 
experiment and theory was perfect. An improve
ment in the input nucleon-nucleon tensor poten
tial and the inclusion of an F-wave interaction 
in calculations (by Doleschall) have now 
resulted in good agreement with the measured 
tensor analyzing powers as well. Thus, the 
exact three-nucleon calculations, with the known 
nucleon-nucleon input interactions* are now most 
successful in reproducing the three-nucleon 
experimental results. 

From accurate measurements of the cross sec
tion and tensor analyzing powers in dp scatter
ing at 35 and 45 MeV, they have determined, in a 
model-independent analysis, an accurate value 
for an important deuteron D-state parameter. 
This paramenter, the asymptotic D- to S-state 
ratio of the deuteron wave function has been 
determined to an accuracy of W'i. This result 
hcs significant impact in several areas. I t 
establishes constraints on the nucleon-
rucleon intermedite and long range tensor force, 
and, thus, on Ihe various nucleon-nucleon poten
tial models, both the phenomenological and the 
modern meson-exchange types. These constraints 
are also important ir exact calculations of the 
trif.on binding energy and in the determination 
of the saturation properties of nuclear matter, 
both of which are very sensitive to the deuteron 
D-state probability. 

A most important feature of polarization 
effects is that they often display uniquely the 
operation of a basic symmetry property of the 
nuclear interaction. They are pursuing several 
fundamentally important experiments of this 

nature: (1) They have prepared a longitudi
nally polarized proton beam and the experimental 
apparatus for a major experiment on the basic 
nucleon-nucleon interaction, i .e . , a determina
tion of the weak interaction parity non-
conserving part of this interaction from a mea
surement of the longitudinal anaylzing-power 
component in"p"p scattering at SO *1eY. 
Calculations predict a maximum value (3 x 10~7) 
at SO HeV, and theirs is one of the three exist
ing polarized-beam facil i t ies in the world with 
the capability to do the experiment at that 
energy. (2) They have been engaged in a col
laborative experiment at TR1UMF to determine the 
level of validity of charge symmetry in the 
nticleon-nuclcon interaction, which Implies an 
equality of the neutron and proton polarizations 
fn np scattering. The experiment Is designed to 
check this equality tc an accuracy of 10 - 3 -
One experimental run has taken place in pp scat
tering which verifies that this accuracy 1s 
possible. (3) They have started a collabora
tive experiment with a group from Laval Univer
sity to test the principle of time-reversal 
invariance in nuclear reactions- This principle 
results in the polarization-analyz. g power 
equality, i .e . , the polarization i.i a reaction 
A(?,b)B is equa". to the analyzing power in the 
Inverse reaction with polarized projectile 
B(tT,aM. Polarizations have been measured at 
Laval in several (^He,p) reactions, and 
measurements have begun here of the analyzing 
powers in t«e corresponding (p, ^He) inverse 
reactions. Previous checks of time-reversal 
invariance i*i nuclear reactions have been 
limited to tests in elastic proton scattering. 

In the future work they plan to continue to 
focus on experiments with polarized particles 
which examine the operation of the basic symme
tries of the nuclear interaction, i . e . , parity 
conservation in pp scattering, charge symmetry 
in np scattering, and time-reversal invsriance 
in nuclear reactions. The increased polarized 
beam intensities of 2-3 microamperes, to be 
provided by our FY 1980 Accelerator Improvement 
Project, will be particularly important for 
these experiments which demand high statistical 
accuracy and overall precision. They will also 
continue studies of the consequences of particle 
identity and charge symmetry in nuclear 
reactions. 
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SPIN. ISOSPIN A N D ENERGY F L U C T U A I I O N IN HEAVY ION REACTIONb 

L G Moietto 

J Hunter 
H J McDonald 
D J Moi( i i_.; t 

L G Sohoik.)* 

A J Pacheco" 
G J Wo.rn.dk 
C C Hsu. Beijing 

Peoples Reputiin. ol Crmw 

During the l as t several years th is group has 
been invest igat ing the shor t - l i ved dinuclear 
system, or intermediate complex, which is formed 
in heavy ion c o l l i s i o n s . The short l i f e t i m e of 
this dinuclear system allows one to c lass i fy i t s 
excited co l l ec t i ve modes in terms of t h e i r 
relaxat ion times. From short to long they a re : 
neutron to proton r a t i o , energ> damping, angular 
momentum t ransfer , and the mass asymmetry degree 
of freedom. Associated with each of these equ i 
l i b r a t i o n processes are quantal or c lassica l 
f luctuat ions . These f luctuat ions can be mea
sured and general conclusions can be drawn about 
e i ther the equi l ibr ium d is t r ibut ion and/or the 
equ i l ib ra t ion process. Recently, the group has 
focused i ts theoret ical and experimental a t t e n 
tions on spin, isospin and energy f luc tua t ions . 
Information on spin f luctuat ions is contained in 
the r-ray and a - p a r t i c l e angular d is t r ibut ions 
ar is ing from the decay of one or both of the 
primary reaction products. For very asymmetric 
systems, energy f luctuat ions great ly enhance the 
s t a t i s t i c a l emission of fast l i g h t p a r t i c l e s 
from deep-inelast ic processes. Isospin f l u c t u 
ations are associated with a var ie ty of g iant 
isovector moc*es and can be studied by means of 
isobaric charge d i s t r i b u t i o n s . 

THE TRANSFER, ALIGNMENT AND PARTITIONING OF 
ANGULAR MOMENTUM WITHIN THE DINUCLEAR SYSTEM 

iiementary dynamical considerations suggest 
that the angular momentum transferred to the 
react ion products should be perpendicular to the 
reaction pi.me. ".owpver, thermodynamical consi 
derations also suggest that some amount of angu
l a r momentum misalignment should ar ise from the 
exc i ta t ion of angular momentum bearing c o l l e c 
t i v e modes of the intermediate complex. For a 
system of two touching spheres ir, the e q u i l i 
brium s t a t i s t i c a l l i m i t , these modes have been 
i d e n t i f i e d as bending, tw is t ing , t i l t i n g and 
wr igg l ing . For th is simple systtm, the second 
moments of the fragment spins and the spin 
depolar izat ion have been ca lcu la ted . I f the 
fragment angular momentum is carr ied away mainly 
by stretched E2 t r a n s i t i o n s , one can learn about 
the degree of misalignment by measuring the out-
of -plane angular d i s t r i b u t i o n of the t rays. In 
a study j f t.'ie 1 6 5 H o + 1 6 5 H o system at 8-5 
MeV/A, a very strong cor re la t ion between the i 
anisotropy and the reaction Q-value was observe*1 

which ind i ra ted a rapid buildup of al igned spin 
in the qua - e l a s t i c region and a decrease in 
the aligned component a t very large Q-values. A 
quant i ta t ive comparison of the data wi th model 
calculat ions indicates that the spin depolar i 
zation introduced by the angular momentum bear
ing co l lec t ive modes is the primary cause of the 
f a l l of the anisotropy at large Q-values. 

The out -of -p lane angular d i s t r i b u t i o n of a 
p a r t i c l e s emitted by deep- inelast ic fragments 
can be used to invest igate the p a r t i t i o n i n g of 
angular momentum wi th in the dinuclear systen. 
This can be done because in ce r ta in kinematic 
regions only l i g h t p a r t i c l e s e a i t t e d f r o * the 
t a r g e t - l i k e nucleus are observed and the o u t - o f ' 
plane d i s t r i b u t i o n of these l i g h t p a r t i c l e s i s 
sens i t ive to the spin of the emi t ter nucleus. 
In a d d i t i o n , the SUB of the spins of both f r a g 
ments can be determined f r o * t - r a y m u l t i p l i c i t y 
measurements. For the 664-MeV 8*Kr + " « A g 
system, the group has determined that for f u l l y 
damped event* the i n t r i n s i c spin of the d inu
c lear complex i s par t i t ioned between the two 
product fragments as one would expect for r i g i d 
ro ta t ion o f an intermediate complex consist ing 
of substant ia l ly deformed spheroids. 

ENERGY FLUCTUATIONS 

Light p a r t i c l e s wi th v e l o c i t i e s substan
t i a l l y greater than the beam ve loc i ty have been 
reported in inclusive measurements of heavy ion 
react ions. The production mechanise of such 
fas t par t i c les has been a l i v e l y subject of d i s 
cussion and the data have been in terpreted as 
evidence for "hot spots" and "PEP j e t s . " The 
group has recent ly studied proton emission from 
the 2 0 N e + "atCu system a t 12.5 KeV/A. 
Although simple evaporation ca lculat ions under-
predict the in tens i ty of fast protons, including 
s t a t i s t i c a l f luctuat ions in the equ i l ib ra ted 
exc i ta t ion energy gi»*s the correct spectral 
shape of the fast protons. For th is asymmetric 
system, f luctuat ions ir. the p a r t i t i o n i n g of the 
e x i t a t i o n energy of the dim,"! ear complex can 
produce a substantial increase fn the exc i ta t ion 
energy of the Ne- l ike fragments. The resu l t ing 
higher temperature gives r ise to protons with 
v e l o c i t i e s comparable to tha t of the beam which, 
when coupled to the veloci ty of the p r o j e c t i l e 
l i k e fragment, y i e l d values o f up to twice the 
beam veloci ty in the lab system. 

ISOSPIN TLUCTUATIONS 

Recently, the group has suggested that the 
isobaric charge d is t r ibut ions carry information 
regarding giant isovectcr modes in the interme
diate complex. The group investigated the ro le 
of the higher order isovector modes in the 
exactly solvable problem of a cy l inder s p l i t a t 
various asymmetries. The role of the higher 
isovector mult ipoles becomes more and more 
important as the asymmetry increases. While the 
cyl inder model i s much too schematic to be 
r e a l i s t i c , i t points to the mass asymmetry and 
to the higher isovector modes as essential com
ponents of a comprehensive theory. 

http://Wo.rn.dk


".e'. Woznick with the scattering chamber and garna-anisotropj sez 
in the "oretto-Diamond-Stephens collaboration. Note the tL'o Fb~s 
Isrse vclur.e (5 x B inch) Hal detectors in the radial clone ird J 
JO° to this plane. In addition, an arroM of eight Z x 3 inch -Vi" 
is positioned at 45° above the radial plane to enable selectio: -
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HEAVY ELE 

A. Ghiorso 
M. J. Nutmia 
L. P. Someivtlle 
S. Vashita 
E. K. Hulel. LLNL 
R. W Lougheed. LLNL 

The Heavy Element Research group studies the 
synthesis of new elements and isotopes and 
investigates their radioactive and cheirical pro
perties. An important adjunct to this effort is 
training students in advanced methods and tech
niques of experimental nuclear physics. The 
group conducts experiments at the 88 Inch Cyclo
tron and the SuperHILAC, and is collaboraing 
with other American laboratories in experiments 
at GSI Germany. Research at the 88 Inch Cyclo
tron has focused on the synthesis of neutron-

intensity light ion beams- These reactions do 
not necessarily proceed according to the classi
cal concept of compound nucleus reactions with 
the subsequent evaporation of a few neutrons or 
•-particles. To gain a better understanding of 
the reaction mechanisms involved i t has included 
the study of transfer reactions in its program. 
The identification of the reaction products is 
predominantly achieved through their character
istic a-particie decay but in some cases unique 
features of fission decay have given important 
clues as to the nature of the reaction mecha
nisms involved. The instrument most useful for 
the study of the spontaneous fission ISF) decay 
properties of short-lived isotopes has been the 
MG system, which has been used in paricular for 
a systematic investigation of the SF properties 
of Fm isotopes. 

The discovery of several new SF emitters in 
the neutron rich dctinide region was made pos
sible through the development of an instrument 
that is capable of reducing the background of 
unwanted long-lived SF emitters by several 
orders of magnitude compared to previous experi
ments. This instrument is able to detect SF 
emitters with ms half-lives that are formed with 
sub-nanobarn cross sections* and i t will svfiptu-
ally allow searches for exotic nuclei like 2 6 4 R f 
which is a key nucleus for the understanding of 
shell effects in the SF process of heavy 
elements. 

The group's efforts at the SuperHILAC are 
directed towards the use of complete fusion 
reactions to produce and analyze new elements 
and isotopes with half-lives as short as 1 lis. 
For this purpose i t has been successful in 
bringing on line 3 gas-filled magnetic spectro
meter (SASSY) after a necessarily protracted 
development period. This system has en accep
tance angle of about two degrees in the beam 
direction and has proved able to completely sup
press the bombarding particles in most cases of 
interest. The heavy recoils are brought to a 
focus four meters downstream from t/ie target at 

NT RESEARCH 

J. M. Nitschke 

J. F. Wild. LLNL 
D. C. Hoffman. LASL 
M. Leino. University ol Helsinki. 

Finland 

a focal plane where two types of detectors have 
been used, either solid state recoil/alpha/fis
sion detectors or recoil-detecting gaseous ioni
zation chambers. Two avalanche counters with 
extremely thin windows intercept the recoil path 
to provide START/STOP signals for velocity (TOF) 
measurements. 

Using a soll^ state detector ar»"*y ant' para-
stic beams of w A r and ^ e free the Super
HILAC short-lived alpha radioactive species from 
Po to Ac have been produced. Several nc* 
neutron-deficient Isotopes of Po and At have 
been discovered with SASSY using this technique. 
With a multiple grid chamber as the detector an 
unexpected, complicated structure In the TOF 
spectra when U 5 L u and 1 7 4 Yb are bombarded 
by *°Ar ions was.found. This structure dees 
not appear with 1 6 9Tm bombardments, only the 
compound nucleus spectrum being observed. The 
analyses of these reactions have not yet been 
completed, so there is no explanation for the 
phenomenon as yet. 

I t appears that SASSY has now been developed 
to the point at which one more definitive search 
for superheavy elements can be made, this time 
down to half-lives as short as a fraction of a 
microsecond. Early in 1981 i t is planned to 
bombard 2 < eCm with «Ca ions because i t 
s t i l l appears from theroretical considerations 
that this is the best reaction to try. 

A program of a somewhat different nature is 
being pursued with the SuperHILAC on-line iso
tope separator. The scope of research is not 
limited to the investigation of the heaviest 
elements or the use of complete fusion reac
tions, but spans the whole range of the periodic 
table. The reaction mechanisms utilized for the 
production of isotopes far from the line of beta 
stability include beside complete fusion, deep 
inelastic collisions and multi-nucleon exchange 
reactions. 

Several aspects of the separator are st i l l 
under development, in particular the detection 
system; but i t is expected that in a year's time 
on-line fl-t-spectroscopy will be possible in 
addition to the present particle detection. The 
measured efficiencies and separation times are 
sufficient to study isotopes with hjlf-l ives as 
short as one second and production cross sec
tions below 1 mb-

A final aspect of their research concerns 
the study of heavy and superheavy elements in 
deep inelastic reactions. For this purpose they 
have undertaken a collaborative experiment with 
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to bombard ^^Cn targets 
2 3 8 U beans at the Unilac 
d to 2 3 8 M . the wield wi th 

LLNL, URNL, and GSI 
with high intensity 
in Germany. Compared to Z i t i l i t the yield with 
248Cm targets for the production of heavy 
actinides wa* enhanced by a factor of 1(F to 
10 4 . This enhancement, however, was not suf

ficient to discover superheavy elements- In the 
future the studies of the deep inelastic reac
tion HChanisa and the process of nuclear diffu
sion will be continued using "*HJ and other 
heavy ion betas frca the SuperHILAC with targets 
as heavy as 2 H E s and 2 5 7 F « . 

JM. Uitschke and L. Avcharibault vitk the on-line isozcve , 
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This group uses a l l three of the LBL accel
erators to identify and characterize new ele
ments and isotopes, to study nuclear reaction 
mechanisms; to study the chemical properties of 
rare known elements, and to t ra in students In 
modern radiochemical techniques. Currently Its 
reasearch is focused toward (1) the synthesis 
and ident i f icat ion of new isotopes and elements 
in the ac;inide and transactinlde region, along 
with attempts to synthesize superheavy elements, 
(2) the study of low energy heavy ion reaction 
mechanisms potentially useful in the synthesis 
of new elements and isotopes such as massive 
transfer, complete fusion and deep inelastic 
scattering, (3) the characterization of the 
mechanisms operating in intermediate energy 
(10-100 HeV/Aj and re la t i v i s t i c ( i ?50 MeV/A) 
heavy ion reactions through studies of the tar
get fragment yields, energies, angular d is t r ibu
tions, etc. 

With l i gh t tA < 25) heavy-ion reaction 
studies at the 88 Inch Cyclotron, the primary 
emphasis has been on the use of "transfer" reac
tions to produce heavy actinides and the study 
of the mechanism of these reactions. Prelimi
nary studies have indicated suprisingly large 
probabil i t ies for the synthesis of a l l the 
nuclear species ranging in mass from the target 
mass to that of the compound nucleus. The group 
is systematically exploring these reactions by 
studying the variation of product y ie lds, ener
gies, angular distr ibut ions, e tc . , with projec
t i l e and target mass and energy. 

Members of the group have also used the 88 
Inch Cyclotron, the low-energy beam l ine at the 
Bevalac and the SC synchrotron at CERN to study 

the transition between low energy and high 
energy heavy ion reaction mechanisms. In parti
cular, they are concerned with studies of the 
target fragment yields, energies and angular 
distributions in light ion-heavy target reac
tions. Preliminary results show large dramatic 
changes in the product yield distributions at 
projectile energies -40 HeV/A. 

Research at the SuperHILAC has been directed 
at the use of deep inelastic transfer processes 
to produce new isotopes or elements, and obtain 
an understanding of the mechanisms involved. 
Efforts have been concentrated on the reaction 
of the heaviest projectiles (Kr, Xel with very 
heavy targets ( z**Pu, z"^Cm). Future work 
will involve the use of heavier projectiles such 
as 2 3 8 U . Current results seem to indicate no 
significant advantage in the use of Kr or Xe 
projectiles as compared to the use of 4 8Ca and 
other lighter ions in these synthesis studies-

Research on target fragmentation at the 
Bevalac has shown that (1) the target fragment 
yields have been measured in the interaction of 
relativistic heavy ions (RHI's) and a**e in good 
agreement with the predictions of current models 
of RH1 interactions {such as the firestreak, 
intranuclear cascade), (2) the target fragment 
energies, momenta, etc., exceed those of frag
ments from relativistic p-nucleus col l is ions and 
are not well described by current models of 
these interactions, (3) there are indications of 
sidewise peaked fragment angular distr ibut ions 
in some of these reactions, suggesting compres
sion of nuclear matter in the RHI-interaction. 
Futher work in this area will be concentrated in 
(2) and (3) . 
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The work of th is group is directed to the 
study of central co l l i s ions of r e l a t i v i s i i c 
heavy ions with the aim of learning aLout 
nuclear matter at high temperature and density. 
The group is a continuing col laborat ion between 
GSI, the University of Marburg, and LBL. An 
experiment was performed together with a nuclear 
chemistry group from the Argonne National Lab
oratory and, in add i t ion , there were two v i s i 
tors from the Kurchatov I n s t i t u t e of Moscow. 

In the year b t fore t h i s , both a AE-E t e l e 
scope of s i l i con and thick germanium detectors 
and a gas /.E-si Peon E telescope were used in 
conjunction with an 80-counter m u l t i p l i c i t y 
array. Al l the single p a r t i c l e inc lusive p, d , 
and t data have been published and also some 
m u l t i p l i c i t y selected p and ** data. The 
heavy fragment resu l ts , together with t h e i r cor
relat ions with the fast fragments, have been 
published. The remainder of the ** data i s 
ready for publ icat ion. 

This year another experiment was performed 
to study the correlat ions between slow and fast 
fragments. For the slow fragments an array of 
40 detectors, consisting of s i l i c o n counters, 
gas aE counters, and avalanche counters, was 
used. For the fast fragments the 80-counter 
m u l t i p l i c i t y ar.-ay plus a new piece of equip
ment, the Plast ic Wal l , were used. This year A. 
Poskanzer was on leave at CERK and performed 
various experiments with the ISOLDE group on 
exotic l i g h t nuclei and also measured y ie lds 
from the reaction of 80 MeV/A " C ions with 
uranium. The future work at LBL w i l l be cen
tered exclusively around the combination of the 
P las t ic Bal l wi th the Plast ic Wal l . This is an 
attempt to make a much more exclusive measure
ment of r e a l t i v i s t i c h^avy ion interact ions to 
search for c o l l e c t i v e phenomena. 

p, d, AND t 

Inc lusive energy spectra of protons, deu-
terons, and t r i t o n s were measured wi th a t e l e 
scope of s i l i c o n and germanium detectors at 
k i n e t i c energies up to 200, 250 and 300 HeV, 
respec t ive ly . F i f t e e n sets of data were taken 
using p r o j e c t i l e s ranging from protons to 4 0 A r 
on targets from 2 7 A 1 to 2 3 8 U a t bombarding 
energies from 240 MeV/nucleon to 2 .1 GeV/ 
nucleon. An est imat ion of the sum of nucleonic 
Charge emitted as protons plus composite p a r t i 
c les was obtained as a function of energy in the 
in te r va l from 15 MeV/nucleon to 200 HeV/ 
nucleon. For low energy fragments a t foward 

angles (he protons account for onljr 25'cof the 
nucleonic charges. Comparisons of sow* cases 
wi th f*<-estreak. cascade, and f l u i d dynamics 
models were n d e . In a d d i t i o n , associated 
charged p a r t i c l e M u l t i p l i c i t i e s and azfmuthal 
corre la t ions wire aeasuied wi th an 80-counter 
irray o f p las t ic s c i n t i l l a t o r s . I t was found 
that the associated m u l t i p l i c i t f e * were a smooth 
function of the to ta l k inet ic energy of the 
p r o j e c t i l e . 

CORRELATIONS BETWEEN SLOW AND FAST FRAGHENT5 

Analysis has f in ished on e a r l i e r Bev*lac 
•easureaents of low energy heavy 'ragments and 
f i ss ion 'ragaents In coincidence wi th fast l i g h t 
p a r t i c l e s . These measurements were made wi th a 
var ie ty of p r o j e c t i l e s from protons to "*i»e 
and a range of baAard ing energies from 0.4 
GeV/n to 2 .1 CtV'--» en three ta rget * ( j ran ium. 
gold and s i l v e r ) . Some o f the r e s u l t s of th is 
work include charged p a r t i c l e m u l t i p l i c i t y 
d is t r ibut ions that show f iss ion fragments from 
r e a l t i v i s t i c nuclear co l l i s ions are predominatly 
produced in low m u l t i p l i c i t y events . There I s , 
however, a component with high m u l t i p l i c i t i e s 
indicat ing that even fr. v io lent reactions binary 
fragments are produced. I t was also found tha t 
low-z fragments are associated only wi th events 
of high m u l t i p l i c i t y . Another feature observed 
in the data was the anomalously low apparent 
Coulomb bar r ie r encountered by emitted fragments 
from interact ions wi th both l i g h t and heavier 
p r o j e c t i l e s . This lowered apparent Coulomb 
b a r r i e r appears to drop wi th increa ing incident 
k inet ic energy. 

This experimental program ha been expanded 
with addit ions of equipment and personnel. The 
apparatus is now composed of four ion chamber-
s i l i c o n telescopes plus two large area s i l i c o n 
ar rays . Two avalanche detectors used in 
conjunction wi th the s i l i c o n arrays and two of 
the ion chamber-silicon telescopes provide T0F 
information for mass i d e n t i f i c a t i o n of the 
fragments. The Plast ic Wal l , l a t e r to be used 
with the P last ic B a l l , has been added to the 
setup to measure coincident fast p a r t i c l e s 
scattered in tn the foward cone between 2" anc" 
9 * . A twl c i p l ^ i t y array of 80 s c i n t i l l a t o r 
paddles provides coincident fast p a r t i c l e 
counting over the f u l l sol id angle from 9* to 
90* . 

For the fu tu re , the scat ter ing chamber and 
m u l t i p l i c i t y array of s c i n t i l l a t o r s w i l l be 
removed from the Bevalac to make way for the 
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Plastic Ball. I t is under consideration. 
however, to w e this apparatus to the Fenrf 
laboratory where high energy protcn nucleus 
Interactons can be studied to augnent our work 
with heavy forts a* the Bevalac. 

PLASTIC BALL 

The major future project of the collabora
tion with GS1 and the University of Marburg Is 
the Plastic Ball. Bevalac research has passed 
from the stage khere one was satisfied to 
measure one particle fro* each event to a *t*ge 
where one would tike to Measure al l the charged 
pa-ticles fro* each event in order to look for 
the (.Elective effects. The Plastic Ball wil l 
cover 94'; of 4i -.th BIS Modules, each 
consisting of a CaF? AE detector and a 
plastic scintillator C detector. The two 
scintillators are observed by the sa*e photonul-
tipller tube and the signals *re separated 
electronically by taking advantage of t r * f r 
different decay characteristics. In addition 

positive piens will be identified by their •* 
- „* - e* decay as has been done previ
ously. Tine s~"all forward angle region Mill be 
covered by the Plastic Kail placed 6 at down
stream. The wall I consists of IM> plastic 
scintillators and will Identity particles by 
their tine of flight and energy loss. 

I t Is e»pecttd that the f irst configuration 
of the Plastic Pall/Mall system will be com
pleted before FT 1961 and that the f irst round 
of experiments using this facil i ty wil l be in 
operation during the FT i$ei-ft? period. T»*e 
f i rst experiment for this apparatus wil l be a 
•easureMFht of etcltatloii functions for charged 
particle (multiplicities and iheir correlation*. 
where for each e»ent all t*w cr*r9tc" particles 
t ' . p. d, t . ^He. *HcJ *r* identified in 
**w Sail as to their mass, charge, energy and 
scatterlngangles • and #. The targets will be 
*JCa and .f**b and the projectiles ufll be 
"C and *0*r ytxt* energies ranging from 100 
KeV/n to SCOT reV/n. 



!8 

RELATIVISTS HEAVY ION PHYSICS 

H H HHknun 

t t-rifttiHt .<]• 
H U<n>t"'i 
V K.M.tnt 

D T .It»« 

D Ols.» L L M 
V B l o o m . •1 UC S(i.i 

N Klein U»u»«-*v*» t>» Vj>b.' '4 

This group i n i t i a t e d some of the f i r s t fv*avy 
ion experiments at the fievatron/flevalac to 
explore the phenomenon of p ro jec t i l e fragmenta
t i o n , i . e . , the break-up of heavy ion Peas 
pro jec t i l es from co l l is ions with target n u c l e i , 
in which the fragments of the incident nucleus 
are characterized by the i r near-bef' i ve loc i t i es 
and small production ancles. The r o u p ' s ear ly 
works were concerned with t*ie syste-wtics of the 
p r o j e c t i l e fragment production cross sect ions. 
the longitudinal and transverse momentum 
d i s t r i b u t i o n s , to ta l reaction cross sect ions. 
fragmentation mechanisms, e t c The immediate 
resul ts of these early experiments were the 
concepts of " l i m i t i n g fragmentation 1 1 and 
" fac to r i za t ion" which were found to be re levant 
to heavy ion c o l l i s i o n s . Use of these concepts 
led to a great s impl i f i ca t ion in the ordering of 
cross section data and are the bases for 
estimating isotope production cross sections in 
any target mate r ia l . 

Other d i rect consequences of the p r o j e c t i l e 
fragmentation experiments were (11 the immediate 
appl icat ion of the cross sections to cosmic-ray 
studies, (2 ) the r e a l i z a t i o n that the Boltzman 
d i s t r i b u t i o n for^ high energy reactions should 
have the form\ *. e *p( - E /k t ) rather than 
E exp( -E /kT ) , as c l e a r l y demonstrated by the 
Gaussiar.-shaped longitudinal momentum d i s t r i b u 
tions of p r o j e c t i l e fragments, (3 ) f ac to r i za t ion 
is strongly v io la ted for high-Z t a r g e t s , where 
the Weizsacker-Will iams vir tual -photon f i e l d 
induces photodisintegrat ion of the p r o j e c t i l e 
via the g iant dipole resonance, I * ) the " f r a g 
mentation model" explains well fragmentation 
reactions and (5 ) pract ica l appl icat ions of the 
fragmentation mechanism led to the development 
of isotopic beams of *-K fo r biomedical a p p l i 
c a t i o n s , the development and c a l i b r a t i o n of 
cosmic-ray heavy-ion detectors, and recent ly , 
p r o j e c t i l e fragmentation was employed suc
cessfu l ly in searches for new neutron-r ich 
isotopes using *®Ar and 4 % a beams. 

ACCOMPLISHMENTS AND OUTLOOK 

The group's Bevalac experiments during th is 
f isca l year have marked the beginning of a 
series of second-generation experiments on 
p r o j e c t i l e fragmentation. These experiments 
include ( ' ) the in teract ion propert ies of 
secondary, t e r t i a r y and l a t e r generations of 
p r o j e c t i l e fragments of 2 A GeV 1 6 0 and 5 6 F e 
beam nuc le i , (2 ) the observation of er^anced 

production cross sections for 1'K. * ? 0 and 
" 0 from tne fragmentation of 1 8 0 in hfgh-Z 
t a r g e t s , i nd ica t i ve of the photoe ic i ta t ion I v l i 
the Kelzsacker-hi11 tarns e f f e c t ) and the unlove 
decay of the giant resonance states of the " V 
p ro jec t i l e nucleus, and (3 ) the production and 
i d e n t i f i c a t i o n cf : * new neutron-r ich isotopes. 
t t add i t ion , t n * i ectopic c o m p o s i t e of cosmic 
ra> heavy nuclei i s being invest igated in a 
s a t e l l i t e experiment supported by MAS*. 
Expanoed tlscussions of these a c t i v i t i e s are 
presented below. 

In teract ion Propert ies of 1 6 0 and ^ F e a t 
Bevalac Energies 

The interact ion propert ies of r e l a t i v l s t l c 
p r o j e c t i l e fragments are being invest igated i n 
cooperation wi th B. Judefc. National Research 
Council of Canada, and E- Ganssauge. Univers i ty 
of Har tyrg . Vest Germany. *o d a t e , v w e 1S0Q 
'xtra-nucjear cascaf* induced by - 2 A GeV 
°0 and 5 f i F e beans in nuclear research 

emulsions have been fol lowed thrc j^J a l l gener
ations involving fragments 2 "* 3 in order to 
obtain estimates of the react ion r<ean-free paths 
(nfp) of p r o j e c t i l e fragments in the d i f f e r e n t 
generations- The resul ts of We experiment show 
f i a t the mfp's cf l a t e r generations of fragments 
are s i g n i f i c a n t l y shorter than these of 
"primary" accelerator beams of the same charge, 
an e f fec t that is in te rpre tab le uncer the 
simplest assumption that a small ( - &d f r a c 
t ion of the fragments in te rac t wi th a nfp 
- 2.5 cm, independent of charge of the f r a g 
ment. Such a mfp corresponds to a cross section 
5-10 times larger than geometric f o r the f r a g 
ments considered- The extent of these d i f f e r 
ences between the mfp's of the primary and 
secondary land l a t e r generation) fragments 
cannot be explained wi th in the franewort c f 
conventional nuclear physics. 

fi 

This o b s e r v a t i c of anooalous fragment 
nuclei i s surpr is ing r. t h a t th ty ( 1 ) are pro
duced at bean energies as lew as 2 A GeV in 
r e l a t i v e l y peripheral c o l l i s i c n s and J2) have 
l i fe t imes as long as - 1 0 " ^ sec. Of high
est p r i o r i t y is to p v ae further experimen
ta t ion on th is new e f fec t to e lucidate {l\ i t s 
dependence on the order of generation in the 
extra-nuclear cascade, (2) the semi- inclusive 
properties of the c o l l i s i o n parameters fc* 
production and subsequent in teract ion of the 
anomalous component, and (3J to invest igate the 
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l i f e t i m e of the s t a t e f s ) . A complex of expo
sures of emulsions to a var ie ty of Bevalac brass 
was recently approved by the PAC and car r ied out 
in July 1980. 

Concurrently other features of r e l a t i v f s t f c 
heavy ion fragmentation, already under s t u d y -
especia l ly angular corre la t ions of p r o j e c t i l e 
fragments and t h e i r M u l t i p l i c i t y d i s t r i b u t i o n s -
are being investigated wi th considerably be t te r 
s t a t i s t i c s than have hHher to been possib le . 

Coulomb Pis5QCiation of P r o j e c t i l e faciei 

The e f f e c t of the electromagnetic i n t e r 
action en the fragmentation of ™0 beam n j c l e i 
At 1.7 A GeV is being invest igated in col labo
ra t ion with B . l . Berman (LLKL). The e l e c t r o 
magnetic contr ibut ion to the s ingle proton and 
the one- and two-neutron removal fragmentation 
cross sections have been determined and they 
agree wi th calculat ions based on v i r tua l -photon 
theory, gfven the minimum impact parameter 
deduced from the Coulomb dissociat ion of ^ C 
and 1 6 0 . 

There *re two overal l resul ts of t h i s exper
iment. F i r s t , the process ttat chances c e r t a i n 
fragmentation cross sections on high-2 ta rgets 
ic cleat ly i d e n t i f i e d as c"ectror)a,,rietic in 
o r i g i n . The quantity that is measured is the 
integrated virtual-photon-weighted photonuclear 
dissociat ion cross sect ion. Second, because the 
physics of th is process is understood, one can 
use the r e l a t i v i s t i c heavy ion technique, devel
oped here to study the photonuclear cross 
sections ard branch :.g ra t ios of a var ie ty of 
stable and unstable beam p a r t i c l e s , thereby 
expanding great ly experimental data on photo
nuclear processes- Such information on unstable 
nuclei is impossible to obtain by conventional 
methods. 

With the v e r i f i c a t i o n of the Coulomb-field 
induced exc i ta t ion and decay of * 8 0 , an 
experiment to study the speci f ic react ion 
l 6 0 ( > , p ) 1 5 N by use of HISS is under 
preparat ion. In th is experiment, the group 
expects to detect and momentum-analyze both the 
1'K (and possibly any de-exci ta t ion ^-rays 
from the 1 5 N ) and proton in order to determine 
the photoexcitat ion energies of the " 0 
nucleus to about 1-2 HeV accuracy. The e x p e r i 
ment w i l l determine the v i r tua l photon-weighted 
cross section for the - 6 0 ( i , p ) 1 5 h react ion 
and w i l l also ver i fy the ro le played by exc i ted 
states of " u , in the photodissociation of 
* 6 0 , the only nucleus for which such informa
t ion is avai l ab le . 

The p o s s i b i l i t y of extending these measure
ments to 6-unstable rn.de'' is i n t r i g u i n g , 
p a r t i c u l a r l y the extension to isobars of the 
stable oxygen isotopes (mass 16, 17 and 18) . 
From both the photonuclear and e lectron scat
ter ing work done on thes? n u c l e i , i t is c l e a " 
that isospin considerations play a major role in 
our understanding of t h e i r s t ructure , and t h e i r 
unstable isobars cannot be studied by conven
t ional techniques. 
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Production o f meutron-ftich nuclides 

In t h i s experiment, done in co l laborat ion 
wi th other groups from LBL, Michigan State 
Un ive rs i ty , and the U.S. Naval Research Labora
t o r y , the y i e l d s o f neutron-r ich p r o j e c t i l e 
fragments mere measured a t 0* for the react ion 
o f 0.212 A GeV t o e * ions on an 890 mg cm'? 
Be t a r g e t . The f i r s t experimental evidence f o r 

« . « | and « . « 5 C 1 . The existence c f " S i . « 
and *1>**S mas also confirmed. 

C lear ly establ ished by th is experiment i s 
the f a c t that the fragmentation of high energy 
nuclei i s a pract ica l means for the production 
of nuclei f a r from s t a b i l i t y . Observations of 
such nuclei are useful for making quant i ta t ive 
tests of mass formulae, for studies of micro
scopic level s t r u c t u r e , and for e luc idat ion of 
production mechanisms. 

Cosmic Ray Heavy Hue le i 

Data from the LBL (Heckman/GreinerJ-Samuel 
S i l ve r Space Sciences Laboratory (K. Uiedenbeck) 
Instrument aboard the I S t t - 3 spacecraft has 
continued to be of high qua l i t y (launch Sate 
August 12, 1978) and i n i*efng used to I n v e s t i 
gate the isotopic competit ion of ga lac t ic cosmic 
rays- The spacef l ight instrument used for th is 
experiment, which was f u l l y ca l ib ra ted wi th 
Bevalac beams, is the outgrowth of our i n t e r 
re la ted cosmic ray and Bevalac research. 

Af ter j one-year accumulation of da ta , suf
f ic ient , s t a t i s t i c s have been obtained on the 
rare ^"Be isotope to permit the determination 
of a d e f i n i t i v e cosmic-ray **ge- Also. f*-on 
measurements of cosmic-ray carbon, ni trogen anc 
oxygen nuclei the group has concluded that the 
cosmic-ray source abunoances dc not contain a 
large overabundance of the rare isotopes 1 3 C , 
* ' 0 and * ° 0 . The abindance of 1 5 h is 
consistent wi th a s c l a r - l i k e coupcsi ' . icn, 
although a ^U/K ^atio substant ia l ly greater 
than the solar system value of C.3(W i , permit
ted by the data . Furthermore, conventional 
propagation models adequately describe the 
observed abundances of the CN0 isotopes- In 
contrast to these r e s u l t s , they f i n d for the 
composition of He in the local interplanetary 
space the ra t ios 22Ue/2<^He = 0.64 " 0.C7 and 
" N e / 2 0 N e < C.30. These observations ar^ 
inconsistent w i th a s o l a r - l i k e composition, for 
which 2 2 K e / 2 0 | j e = 0 .122 . 

The successful op?r«Mon of the LBL-SSL 
instrument and, indeed, the 1SEE-3 s a t e l l i t e 
i t s e l f , has led to an extension of th is program 
beyond that o r i g i n a l l y planned by HASA. The 
plan here i s to continue studies on the isotopic 
composition of nuclei through F?, a program t h a t 
w i l l necessari ly require cross section informa
t ion obtained from Cevalac experiments to i n t e r 
pret the data in terms of cosmic-ray sources and 
propagation mechanisms. 

http://rn.de''




21 

BEVALAC RESEARCH 

H 3 Pugh. 
L S Sch-oedet 

A Sandoval GS1 Datmstadt 
R Stock. GSI. Daimstadt 

TASS 
J Geaga 
R Kooni/ 
fl Tteuhall* 
J W Harris. GS1. Darmsttdt. 

West Germany 
J Engelage*. Louisiana State 

University 
P N Kirk. Louisiana State 

U»:>rei5i1v 
C Rui? Louisiana Stale 

University 
G Roche Clermont rerrand Fiance 

J P Bianitogan 
E H McCam 
I W MusfcOVKh 
M Raft 
L M Tmav 
J W Hams. GSI. Datmsiadi 
J U le r GSI. Datmsiadi 
H Suoetoete GSI. Datrmtadi 
R C Renfordl Un«vt*5»tv ol 

Mat burg 
K I Wort. ANl 
M Siangan University ot Meieo 
A Dacal. University of Mexico 
A Menchaca Roctia. UntvetMly ol M e « o 
M Ma/a*i. U«vct&i1v of Meiico 
M Otxu. UnrvetMly of Meaico 
T BOM en. Unrvetsity ol An/ona 
A G Pife* Unweisity of An/on* 

During 1980 this new group wis formed from 
two smaller groups to respond to the common 
interests of the members in studying nuclear 
collisions at Bevalac energies. The research of 
the group is in two areas, presently associated 
with the LBL streamer charter and with the 
newly-operating Two-Am Spectrometer System 
(TASS). With the use of both visual and purely 
electronic techniques a broad range of experi
ments from exploratory to follow-up of specific 
predictions are being undertaken. Both the TASS 
and Streamer Chamber research *rt conducted in 
collaboration with outside researchers. 

TASS 

The Two-Arm Spectrometer System {TASS) con
sists of two fully rotatable magnets, with 
accompanying wire chambers and scintillation 
hodoscopes for particle detection and identifica
tion. The f i rst experiment on TASS, a collabora
tive LBL and Louisiana State University effort, 
was run in July 1980. 

The first experiment (444ri), a follow-up of 
an earlier experiment (351H) on particle produc
tion (» + ,p,d,t) at 180", involved measuring 
the angular and momentum correlations between 
high energy particles (» +,p,d) emitted in the 
forward and backward hemispheres- The majority 
of the running involved 2.1 G?V proton-carbon 
interactions. Particle production i * backward 
angles is of considerable interest since i t is 
either strictly forbidden (e.g.,nucleon scattering) 
or severely constrained (e.g. , pion production, 
where P ^ x £ 300 KeV/c) in "free" 
N-N collisions- Thus, the observation of 
correlations between forward and backward 
particle particle emission provides a tool to 
probe possible exotic or cooperative production 

*5radujie stu^e>:z 

mechanisms, that Is , study the short-range 
behavior of nucleons fn nuclear matter. The 
data are being analyzed, with particular 
attention being given to that portion of the 
data that is sensitive to the incident proton 
scattering from two or more nucleon correlations 
in the target nucleus. These correlation 
studies will be continued in early 1981 with a 
proton beam, and for comparison, with a heavier 
beam such as carbon. 

Future directions with TASS will involve 
measurements of « and «N correlations to 
ascertain the contributions of both meson and 
baryon resonances to the pion spectrum observed 
in heavy-ion collisions. Also correlations 
between particles emitted at large p . will be 
studied to probe features of A-A central col
lisions. Fina.'ly. we feel that a study of 
di-lepton production (e*e~ or n*i»~l 
might be a very sensitive test of whether exotic 
states of nuclear matter ire being formed in 
central collisions. Being weakly interacting, 
the leptons will not suffer the large attenu
ation that pions, nucIcons, and to some extent 
kaons experience in traversing the nuclear 
medium from their creation point in the col l i 
sion process. The group presently hopes to 
conduct such a search starting early in 1982. 

STREAMER CHAK3ER 

This already active group has been formally 
established as an independent sub-effort this 
year, both by GST and LBL, to coincide with an 
expansion of activity and support. In addition, 
the groups of K. Wolf at Argonne and A. Dacal at 
the University of Mexico have made major new 
commitments to this effort. The University of 
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Arizona group of T. Bowen will be involved In 
our future program on strange baryon production. 

Recent work by the group has Included the 
following experiments. 

40JH. Study of the multiplicity of charged 
pions produced in Ar + KC1 central collisions to 
obtain an estimate of the space and time extent 
of the source emitting the pions by interfero-
metry techniques. In addition, the negatively 
charged pion mul t ip l ic i ty excitation function 
has been obtained for bombarding energies from 
0.4-1.8 GeV/n (see Phys- Rev. Lett . 45, 874 
(I960)). This type of data can be used to test 
various models of central col l is ions such as 
hydrodynamic, cascade, thermal, etc. The group 
is also investigating the yields of \" hyperons 
by observing their decays (appearance of "vee" 
shjped tracks) in the streamer chamber. At 1.8 
GeV/n the large stat is t ics central collision 
running has provided a sample of about 60 V ' s , 
enough to extract their production cross-section 
as well as gross features of thei r momentum and 
angular distr ibut ions. 

400H. This experiment used a 2.1 GeV proton 
beam with the streamer chamber being triggered 
on * backward going \ or p. This wort, which 
complements the backward part ic le production 
studies on TASS, provides a more exclusive look 
at the production mechanisms responsible for 
backward part icle emission. An early indication 
from this study is that a large sample (- 50/ft 
of the events with a backward particle have an 
associated pion, suggesting that simple N-H 
quasi-elastic scattering is not the dominant 
mechanism at these energies. 

In 1981 the group will conduct a new experi
ment (564H) using a 2.1 GeV/n «Ca <**• to 
study strange particle (particular,, \*) 
production in both th» inelastic and central 
collision modes. There »n plans for a high 
statistics run of 50-100 K pictures. Data from 
this experiment will clso be used to provide a 
•ore detailed study of negative pions. An 
experiment (557H) looking at the reaction mech
anisms of - 100 NeV/n Ar beams on various 
targets is scheduled for early 1981. During 
1981, the group will start a program of up
grading the streamer chamber at LBL that wil l 
include the following: 

(1) Replacement of the present camera 
system by Image intensifler cameras, and testing 
digital image processing. 

(2) Investigation of the operating charac
teristics and possible limitations of the 
chamber when exposed to beams heavier than Ar, 
in anticipation of the heavy beams available 
after the Bevalac upgrading. 

(3) Determination of the limit in a single 
event of multiple tracks that can be success
fully studied in the chamber. 

(4) Surrounding the chamber with detectors 
(e.g. . scintillators or solid state counters! 
to improve particle Identification. This will 
•ark the beginning of use of the streamer cham
ber in a hybrid configuration. 

(5) Reactivation of the PEPR semi-automatic 
measuring faci l i ty of the University of Heidel
berg, and with this to start proton measurement 
and « + - p discrimination. 

F, Stock and A. SandcvzZ uetK? ? Zea> detector 
tc che?k the vindcrj ses:.^ CK the streamer dhari&ev. 
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G. Roche, on leave frr.n Clermont-Ferrand for a -tear to -.--rr̂  -i* 
adjusts the oscilloscope unite U.C. Berkeley Graduate Erui-"*:-
prepares to write down the calibration data. The:* lit -z'-'l r~ 
detectors for the two-am spectrometer (TASS) S'ICJK :V **V IT* 
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The main research object ive of th is group is 
to study reaction mechanisms in nuclear c o l l i 
sions at high energies by measuring the spectra 
of l i g h t fragments and t h e i r mutual corre la t ions 
over a wide range of fragment energies and 
emission angies. 

In Experiment 299H the inclusive spectra of 
Dions, protons, deuteroi.s. t r i t o n ' , , *He, and 
'He , as well as two-proton correlat ions and 
the spectra of l i g h t fragments a t high event 
m u l t i p l i c i t i e s , have been measured. These data, 
combined with the proton-nucleus data measured 
by the group, have been used to study reaction 
mechanisms, especia l ly those responsible for 
central c o l l i s i o n s . 

The mean free path of protons inside the 
nucleus was evaluated from the proton-nucleus 
data. Composite p a r t i c l e emission turned out to 
be consistent with the coalescence model from 
which interact ion rad i i of heavy-ion co l l i s ions 
were estimated. From the observed mean f ree 
path and in terac t ion radius one learns tha t 
heavy-ion c o l l i s i o n s , involve both s ingle 
nucleon-nucleon co l l i s ions and mul t ip le 
•jcleon-nucleon c o l l i s i o n s . The f rac t ion of 
each of these processes was studied i n r e s t r i c 
ted kinematical regions in the two-proton 
cor re la t ion experiment and over a wider k ine
matical region by analyzing the proton spectra 
of h i g h - m u l t i p l i c i t y events. The group also 
looked for but did not f ind evidence for shock
l i k e behavior or other s t a r t l i n g new features in 
e i t h e r the two-par t ic le c o r r e l a t i o n data or the 
high m u l t i p l i c i t y events. 

In Experiment 471H kaon production has been 
measured. The data- tak ing for 2.1 GeV/A Ne, 2.1 
GeV protons and for 4 .8 GeV protons had been com
p l e t e d . Cross sections predicted on the basis 

of thermal models exceed the observations by 
fac tors o f 10 or more. Futher data analysis is 
s t i l l fn progress. 

Another experimental program, which Is in 
the process of taking data , i s Experiment 472H, 
i n which two-par t ic le corre la t ions are studied 
in d e t a i l over a wider kinematical region than 
was possible i n the previous experiment. A new 
detector system has been i n s t a l l e d . I t consists 
of ( 1 ) a beam counter bias on high-event m u l t i 
p l i c i t y . (?) four sets of t i m e - o f - f l i g h t 
counters to cover forward angles, ( 3 ) 18 sets of 
A E - E counter telescopes to cover backward 
angles. Some data have already been obtained 
wi th t h i s system but the major data run is now 
scheduled for January 198?-

In Experiment 493H a prel iminary study of 
de layed-par t ic le emission in heavy-ion co l l i s ions 
w i l l be done by using rf-bunched Bevalac beams. 
Beam time w i l l be scheduled sometime i n 1981. 

I n FY 1981 another main a c t i v i t y of the 
group w i l l be Experiment 512H, in which f r a g 
ments wi th very large transverse momenta and 
t h e i r mutual corre la t ions w i l l be measured using 
the HISS magnetic spectrometer. To carry ot.t 
these studies they plan to i n s t a l l 5 sets of 
3-dimensional mult iwire proportional chambers 
and 30 sets of t i m e - o f - f l i g h t and dE/dx 
detectors. Most of th is hardware construction 
w i l l be conducted under the I n s t i t u t e for 
Nuclear Study, Universi ts of Tokyo-LBL 
Col laborat ion Program. 

In the future the group intends to undertake 
an experimental program to learn mo;-e about the 
production of excited baryonic states and the 
mutual in teract ions between these exci ted 
baryons, using a large sol id-angle device. 



Apparatus for tao-particle correlation measurements in high-energy nuclear 
collisions being performed by a collaboration LBL and ISS (University of 
Tck.jc). Or. the left are S. Kadota, I. Tanihata, and in fro*t, Y. "iakc. 
?hc ethers (left to right) are '•!. Echard, E. Lonbardt S. Schr.etzev, anl 
t'i£ prouf ZeaJers, 5. Ilagamiya and H. Steiner. 
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The Berkeley research act iv i t ies of this 
group center mainly around the study of charged 
pions produced in high-energy heavy-ion c o l l i 
sions at the Bevalac. The technical approach 
involves a large f~ 1-5 meter long) magnetic 
spectrometer (OANUS) and combinations of fast 
sc int i l la tors and wire chambers interfaced with 
computer data systems. One major part of their 
work is the determination of the cross sections 
[with an exploration of the angular dependence) 
for pion production in heavy-ion reactions. The 
existence of both posit ively and negatively 
charged pions fac i l i ta tes determinations of 
simple Coulomb effects and therefore the charge 
density evolution in heavy-ion col l is ions by 
observation of the * + A~ rat io as a function 
of pion energy, bombarding eneroy, and target-
project i le charges. In fact they have found 
that pions produced with low energy in the 
projecti le frame have large *'/•** ratios <lu& 
to the Coulomb f ields of the fragments. Syste
matic observations of the sharp anomaly are 
being made to compare with various models for 
production. The effects due to esoteric mecha
nisms, i . e . , condensates, etc . , are expected to 
modify the conventional modes, and these pheno
mena are being explored. 

They are also studying the production cross 
section for low-energy iT and * at 90* in 
the center of mass, where an enhancement in the 
TI+ production has been observed. They want to 
ascertain that this 90° peak does disappear at 
low energy and to attempt to measure the thres
hold for i t s appearance. They have undertaken 
thick target studies in order to evaluate the 
pract ical i ty of heavy-ior. production of useful 
*" beams. 

The second major part of their work is an 
experiment to look at the Hanbury-Brown-Twiss 
effect for l i ke charged pions made by heavy-ion 
coll isions in events where many pions are pro
duced. They look at the production of a pair cf 
closely related pions +,+ or - , - at the lab 
angle 40". In the p^st ten years, such exotic 
phenomena as pion condensation, pionic lasing 
and quark matter have been predicted as possible 
for nuclear matter in a heavy-ion co l l i s ion . 
Gyulassy, Koonin and others have pointed out 
that one possible way to see the effect of pion 
ins tab l i l i t i es in heavy-ion col l is ions is to 
look for the correlation of l i ke pions in the 
situation when the relative momentum is extrap
olated to zero. 

More quantitatively, one studies the corre
lation function c » ( k » « " , ( « ) for • pions. 
For the case of two pions, Cgfk.k) * 0 for 
coherent sources. Highly coherent pions will 
have a different distribution in relative 
monenta than that expected for chaotically 
produced pions, and the range of coherence 
depends on the size of the interaction region. 
This technique of pion interferoaetr> has been 
employed to aeasure the size and lifetime of the 
Dion source foraed in the collision of 1.8 GeV/A 
5 0 Ar * kXl . The values obtained provide 
useful constraints on •odeIs detailing the pion 
production nechanlsn. The Bose-Einstein 
enhancement for low relative nonentun was 
observed. 

Future work that this group Intends to 
pursue will uti l ize the experimental techniques 
and apparatus that they have built . The 
availability of Bevalac beans of the heavier 
elemnts (Au, Pb, or U) will call for new pion 
spectroscopic Measurements to search for 
evidence of highly coapressed nuclear natter 
effects, such as pion condensation, quark 
matter, etc. The i + / » " ratios will again be 
exploited for heavier beans to Measure the 
dynamic charge evolution in relativistic heavy-
ion collisions. 

Studies of several new areas of research are 
being considered for work to exploit the Beva
lac. Among them are the following topics: 
measurement of deuteron ground state to excited 
state (virtual) ratio as a probe of spin corre
lations associated with pion condensation, and 
the study of strange particle production. 

Kamae and Fujita, Jaffe, Kernan, and Chin 
have suggested that the system of six quarks 
including two strange quarks nay be exception
ally stable with binding energy of order 80 MeV 
or greater. The reduction in decay channels may 
produce s igni f icant ly d i f ferent objects, includ
ing t ight ly bound di-lambda, an! hyperstrange 
quark matter. 

As a f i r s t step in searching for exotic 
strange fragments the group plans to develop a 
multipurpose K+ t r igger. Suet) a trigger might 
be used in a streamer chamber collaboration to 
study strange part icle production. The mul t i 
purpose K+ trigger may also f ind application 
in JANUS w HISS spectrometer experiments-
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After the completion of the scheduled 
upgrading of the Bevalac to accelerate essen
t i a l l y any element, they plan to undertake a new 
type of experiment, the coherent resonance 
Coulomb excitation of the 14 keV transit ion (of 
wide usage in Mossbauer effect) in a 5 'Fe 
beam. This would be a collaboration with V. 
Okorokov of the U.S.S.R. and C. Hoafc of Oak 
Ridge. 

They intend to use par t ia l ly stripped ^Fe 
beams at lower Bevalac energies to study atoalc 
processes. These are of considerable interest 
in their own r ight (see ear l ier Bevalac studies 
of Raisbeck, Crawford, et a l . ) and also lay the 

groundwork for the special single-crystal 
resonance excitation experiment with 5 'Fe 
betas Mentioned in the preceding paragraph. 

Various aeabers of the group are Involved in 
collaborative work centered at other labora
tories: plon or auon experiments at UUWF; 
theoretical studies on won fission with col
laborators in China; theoretical nuclear studies 
by the Classical H a l t S-Matrix Hethod with 
collaborators at the University of Tennessee, 
Brazil, and Kuwtft; and hybrid plastic and 
eaulsfon studies of relat1v1st1c heavy Ions with 
collaborators in Magoya and Cairo. 

*$tf 
The tuo-neter wire chechevs vf : V SAZVS rapKftzs 
spectrorKter need for tvo-iivr iKterf-rcrxtry 
experiments at the Bevalac. HoldiKa •?*•.€ of t'V 
connector hoards is £. Yoo, ; surrrer •urdtrgra-iLj'-
physios assistant voicing iri*u. tk>-> Crc.-e-
Ra8"JusseK Orour* 
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NUCLEUS-NUCLEUS COLLISIONS 

S P. Ahlen 
E. K. Shirk 
M. Solar/ 
J. 0 . Stevenson 
G- Tarle 
M. Budiansky" 
K. KmostMta" 
T. Liss* 

J. Musser* 
M. Salamon" 
M. Tinckneil" 
S. Lew** 
K. Martin* 
J. Martinis' 
H. Nelson * 
J. Zelinsky' 

All of th is group's offices and equipment 
are located in Birge Hall on the UCB campus, 
which makes i t easy to attract new students, but 
restr ic ts to some extent interaction with 
Nuclear Science Division staf f . Current research 
fa l ls into the following three principal areas: 

1. Relat iv ist ic heavy ion research (DOE 
support): 

a. Production of heavy fragnr ts , including 
exotic neutron-rich nuclides near the 
dr ip l ine. 

b. Production of high-energy gamma rays. 
c. Search for Lee-kick natter. 
d. High-order effects in electrodynamics of 

slowing heavy ions. 
e. Response of various detectors to heavy 

ions, and development of new detectors. 
f . Hadron calorimetry for nucleus-nucleus 

col l is ions. 

2. Search for highly ionizing particles in 
e+e~ annihilation (PEP-2 experiment, 
supported by NSF): 

3- Cosmic ray astrophysics (NASA support): 

a. Relative abundances of isotopes of very 
heavy cosmic rays. 

b. Abundances of cosmic rays in the 
v ic in i ty of uranium and beyond. 

c. Design of future, large-area detectors 
for long-duration space exposures. 

d. Study of highly ionizing particles with 

anomalously long interaction lengths at 
mountain altitudes. 

Drs. Ahlen, Stevenson, and Tarle play a 
major role fn conceiving new experiments and In 
training students* There Is a great deal of 
overlap among the various projects. Detectors 
devised to solve one problem frequently make 
possible part or all of the solution of another 
problem. A result obtained with p'-stlc 
detectors may stimulate the construction of an 
electronic system to do a second-generation 
experiment. Expertise gained in resolving 
isotopes in a ballon-borne cosmic ray experiment 
may be used at PEP or the next-generation 
neutron-rich nuclide experiment. In all these 
projects, both post-graduate and pre-graduate 
students play an active part. 

Among the experiments planned for the next 
two years at the Bevalac are a high-energy gamma 
ray experiment with 10 2 higher collecting 
power; detection of many new nuclides deline
ating the neutron dripline; hadron calorimetry 
with large solid angle; search for Lee-Hick 
matter in U-U collisions; measurement of 
higher-order electrodynamics in dE/dx and 
Cerenfcov radiutiofl by ions up to U; and 
detenrinatic.i of the response of plastic track 
detectors to relativlstic ions up to U (the 
latter being of crucial importance for the proof 
that cosmic rays come from freshly synthesized 
supernova debris)> 

^Graduate students 
Undergraduate students 
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NUCLEAR THEORY 

N K Gterotanning 

J Botuta 
M Gyulassy 
Y Ka'ant* 
S K Kauffmann 
C M. Ko 
G. M3nt/ouranis 
W O Myers 
J. Randrup 
M. Hedlich 
H Ruck 

W * Swiaiecki 
S Bohrmann. MPI. Heidt-lbfni 

West Germany 
H Flocjrd. CNHS. Ofsov >MIWC 
J Knoll. GSI. Daitnst.Hlt 

Wesl Get nun v 
A Lumbiubo. CEN SJCMV f 'J 'Hv 
C Nojck. Univf'S'lv <>< Bift iwn 

VVOSl GlM>tl.t"V 

There are three general themes i n the 
research of the theory group. One o f these 
works close to the boundary between nuclear, 
p a r t i c l e and astrophysics, and includes the 
study of hadronic matter at extreme densi t ies 
and the search for phase t r a n s i t i o n s . The next 
is an invest igat ion of the properties of 
ordinary nuclei t reated as a system o f r e l a t i -
v i s t i c in teract ing f i e l d s . The t h i r d concerns 
nuclear co l l i s ions from the Coulomb b a r r i e r to 
Bevalac energies. 

.'ADRONIC AND QUARK MATTER 

Several l ines of invest igat ion are being 
pursued. The f i r s t , appropriate to an i n t e r 
mediate range of densi t ies from noma) up to a 
few times normal density, employs a r e l a t i v i s t i c 
Lagrangian f i e l d theory to describe nuclear 
matter . In this density range, the nuclear 
forces can be regarded as a r i s ing through the 
exchange of the mesons having various spin and 
isospin quantum members. This theory has been 
formulated and solved for symmetric nuclear 
matter with par t icu la r emphasis on the possible 
phase t rans i t ion to the so ca l led pion condensed 
s t a t e . For the f i r s t t ime, t h i s much discussed 
s ta te of matter has been shown to be compatible 
wi th the constraints imposed on the theory by 
the bulk properties of normal n u c l e i , fhe 
constraints severely l i m i t the magnitude of the 
condesate energy, although the amplitude of the 
spin- isospin density wave to which i t corres
ponds a t ta ins almost i t s maximum possible 
value. This work is being extended to f i n i t e 
temperature and preliminary work suggests two 
very in terest ing phenomena. Although of minor 
importance a t zero tempera ture , the pion 
condensate creates a density isomer above a 
c r i t i c a l temperature of a few MeV. Secondly the 
pressure in the condensed state i s not i so 
t r o p i c , but is greater along the d i rec t ion of 
the spin-isospin l a t t i c e . This is very 
encouraging for i t implies that dense matter in 
which a condensate has been induced would 
disassemble, in bulk , p r e f e r e n t i a l l y along t h i s 
d i r e c t i o n . Asymmetric matter or neutron s tar 
matter is current ly being formulated. The rho 
meson has to be introduced because of the asym
metry, and accounts in par t for the symmetry 
energy. Technical ly , th is is a considerably 
more complicated problem. 

The other research in th is catergory inves
t igates quantum chromodynamics in a one dimen

sional model. The success of th is project so 
fa r i s that the theory has been demonstrated to 
lead to quark, confinement. Current ly a quark 
n a t t e r s ta te of the theory i s being sought. 

RELATIVISTIC F i a D THEORY OF NUCLEI 

This research, l i k e tha t described above, i s 
a r e l a t i v i s t i c i n t e r a c t i n g f i e l d theory. In 
th is case the f i e l d equations are solved for 
f i n i t e n u c l e i . The theory has so fa r been 
demonstrated to account successfully for 
sa tura t ion , the sp in -orb i t i n t e r a c t i o n , 
s i n g l e - p a r t i c l e l e v e l s , charge d i s t r i b u t i o n s . 
\ -hyper n u c l e i , the level density parameter for 
f i n i t e n u c l e i , and the energy dependence of the 
opt ica l p o t e n t i a l . The theory also makes a 
predict ion f o r the anti -nucleon nucleus opt ica l 
p o t e n t i a l , which turns out to have a greater 
range than the nuclear opt ica l p o t e n t i a l . T£e 
sp in-orb i t in te rac t ion is introduced phenomen-
o log ica l l y in the usual Schroedinger descr ipt ion 
of nuclear physics but in th is theory arises 
natura l ly as a r e l a t i v i s t i c e f f e c t . P a r t i c u l a r 
a t ten t ion is being focused on whether there are 
other nuclear propert ies that s p e c i f i c a l l y 
require r e l a t i v i t y . 

NUCLEAR COLLISIONS FROM THE COULOMB BARRIER TO 
BEVALAC ENERGIES 

A large number ano d ivers i ty of projects are 
underway i n th is area , including the development 
a new type of dynamic large-scale shape evolu
tions (with appl icat ions to the production of 
super-heavy n u c l e i ) ; progress toward the 
u n i f i c a t i o n of t ransport - type theories of 
nuclear c o l l i s i o n s through the use of para
meter! ess "proximity" expressions for the 
transport c o e f f i c i e n t s (analogous to the 
proximity force and proximity f r i c t i o n ) ; the 
de ta i led study of the time-dependence of the 
charge-equi l ibra t ion degree of freedom in 
f iss ion and nucleus-nucleus c o l l i s i o n s ; and the 
refinement and appl icat ion of TDHF methods to 
(resonant) nuclear c o l l i s i o n s - In the high 
energy region, the research includes the study 
of the role of non-equi l ibrated dynamics via 
cascade s imulat ion, the analysis of »"** 
corre la t ions and pp cor re la t ions ; theory of the 
composite fragment production, dynamics of pion 
and kaon production; role of f i n a l state i n t e r 
actions such as Coulomb. These topics are 
described in more d e t a i l . 

file:///-hyper
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Futher progress has been made fn developing 
and applying a new macroscopic theory of nuclear 
dynamics in which the nuclear shape evolution is 
largely dominated by dissipat ion (of the •one-
body" type) . A global survey of d i f f e r e n t types 
of nucleus-nucleus reactions that fol low f r o * 
this theory is under way. In addit ion to 
c r i t e r i a for coffpound-nucleus and deep-inelast ic 
processes a new type of react ion emerges from 
such studies, probably to be i d e n t i f i e d with 
fas t - f i ss ion or quasi - f iss ion processes sugges
ted by recent experiments. The theory has also 
been applied to estimating the o p t i m a reactions 
for producing super-heavy elements. 

A theory has been developed for the e f fect 
of nucleon transfer on the dynamics of the 
dinuclear complex formed in a damped nuclear 
c o l l i s i o n . Some hi ther to puzzling features of 
the experimental data appear now to be well 
understood on th is basis. This theory, together 
with the above mentioned shape dynamics, font a 
useful reference model for the dynamical evolu
t ion of a damped nuclear c o l l i s i o n and i t s 
numberical implementation has already proved 
successful in the data analys is . The v a l i d i t y 
of the Fokker-Pl*nck treatment of transport fn 
nuclear co l l is ions is being explored by per
forming a d i rect dynamical simulation of the 
individual nucleon t ransfers . 

Various studies re la t ing to the role of 
giant modes in the dinuclear complex have been 
car r ied out. For damped c o l l i s i o n s , the charge 
asymmetry has been treated as a c o l l e c t i v e 
quantal mode analogous to the Giant Dipole Mode 
in spherical n u c l e i . In th is connection, 
separate studies have been made of the inclusion 
of damping e f fec ts into the tine-dependent 
Schrodinger equation. The quantal treatment of 
the c o l l e c t i v e charge-asymmetry node has been 
incorporated into the dynamical c o l l i s i o n node? 
mentioned above, al lowing reasonably r e a l i s t i c 
ca lculat ions to be inaoe. For the case of 
f i s s i o n , the dependence of the charge disoersion 
on the dynamical t ra jec tory has been examined. 
A separate study has shown that isovector nodes 
of higher mu l t ipo la r i t y can be important for the 
charge d i s t r i b u t i o n in damped c o l l i s i o n s . 
Progress on the charge d i s t r i b u t i o n in s ta t ic 
nuclei has been made wi th in the Droplet Model. 

The current low-energy program also includes 
studies wi th in the Hartree-Fock approximation. 
The p o s s i b i l i t y of exc i t ing h igh- ly ing modes in 
nuclear co l l i s ions has been studied i n TDHF. A 
search for periodic TDHF solutions has been 
car r ied out ; a general numerical code has been 
developed and appl ied to monopole v ibrat ions of 
magic n u c l e i . The use of TDHF codes witJ: an 
imaginary time for solving the s ta t i c problems 
has also been explored. 

The theoret ica l pursuit of problems re la t ing 
to the Bevalac has been continued over a broad 

f r o n t . The dynamics of r e l a t i v f s t i c nuclear 
c o l l i s i o n s has been studied wi th in the framework 
of conventional nu l t ip le -co l11s ion cascade 
nodels. These studies %n providing useful i n 
s ight into the e q u i l i b r a t i o n process and permit 
the tes t o f various idea l ized treatments. One 
current project I s the study of proton-proton 
c o r r e l a t i o n s . A special aspect here I s whether 
c r i t i c a l scat ter ing phenonena night a a n l f e s t 
theaselves i n the cor re la t ion funct ion v ia the 
dependence of the elementary cross section on 
the nuclear nediun. These studies are to be 
extended to pfon-proton corre la t ions as w e l l . 

E*tens»*e theoret ica l development on <-"r" 
corre lat ions has been completed. The goal 
here is to test for coherent pion f i e l d s pro
duced in nuclear c o l l i s i o n s . Tfurerical calcu
la t ions of the ro le of Coulomb f i n a l s ta te 
interact ions have been completed. The recent 
data on n'r" corre la t ions ire now being analyzed 
m l i g h t of t-'iese ca lcu la t ions . 

A f i r s t ca lcu la t ion of kaon production I n 
r t l a t i v i s t i c nuclear c o l l i s i o n s has been nade In 
a nu lUp le -co l11s ion cascade nodel . Kaons tre 

produced i n r e l a t i v e l y v io len t nucleon-nuclcon 
c o l l i s i o n s fabove 1-6 GeV) and have a snai l 
in te rac t ion crass section so that once produced 
they are l i k e l y to leave the in te rac t ion zone 
ra ther unperturbed. Kaons *n therefore 
p a r t i c u l a r l y su i tab le tor probing t lw ear ly 
c o l l i s i o n stage where the highest degree of 
compression and exc i ta t ion occurs. Futher work 
on kaon production is ant ic ipated when the 
analysis >f a recent experiment i s completed. 

Recent in te res t has focused on the empirical 
square law of deuteron production. A new I in? 
of attack on the problem based A * a micro-
canonical ensemble approach has begun that w i l l 
complement the previour 'y developed macro-
canonical chemical-thermal equ i l ib r ium nodels. 

The e f fec t of Coulomb interact ions on the 
T ~ A * and n/p r a t i o has been ca lcu la ted . 
In addit ion the question of * * focusing has 
been analyzed. The simple ana ly t ica l f omul as 
that have been * r ived compliment the numerical 
studies a t other l abora tor ies . The hope in th is 
time of research is to use the well understood 
Coulomb interact ions to gain insight into the 
dynamics t f nuclear c o l l i s i o n s . 

A current topic under invest igat ion is why 
there are so few pions produced in n u c l e r 
c o l l i s i o n s . S t a t i s t i c a l models systematical ly 
predict twice the observed number of pions. Yet 
temperatures predicted are cor rec t . There i s an 
energy balance problem to be solved. Does f t i s 
mean more transparency in nuclear c o l l i s i o n s 
than we expect 7 
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HISS Group A was formed t h i s year t o spear
head the exper imenta l program a t the Heavy Ion 
Spectrometer System. The major e f f o r t i n 1980 
has been to d i r e c t c o n s t r u c t i o n of HISS, develop 
and coord ina te the f i r s t f i v e exper iments to be 
performed a t KISS, and to oversee design and 
c o n s t r u c t i o n o f the Phas? I de tec to r system to 
be used in these exper iments . 

The HISS f a c i l i t y w i l l be on the a i r by the 
end o f FY 1980. The numerous attendant d i f f i 
c u l t i e s i n g e t t i n g t h i s la rge p r o j e c t noving 
have been overcome in t h i s year. The group ha*, 
been respons ib le f o r overseeing the constr ic t ion 
of the d i p o l e , exper imenta l housing and beau 
l i n e s . They have been d i r e c t l y respons ib le for 
the computer syUem ann bean l i n e d i a g n o s t i c s . 
The design and c o n s t r u c t i o n of the Phase I 
de tec to rs f o r HISS has been a cooperative e f f o r t 
between the group* that w i l l per form the f i r s t 
f i v e HISS enpor iments ; the HISS Group has played 
a major ro l e in forming and encouraging t h i s 
c o l l a b o r a t i o n . *he t h i r t y - f i v e people i nvo l ved 
c o n s i s t o ; t w t n t > - f i v e p h y s i c i s t s , 50* - outside 
users , and represent e i g h t i n s t i t u t i o n s . 

The f i » $ t f i v e experiments on HlSS M i l l be 
performed bet*-^en October 1980 and June 1981. 
I t i s hoped t. a t i t w i l l be poss ib le to perform 
these exper iments ( t o t a l i n g 750 hours o f Bevalac 
t ime) be fo re the shutdown f o r the Bevalac 
improvement p r o j e c t . These f i v e exper iments 
cou ld not be done w i t h o u t HISS; a l l r * a u i r e the 
l a rge magnetic volume ahd s o l i d angTe t h a t HISS 
prov ides to make rail t i - p a r t i c l e measi* -.ents. 
These long-awa i ted m u l t i p a r t i t a ! measurements 
w i l l p rov ide the i r fo rmat ion necessary to probe 
the u n d e r l y i n g assump t i on o f p resen t l y a v a i l 
ab le i n t e r a c t i o n models and b r i n g us c l o s e r to 
our unders tand ing o f the r e a c t i o n mechanism and 
i t s t ime e v o l u t i o n . 

Dur ing FY 1980 t h i s group has a lso per f i rmed 
numerous s e r v i c e r f o r the l a b o r a t o r y . They hove 
p rov ided the management f o r the D i v i s i o n e f f o r t 
t o develop genera l purpose sof tware f o r Bevalac 
u s e r s . In t ' .^s area a system has been put 
t o g e t h e r a t low cos t f rom borrowed pieces and i s 
p r o v i n g i t s e l f i nd i spensab le to a growing number 
o f expe r imen te rs . They a s s i s t e d the Acce le ra to r 
D i v i s i o n and many Bevalac users in t he " - e o l 
a t i o n o f new beam l i n e s and i n the de te rm ineaon 
o f the c h a r a c t e r i s t i c s o f these l i n e s . Thr.y 
a l so suppor t an a c t i v e o u t s i d e user program and 
severa l t ime:; a year spec ia l runs f o r sho r t 
exposures (emu l s i ons , p l a s t i c s , e t c . l and NASA 
c a l i b r a t i o n s are handled by t h i s group on the 0 ' 
spect rometer in Beam 40 . 

:TER SYSTEM <WSS) GROUP A 

£ Grciner 

H Oav«(oi(t. U C Space S o w : « * 
LabcMatcxv 

C McPatland U C SINK.* V ie tx * * 
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In th is group's experimental program during 
FY I 9 6 0 , data c o l l e c t i o n and analysis was com
pleted on Bevalac experiment 350H. This 
experiment i s a de ta i l ed examination of the 
pbotodisfntegration of i e O i n the photon 
f i e l d s of heavy t a r g e t s . E a r l i e r experiments 
had indicated that there is an enhacemrnt 
proportional to Z* of the target in the 
nucleon removal which could be a t t r i b u t e d to 
Coulomb e f f e c t s . By using I 8 0 t h i s assumption 
could be strongly v e r i f i e d because of precise 
knowledge of the photon-induced d is integrat ions 
" O U p P 7 * . <eo ( , .n ) l 7 0 a n d ™ « 0 I > , 2 n > 1*0. 
Preliminary analysis indeed shows and enhanced 
rate for 1 8 0 N . 2 * i > I 6 0 which gives the 
proper increase wi th ta rge t charge- T h1s work 
was done in col laborat ion with H. Heckman ( i e L ) 
and B. fierman (LLNL). 

In another experiment th is year the advan
tage of using r e l a t i v l s M c heavy ions to 
investigate the l i « f t s of s t a b i l i t y of nuclear 
matter was c l e a r l y demonstrated by the discovery 
of 14 new isotopes wi th in the space of a few 
hours. The experiment was qui te simple: i t 
involved fragmenting **>Ca, then dispersing and 
indent i fyfng the fragments. (This work was done 
in col laborat ion wi th the Scott-Symuns group of 
LBLl. Fragment i d e n t i f i c a t i o n was made using 
the sol id s ta te detection technique which the 
group developed f o r ^ j t e l l t t e use. 

In FY 1981 the Piiase ! HISS experiments 
b e : i n . The HISS Group w i l l carry out tnr«e of 
the f i v e experiments that w i l l be completed 
within th is per iod. These experiments each 
exploi t the same bas ic method: the examination 
of exclusive or near-exclusive f'lnal s tates of 
the p r o j e c t i l e fragments. 

The f i r s t experiment a t HISS w i l l b» an 
examination of the exclusive states of ~^C 
fragmentation <exp. 5I3HJ. The r e i * t i v i s t i c 
energies provide kinematic focusing o f 
p r o j e c t i l e fragments, al lowing measurement of 
branching ra t ios to states t o t a l i n g - 40 of 
the nuclear fragmentation channels wi th the 
r e l a t i v e l y small HISS Phase I detectors . On an 
event-by-event basis the hypothesized exc i ta t ion 
stage of the react ion w i l l be reconstructed. 
This stage* unl ike the evaporation s t age , has 
p r o p e r t i e s such as e x c i t a t i o n energy, mass 
ra t ios and momentum d is t r ibu t ions tha t are 
c l e a r l y predicted by the avai lab le models and 
w i l l al low us f o r the f i r s t t ime to d i s t i n g u i s h 
between the va r i ous r e a c t i o n models. 

This powerful analysis method w i l l also be 
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applied at HISS to the fragmentation of 5 6 F e 
fn experiment 516H, were the primary goal w i l l 
be a search for abnormal s ta tes . Possible 
signatures for such states ire (1 ) structure i n 
the invar iant mass spectrum, (2) cor re la t ions 
in fragment emission, ( 3 ) planer emission, o f 
fragments, and (4) shor t - l i ved s ta tes , . i l l of 
which can be investigated for the f i r s t time 
with HISS. 

An addit ional goal of th is group i s to 
provide HISS users with the documentation and 
advice necessary to allow e f f i c i e n t use of the 
f a c i l i t y . They w i l l be supplementing the 
ava i lab le software tools and keeping the common-
use detector arrays in operating condi t ion . 
They also expect to continue to cooperate wi th 

the Accelerat ion Div is ion to ensure smooth 
operation of the experimental program as wel l as 
continuing support for outside users (KASA1 i n 
Beam 40 . 

In 1961 a f rac t ion of t h e i r time w i l l fre 
spent fn designing and prototyping the Phase I I 
detector systea for HISS. I n p a r t i c u l a r , the 
schedule c a l l s for extensive prototype tests of 
the energy flow calor imeter in FY 1961. ExDeri-
ence gained in the Phase I experiments w i l l 
futher support an optimum design for the Phase 
I I detectors. The Owing is exce l lent as the 
shutdown for the Bevalac vacuu-o improvement 
project w i l l al low them to ensure that tne Phase 
! I detectors ar*> sui table for the high charge 
ava i lab le from the upgraded Bevalac. 
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NJCLEAR ELECTROMCS 

F S GouWmg 

F Gm D Pfchl 
E Haflei H Sommet 
D Land* J Walton 
P luke V Wong 
J Meng 

This group special izes in the development of 
detectors and associated electronics for nuclear 
science. I t is also involved i n the development 
of improved data acquis i t ion and reduction sys
tems based on Hod Comp IV and Classic compute 
systems. 

The bulk of the detector work centers on 
semiconductor detectors {both s i l i c o n and ger
manium). At the base of the germanium detector 
work is the high-pur i ty geraanium mater ia ls 
program. This program has made unique c o n t r i 
butions to the development of h igh-pur i ty 
germanium for radiat ion detectors and to the 
understanding of p u r i f i c a t i o n processes and of 
the role of defects in germanium. Of p a r t i c u l a r 
recent importance has been the discovery of the 
role of hydrogen and i t s association wi th c rys 
ta l defects and wi th impurit ies such as carbon 
and s i l i c o n . The extreme puri ty of the 
germanium ( 1 0 1 - . provides a unique environment 
for studies of such interact ions and the resul ts 
achieved are of considerable in te res t i n solar 
c e l l procec.^ing where hydrogen can play an 
important part in the e l e c t r i c a l behavior of 
amorphous layers-

Another focus of the germanium detector 
program is on studies of rad ia t ion damage and 
ar/tealing of damage in h igh-pur i ty detectors. 
This work is of ^ a r t i c u l a r importance i n the 
appl icat ion of mul t i -de tec tor telescopes f o r 
long-range p a r t i c l e i d e n t i f i c a t i o n and spectro
scopy. In these experiments the detectors are 
severely damaged, and the p r a c t i c a l i t y of the 
method rests on the a b i l i t y to conveniently 
repair the damage (preferably in s i t u ) . This 
type of experiment also demands r e l i a b l e 
detectors, exhib i t ing only very thin dead layers 
in both contacts. An amorphous germanimum 
coating has been developed to provide surface 
protect ion for such detectors, and i t has 
demonstrated i t s a b i l i t y to provide surface 
protec t ion . The group has also developed th in 
ion-implanted contacts (both p and n type) and 
is continuing work to improve these contacts. 

An outgrowth of t h i s research and develop
ment program has been the provision of specia l 
ized germanium detectors and germanium detector 
telescopes that ar& the basis for experiments in 
several laborator ies in the United States and 
Europe. F^r example, much of the work at the 
University of Indiana Cyclotron uses m u l t i -
detector telescopes supplied by th is group. 

The s i l icon detector program covers the 
complete range of detectors but has recent ly 

focused on very U r g e *rtt detectors (up to 7 cm 
diameter) o f uniform thickness (~ 10 vm i n 5 
mm) and w i t h very th in dead layers- These 
detectors are used a t the Bevalac, in space 
experiments measuring the isotopic composition 
o f cosmic rays and i n many laborator ies I n the 
United States and Europe. The work has recent ly 
been expanded to producing pos i t ion-sens i t ive 
versions of these large area detectors, and work 
i s continuing i n t h i s d i r e c t i o n . 

A s i g n i f i c a n t i n t e r e s t i s developing i n the 
f a b r i c a t i o n o f l a rge pos i t ion-sens i t ive s i l i c o n 
detector arrays f o r 4* detect ion of the products 
of high-energy p a r t i c l e react ions . The resolu
t ion of gas detectors i s H a l t e d to > 100 i>m 
whi le tha t o f semiconductor detectors can, i n 
p r i n c i p l e , be ouch smal ler . This improvement in 
resolut ion can be r e f l e c t e d i n a smaller 4 * 
detector assembly and a large reduction i n the 
cost of the whole detector systeu. Our detector 
c a p a b i l i t y f i l l be used I n the future to explore 
some of the poss ib l i t l es in t h i s trn. 

The work on signal processing for detectors 
I s substant ia l l y smaller now than I t was a few 
years ago. The group has been responsible in 
the past for many of the processing methods and 
hardware design now in common use. work con
t inues on special processing techniques such as 
gated- integrators to improve resolut ion a t high-
counting ra tes- work on pulsed-reset preampli
f i e r s for h igh- ra te system and p a r t i c u l a r l y for 
work on pulsed machines Is also presently being 
car r i ed out . The group expects to be working in 
the next two years on the appl icat ion of CMOS 
and VNOS switching devices to s impl i fy and 
improve the ana log /d ig i ta l part of our data 
acquis i t ion systems. This work w i l l include 
development of analog mu l t ip lexers , very f a s t 
ADCs and cheap multichannel ADCs. 

The present d i g i t a l work is aimed mainly 
toward the development of a highly in te rac t ive 
data sort ing system t h a t uses special i »ed hard
ware associated wi th Hod Comp Classic computer 
system. I t is expected that th is work w i l l 
r e s j l t in a throughput fa r typica l experimental 
data that i s between 10 and 100 times that of 
conventional systems of s imi la r cost . The 
savings a r ise mainly from the provision of 
mul t ip le programmable sort ing and ar i thmetic 
modules and from complex hardware to handle 
random demands en memory and processors in an 
e f f i c i e n t way. This program is expected to 
continue intensive ly for the next three years 
with demonstrations of portions of the system in 
mid-1981 and completion of the whole system in 
1982 or 1983. 
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The group ;1so provides auch of the special
ized maintenance and design effort for experi
ments 1n the Nuclear Science Division. Consid
erable time Is spent fn consultation with 

experimental groups about new experiments or 
proposed Instruments, the proposed crystal or 
liquid-xenon ta l l being an example that Mill 
involve much design effort by the group. 
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ISOTOPES PROJECT 

J M Dair.ki 

E Brown.- C M U X I C M I 
R B Ftfeiton*? V S Shulc* 

This group compiles and evaluates nuclear 
structure and decay data and develops compila
t ion methodology. The majority of e f f o r t i s 
directed to the evaluation of experimental data , 
based on knowledge of the experimental methods, 
of the experimenters themselves, and of the 
relat ionships and constraints imposed upon the 
data by nuclear theory and systernatics. Con
siderable e f f o r t is also devoted to the selec
t ion and presentation of data in formats most 
convenient for users. 

The Isotopes Project coordinates i t s nuclear 
data evaluation e f f o r t wi th those of other data 
centers via national and internat ional nuclear 
data networks. The group is current ly responsi
ble for the evaluation of mass chains A = 
146-152 and A = 1G3-194; a l l evaluated data are 
entered into the internat ional Evaluated Kuclear 
Structure Data F i l e (ENSDF) and are published in 
Nuclear Data Sheets. 

During the past year the evaluation of 
nuclear-structure data for a l l nuclei w i th mass 
A = 163 has been publ ished. 7 The mass A = 191 
evluation has been reviewed and accepted for 
pub l ica t ion , and the mass A = 193 evaluat ion has 
been submitted for review. Evaluations of four 
addit ional mass chains (A = 188, 189, 190, and 
192) are nearing completion. Those for masses 
A = 169, 174, 185, 181, 168, 17C and 171 w i l l be 
s tar ted i n 1981. 

In addit ion to the evaluation e f f o r t , the 
Isotopes Project w i l l produce, on behalf of the 
U.S. Nuclea- Data Network (NDN), a "Radioac
t i v i t y Handbook" for applied users. The purpose 
of the handbook is to provide a c e s s a t i o n of 
recommended decay data that is deta i led enough 
tor use in sophisticated app l ica t ions , but that 
is organized c l e a r l y so as to be usable in 
simple rout ine appl icat ions. The handbook w i l l 
be produced at four-year i n t e r v a l s , beginning in 
1982. Recommended decay data w i l l be taken from 
the current version of ENSDF, with no further 
updating. Addit ional calculat ions and evalua
t ion w i l l be done to provide recommended data on 
atomic rad ia t ions and conversion e lect rons. 
Each mass chain w i l l be referenced to the most 
recent evaluat ion in Nuclear Data Sheets, as the 
source f o r futher d e t a i l s and references to the 
or ig ina l papers. 

Copies of a "HanHSook Sample" 2 i l l u s t r a t 
ing the co . tents and format proposed by the 
group were d is t r ibu ted to the other data centers 
for t h e i r comments and approval . Addit ional 
copies (and a two-page questionnaire requesting 
spec i f ic comments on the proposed format) were 
also sent to about 5000 members of several 
professional s o c i e t i e s , including the nuclear 

d iv is ions of both the American Physical Society 
and the American Chemical Society and four 
div is ions o f the American Nuclear Society . A 
fur ther mai l ing of about 900 was handled by the 
National Nuclear Data Center (BNL). Additional 
suggestions and comments on the format were 
obtained from the IAEA Advisory Group on Nuclear 
Structure and Decay Data during i t s Vienna 
neeting i n Apr i l 1980-

Si*xe publ icat ion of the Table of Isotopes 3 

fn J578, continued development of data handling 
techniques has been directed to support the 
object ives of the NON, especia l ly the handbook 
production and the evaluation e f f o r t . 

Work has begun on the computer codes needed 
to produc- the handbook; t h i s involves r e t r i e v a l 
of the desiir*d data from ENSDF and t h e i r presen
ta t ion fn the f i n a l publ icat ion formats. The 
f i r s t step involves modif icat ion c f the data i n 
ENSDf so tha t each decay data set w!Vi contain 
the "bes t - values for T-ray and level proper
t i e s , independent o f the decay parent . Non-
uni formit ies and holes i n the ENSDF data are 
being corrected as work proceeds. The ex is t ing 
level-scheme graph"cs program (used for the 
Table o f Isotopes) i s being modified to handle 
data fn ENSDF formats. 

Programming tools to a id the evaluat ion 
e f f o r t have also been developed. The physics 
analysis programs, wr i t t en by the Nuclear Oata 
Project (OflML) for data in ENSOF formats, have 
been adapted and extended in to an In te rac t i ve 
package f o r use on the CDC-7600 computer. The 
resu l t ing PACK program enables immediate ca lcu
la t ion o f quant i t ies such as in terna l conversion 
c o e f f i c i e n t s , energy f i t s , and log f t values and 
level feedings i n radioact ive decay. I t also 
permits manipulation of the data to g ive , for 
example, energy-ordered t - r a y l i s t i n g s and to 
al low on- l ine e d i t i n g . As a fur ther a id in the 
evaluat ion e f f o r t , programs have been developed 
f o r the T l - 5 9 ca lcu la to r t o permit desk-top 
ca lcu la t ion of log f t values, ro ta t iona l band 
parameters, and Weisskopf photon h a l f - l i v e s -

The seventh ed i t ion of the Table of Iso
topes, published in 1978, continues to be the 
most up-to-date general reference source a v a i l 
able for nuclear data . Sales of the seventh 
ed i t ion through January 1980 t o t a l 5101 copies 
(2371 clothbound and 2730 paperback). The 
Nuclear Wal let Cards , 4 produced in 1979 by the 
Isotopes Project on behalf of the NDN, have 
proved to be very popular; about 6500 copies 
have been d i s t r i b u t e d . 

The Isotopes Project also compiles and 
publishes every 3-4 years the Table of Nuclear 



Moments, the on l y such t a b l e mainta ined on a 
c o n t i n u i n g b a s i s . The most recen t ve rs ion was 
pub l ished ;.s an appendix t o the Table of 
I so topes . Work w i l l begin i n 1981 on t h» f i f t h 
e d i t i o n - L i k e prev ious e d i t i o n s i t w i l l be a 
comprehensive c c m p i l a t i r - o f uc lea r magnetic 
and quadrupole moments. New features w i l l be 
the i n c l u s i o n o f "adopted" o r "reconaended" 
v a l u e s , the a d d i t i o n o f va lues f o r h i g h e r - o r d e r 
nuc lear moments and the i n c l u s i o n o f the magni
tudes o f such non-un i form c o r r e c t i o n s as those 
due to the Kn igh t s h i f t . 

Dur ing the past year the database prepared 
f o r the Index o f the Table o f Iso topes was 
mod i f i ed and expanded to produce the Table of 
Nuc l ides .5 i n a d d i t i o n , the Table o f Iso topes 
level-scheme f i l e has been r e s t r u c t u r e d i n t o a 
searchable database. I t i s the most un - t o -da te 
f i l e o f nuc lear s t r u c t u r e data miw «.nn r e a d i l y 
be used f o r h o r i z o n t a l comp i l a t i ons and 
systemat ic s tud ies o f nuc lea r p r o p e r t i e s . 

The P ro jec t a l so main ta ins a l i b r a r y 
c o n t a i n i n g comprehensive data f i l e s and the 
major nuc lear phys ics j o u r n a l s . 
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SUPERHILAC RESEARCH 

R M Diamond and M S Zisman 

The SuperHILAC is one of two LBL accelera
tors (the other being the Bevalac) designated as 
national f a c i l i t i e s . This means that a substan
t ia l portion of the research, more than 5ff", .s 
performed by outside users- At present, th is 
research can be divided into f ive Major cate
gories: nuclear reactions (5? ft, nuclear 
structure (14M, exotic nuclei (11'/), atomic 
physics (15''), and biomediclne ( l f » . The f i r s t 
three of these categories correspond to research 
sponsored by the Nuclear Science Division, while 
the lat ter two are sponsored mainly by other LBL 
divisions. 

Research in nuclear reactions, the most 
heavily used area, primarily involves study of 
the deeply inelastic scattering (DISl process. 
The questions that are being addressed are: 
What are the mechanisms ard time scales for the 
equil ibration of v£rious nuclear degrees of 
freedom In DIS' What a»-e the magnitude and 
alignment of the angular momentum transferred to 
the target- l ike and pro ject i le- l ike fragment in 
DIS ? What are the time scales and mechanisms 
for the emission of l ight charged particles 
(protons, alphas, etc.) and neutrons 7 In 
addition, the f ie ld of heavy ion induced fusion 
reactions is also under in" estigation. The 
questions to be answered here are related to 
l imitat ions to the fusion process and details of 
the competition between complete and incomplete 
fusion. 

The nuclear structure program at the Super
HILAC involves mainly the study of Coulomb 
excitation reactions. Because of our unique ( in 
the U.S.) ab i l i t y to produce beans of very heavy 
project i les, such as 1 3 6 X e , 1 6 5 Ho , and 
'08pb, these experiments are well suited to 
the SuperHILAC. By Coulomb-exciting nuclei up 
to very high spin states, a great deal can be 
learned about B(E2) values of col lect ive 
excitations. Other areas under study involve 
the use of heavy beams to measure g-factors of 
high spin states with transient f i e ld techni
ques. This work populates n )9tj::spin states via 
an "inverse 1 1 reaction such as "Si("^Xe,a,n) 
" 8 E r . The high recoil velocity in such a 
reaction greatly enhances the transient f i e l d 
effect and also allows the implantation of the 
recoil ions into a non-perturbing medium in 
times as short as 0.5 psec 

Investigation of exotic nuclei involves two 
dif ferent experimental techniques. The f i r s t 
technique u t i l i zes radiochemical investigations 
of various heavy ion reaction products. Heavy 
targets are irradiated with high intensity heavy 
beams from the SuperHILAC and then chemically 
separated and counted o f f l i ne . Although the 
ultimate goal of the program is to synthesize 

superheavy elements, exploration of the reaction 
mechanisms of heavy projectiles with heavy 
targets Is also emphasized, since i t will lead 
to better knowledge about the stability of very 
heavy nuclei and provide important tests of 
nuclear structure models in this mass region. A 
second technique, suitable for half-lives as 
short as 1 usee, involves use of a spectrometer 
called SASSY (Small Angle Separator System), 
'he device consists of a gas-filled dipole 
aagnet, a quadrupole doublet f<r refocusing the 
recoil products, and two avalanche Electors for 
time-of-flight measurements. Because of the 
very different magnetic rigidities of bean 
particles Md recoil ions as they pass through 
the spectrometer, i t is possible to collect 
recoil products at 0* while suppressing the beam 
particles by as much as 1 0 - 1 2 . Various 
target-projectile combinations such as ?48C« + 
4 8Ca and Z 3 8 U * ^Ge are being looked at , 
since these are predicted theoretically to lead 
to formation of compound nuclei near the 
superheavy island of stability. 

In the next few years, ttere are plans to 
expand our experimental faci l i t ies in several 
areas. For one thing, a new area for gamma-ray 
experiments is planned. This new beam line, in 
the North Cave area, will relieve some of the 
overcrowding 1n the present Coulex area and also 
provide space for any user with a large experi
mental apparatus (which is diff icult to accomo
date in any of the existing caves). A second 
planned expansion, already well underway, 
involves construction of an on-line isotope 
separator for the study of exotic nuclei. The 
device will employ an ion source to ionize 
recoil atoms and an extraction system to 
accelerate these ions into a 180* spectrometer. 
(Details may be found in the article by J.H. 
Nitschke in this annual report.) I t is hoped 
that th is device will become an outside user 
f ac i l i t y and a tape transport system is being 
planned that w i l l allow low backgrourd beta- and 
gamma-spectroscopy of the mass-separated recoil 
products. A new scattering chamber w i l l be 
added for the nuclear reaction program along 
with various special detection systems such as 
large-area position sensitive avalanche detec
tors ( for fast timing) and one or more large-
area total energy ionization chambers (such as a 
Bragg curve spectrometer, designed at LBL, or a 
Sann chamber, designed in Germany). These new 
devices w i l l allow the nuclear reaction groups 
the ab i l i t y to take fu l l advantage of the 
proposed SuperHILAC beam buncher, now under 
development by the LBL Accelerator and Fusion 
Research Division, which is expected to provide 
beam bunches as narrow as 200-300 psec FWHM in 
selected target areas. 



Start of an experimental setup in the SuperHILAC user's 30-iKah seatt-
ohanber. Shcwi are D. Logan (left) from Carnegie-Mel ton University :•: 
M. Zismar.t LBL SuperHILAC users liaison. The device vaunted CKSZJI th 
chamber is a detector arm that allows measurements to he made out of : 
reaction plane. 
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88 INCH CYCLOTRON OPERATIONS 

R. A. Gough and D. J. Clark 
D. Elo 
I. Glasgow 

R. Lam 
P. von Rossen 

The 88 Inch Cyclotron, operated by the 
Nuclear Science Division, provides a large 
fraction of the beam time that is used by LBL 
scientists. Variable energy, high resolution 
beams from hydrogen through argon are produced 
and used for studies of nuclear structure and 
nuclear reaction mechanisms. The 88 Inch 
Cyclotron is also the laboratory's major source 
of medical ?sotopes and its only source of 
polarized proton and deuteron beams-

The large energy constant, K, recently 
increased to 160, permits the acceleration of 
ions as heavy as 4"Ar to energies useful for 
nuclear physics. The lighter heavy ions reach 
energies up to 30 HeV/A . The cyclotron and its 
almost identical twin at Texas A&M remain the 
only sources in the world of variable energy 
heavy ions in the important region around and 
above 15 MeV/A where low-energy nuclear phenom
ena disappear very suddenly. 

These beams, as well as the polarized proton 
beams, are extensively used by outside groups 
from many institutions in the U.S. and abroad. 
In recent years, about 25 (rof the operating time 
has been taken up b" outside users, aliost as 
many hours per year as they receive at Super-
HILAC. Proposals are made by letter and are 
informally reviewed by two outside consultants. 
Approval can be made within two weeks and the 
expp":nent can be scheduled within two weeks 
thereafter. This economical and flexible system 
is much appreciated by the users. 

The past year has seen substantial progress 
in the completion of accelerator improvement 
projects, especially by the raising of the main 
magnetic field to K = 160 and by the f irst 
successful operation of the external PIG heavy 
ion source. These and other improvements are 
described in the report that follows. 

The rapid increase in electric power rates 
in 1980 has had an impact upon present and 
future operation by diverting funds that were 
needed for engineering and technical support. 
Although the impact is not iranediately apparent, 
in the future i t will seriously slow the 
completion of ongoing improvement projects and 
the design stages of new ones. A serious 
problem for the future will be the allocation of 
resources between present operations and future 
development. 

OPERATIONS 
In the year ending June 30, 1980, the 

cyclotron was scheduled for 20 eight-hour shifts 
per week for experiments in nuclear science, 
isotope production and machine development. One 

eight-hour period per week Ms scheduled for 
routine Maintenance. In addition there were 
five weeks of shutdown for general maintenance, 
machine improvements and because of budgetary 
restrictions. Accelerator time distribution is 
shown in Table 1 . The l is t of beams available 
is shown in Table 2, while Fig. 1 shows the 
particle distribution of light and heavy Ion 
beams over the past 12 years. The ratio of 
heavy ion to light Ion beam time has stabilized 
at 2:1 in the last several years. 

As previously mentioned, the cyclotron mag* 
netic field was increased to Increase the energy 
or K value from 140 to 160. A design study was 
done of the main and trimming colls to determine 
that they would tolerate the increased mechan
ical forces and dissipate the adltional heat 
generated by the greater current. The main coil 
power supply was revised and a 25 V, 3250 A 
booster power supply was added in late August 
1979. The electrical cables from the power 
supplies to the magnet were replaced with higher 
current cables. The whole system was checked 
out in Spring 1980. The current has been run up 
to 3250 A for an extended period with all 
electrical components working within the design 
ratings. \ new regulator was designed and 
Installed to improve regulation and rel iabi l 
i ty . Beam tests of acceleration and extraction 
were done using main magnet currents up to 3230 
A. Beams of C**, C 5* and <r* were extrac
ted at K values ranging up to approximately 160 
for C 4 * . Some changes had to be made in the 
calculated trim cor. settings to obtain bean 
extraction for the highest energy C 4 + beams 
due to slight errors in extrapolation of 
measured magnetic fields to these higher levels. 

A 750 kVA capeitor bank and its associated 
switching circuitry were installed to bring the 
full load power factor from 60Vto about 89*. 
This modification has cut down about I5f"r of 
reactive current in the load center and has 
reduced the heating of the transformer 
considerably. 

A new 4648 rf power tube was installed in 
January 1980. A smaller diameter water sepa
rator was used in the anode cooling circuit. 
This modification has greatly reduced the number 
of flushings required. New regulators have been 
installed to replace the old tube type regula
tors in the defelector supplies and as a result 
of this improvement the ac ripple has been 
reduced by a factor of at least 50 and the 
reliability of the system has been greatly 
improved. 

The polarized ion-source weak-field and 
intermediate-field oscillators have been 
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modified so that they can be remotely turned on 
or o f f by a control signal from the counting 
area. A regulator c i r c u i t has also been addet1 

to the screen power supply to s tab l i ze the 331 
HH2 or 468 MHz power output. To s t a b i l i z e the 
posit ion of the polar ized bean on t a r g e t , a set 
of low inductance steering magnets and a set of 
high current dr iv ing ampl i f iers have been 
designed and insta l led in the vau l t for Cave 5 
beam centering feedback con t ro l . This system 
has great ly stabl ized the beam on target in 
spite of f luctuat ions on the def lector and dee 
vol tages. 

An order was placed for a new ionizer for 
the polar ized ion source. I n s t a l l a t i o n w i l l be 
made ear ly in 1981 when i t is ant ic ipated that 
the factor of 10 increase in the in tens i ty of 
polarized beams w i l l be obtained. 

A l l components of the new external PIG ion 
source and beam l i n e have been completed, 
i n s t a l l e d and a l igned. The system has been used 
to in jec t heavy ions into the cyclotron and 
external accelerated beams have been obtained. 
Futher test ing is required to maximize the over
a l l e f f i c iency from source to extracted beam. A 
new cryopumping un i t has been purchased for t h i s 
system and w i l l be ins ta l l ed when prel iminary 
tes t ing is complete. 

Design work is continuing on a passive mag
net ic def lect ion channel that w i l l provide r a 
dia l focusing for a l l beams and greater de f lec 
t ion strength for the higher K, high charge/mass 
beams; i t w i l l replace the t h i r d element i n the 
present e lec t ros ta t ic def lec tor . Studies have 
included magnetic design of the channel and 
o r b i t t racking of phase space e l l ipses through 
the channel. This is a cooperative project wi th 
the Cyclotron I n s t i t u t e a t Texas A&M Univers i ty , 
where Don Hay is carrying out the o r b i t t racking 
studies. Mechanical design of the channel w i l l 
begin l a t e r in 1980-

A second cryopump on the cyclotron accelera
t ion chamber was connected to i t s compressor, 
given a thorough leak check and is now i n the 
f i n a l stages of debugging. The un i t w i l l pro
vide an additional 10,000 l i t e r s per second 
pumping speed in the dee tank. Ful l operation 
is expected l a t e r in 1980. 

A project was begun ir, 1976 to systematize 
the predict ion of cyclotron set-up parameters 
for any requested new ion and energy and provide 
them on a single sheet to the cyclotron opera

t o r s . I t was completed th is year by adding the 
capab i l i t y to store values of the currents i n 
the 17 t r i m c o i l s . The task o f enter ing values 
f o r these c o i l s f o r some 400 reference beans up 
to K = 160 w i l l be completed i n I 9 6 0 . This was 
implemented by the recent acquis i t ion of a dual 
floppy disk dr ive f o r the PET computer. 

Planning is underway for an advanced heavy 
ion source for the cyc lo t ron . The goal i s to 
provide useful beam i n t e s l t i e s of 1 0 9 - 1 0 1 0 

par t ic les /sec on t a r g e t wi th energies of 2-3 
times those of present heavy ion bea*$ wi th 
masses between nitrogen and xenon a t values up 
to 40 HeV/u for the lower masses. The two 
leading candidates f o r sources are the Electron 
Beam Ion Source (EBIS) and the Electron Cyclo
tron Resonance (ECR) source. The EBIS uses a 
well col l imated e lect ron bean on a solenoid axis 
In high vacuum to produce very high charge 
states ( A r 1 8 * , K r 3 * * ) . I t i s a pulsed 
device whose duty fac tor can be 10-50'r. The ECR 
source uses a microwave-generated plasma wi th 
magnetic mir ror confinement to produce high 
charge s t a t e s . I t gives higher i n t e n s i t i e s a t 
the lower charge states than EBIS, but lower 
i n t e n s i t i e s a t the highest charge s ta tes . Our 
choice i s the EBIS because i t s higher charge 
states provide a greater energy range for the 
cyc lot ron. 

Research and development to b u i l d a tes t 
bench EBIS was begun i n January 1980, under the 
d i r e c t i o n o f the plasma iroup i n the LBL Accele
ra to r D i v i s i o n . The goal i s to reproduce the 
high e lectron bean densi t ies observed by the 
Orsay group. This w i l l require careful a l i g n 
ment of the e lect ron gun and magnet system, and 
high vacuum technology. To use ex is t ing 
hardware as far as possible , i t w i l l use an 
electron gun on loan from the Cyclotron 
I n s t i t u t e , Texas A&M Univers i ty . A normal 
conducting c o i l system, using three 16-inch 
inside diameter c o i l s , w i l l be used to generate 
a 10 kG f i e l d on the ax is of the 50 cm long 
source. A ser ies of I ron "homogenizing r ings" 
inside the c o i l s w i l l provide a s t ra igh t mag
net ic a x i s . A vacuum chamber and d r i f t tube 
system w i l l each be independently adjustable in 
posi t ion transverse to the a x i s . A t ime-of -
f l i g h t mass analyzer w i l l be designed and b u i l t 
for the system by R. Kenefick of Texas A&M. 
This t e s t bench w i l l give valuable information 
on the requirements for high charge state 
production, which w i l l be used to design the 
f i n a l 'ource to be i n s t a l l e d on the axial 
i n j e c t i o n system o f the cyc lo t ron . 
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Table 1 . 88 Inch Cyclotron t ine d i s t r i b u t i o n including to ta l 
calendar t i a e except holidays ( 7 / 7 9 - 6 / 8 0 ) . 

Percent of to ta l 

Operating 

Experimental PrograM 6404 
8eant Development 390 

75.1 
4.6 

Subtotal 6794 79.7 

Maintenance 
Routi ne 
Scheduled Shutdown 
Unscheduled Shutdown 

SS2 
974 
208 

6.5 
11.4 
2.4 

Subtotal 1734 20 .3 

8528 100.0 

1968 70 76 78 80 68 70 72 

Calendar year 

Fig. 1. (XBL 809-1999) 



43 

Table Z. 88 Inch Cyclotron b * » 11st, July 1980. 

I o n E n e r g y ^ ) 
( H e V ) 

E x t . B e a « 
I n t e n s i t y 

( e u A ° ) 

P 
p ( p o l a r i z e d ) 
d 

d [ p o l a r i z e d ) 

0 . 2 - 55 
6 - 55 
0 . 5 - 65 

65 - 70 
10 - 70 

100 - 20 
0 . 3 

100 - ?0 
- 0 . 5 

0 . 3 

?He!' Id) 

6 L i < : 

6 Li3 
' L i ? ; 

'Li' 

'Be?' 
10 B2* 10 B3* 

12r2* 
12C3* 
12 c4' 
12 C5* 
12 c6* 
'3 C3* 
14 N2' 
1«N3 

1«NC-* 
\4 N7* 
'5N«* 

I60l* 
I6 02' 
16 03* 
16 04* 
16 05* 
1606* 
I6 07; 
16 08* 
18 03* 
18o« 
ia 05* 

(d) 

',•>) 
Id) 
(d) 
(d) 

2 - 4 7 >20 
4 - 140 100 - 10 
3 - 1 3 0 100 - 10 

130 - 140 -0.5 

10) 2 - 23 10 
( d ) 23 • 93 5 
( d ) 93 -• 195 0 . 5 

20 • 30 5 
30 - 180 0 . 5 

62 - 140 ? 
140 - 245 0.05 

14 - 56 10 
56 - 126 50 

126 • 224 0 . 3 
724 - 320 0 . 0 0 1 

12 - 51 10 
51 • • 115 50 

l i b • • 204 0 . 3 

12 • 47 > 2 0 
47 • • 105 30 

105 • • ? ! ? 5 - . 5 
187 -- 306 0 , 0 1 - . 0 " 1 

10$ p / s e c 2 9 2 . 384 
0 , 0 1 - . 0 " 1 

10$ p / s e c 
43 • - 97 •>20 

100 -• 2S0 •> ?b0 -• 360 1 0 6 p / s e c 
3 6 0 • • 448 1 0 0 p / s e c 

34 • - 150 IS 

79 - 1SS 
MO - 219 
? I9 - 315 0.3 

429 \0/ p/sec 
512 0.? p/sec 
70 20 
124 >!0 
194 5 

Heavy ian energy range shows 
nominal maximum energy for a 
particular charge state down to 
the energy which can be reached by 
the next lowest charge state. 
Beams can also be run at energies 
be low 1 Mev/nuclean. 

19 F3" 
19f4' 
19 f5* 

tnergy*' 
• t . Bed* 
i t e m M * 

20He6' 

™ K e ' -

" « e s , [ d l 
" « e 6 t d ) 

""g't ' .dl 
? 6 « , 4 | d | 

2 8 s , 6 * 
2 8 s , 7 » 

3 2 s 6 ' 
3 2 S 7 -

3 5 C 1 7* 
35c 1 8 * 
3 7 c l 6 * 

J ' c i ' * 

4 0 S r ? -
4 0 S r f 
4 0 « r 7 ' 
4 0 A r 9 " 
4 0 A r 9 -

4 0 A r I O " 

4 0 [ a f 
5 0 c a 7 ' 

5 6 f e 1 0 -

6 3 C u 9 * 
6 3 C u 1 0 * 
6 3 C . j M * 

a J t r 2 ' ' c i 
3 4 K r 8 -

8 4 * r 9 ' 
8 4 K r 1 0 -
S 4 K r ] | -

1 9 ' A o ' 3 -

1 « A U 1 4 * 

t>) E l e c t r i c a l 
n o t e - l . 

C) ! 5 t h ha r rnan 
d ) I so t o p i c a l l 

30 - 6 6 5 
66 - I I ! 10 

118 - 184 2 

7 8 - 63 > I 0 
63 - 117 10 

117 - 175 5 
175 - 2 5 2 1 
2 5 2 - 34 3 0 . 0 1 
343 - 4 4 8 - 5 0 epJ 
10? - 159 > 5 
1S9 - ?29 1 

50 - 93 2 
93 - 146 0 . 2 
50 - 90 7 
48 - 36 7 

80 - 125 1 
125 - 1 3 0 0 . 7 
180 - 24 5 0 . 0 5 

100 - 158 ? 
158 - 2 1 4 0 . ? 

144 . 196 0 . 6 
' 9 6 - 256 0 . 0 6 

95 - 136 0 . 3 
136 - 186 0 . 0 3 

?f0 

22? - 2ft 9 

1.6- 6 
32 - 107 

107 - n*. 
13^ - ' 6 7 

ec s o u r c e fees 





BEVALAC OPERATIONS ANO RESEARCH 

H G F\»<jh and G O W.-Ml.Vi 

The Bevalac, operated by the Accelerator and 
Fusion Research Division's Accelerator Opera
tions Group headed by R.J. Force, provides beams 
of heavy Ions from SO KeY/amu to 2.1 GeV/amu and 
is available approximately 2000 hours per year 
for nuclear scfence experiments 

Currently active experiments in nuclear 
science involve outside users f « 20 U.S. 
inst i tut ions and f ro* 17 foreign groups. Major 
international collaborations exist with GSI 
Darmstadt, V. Germany; INS Tokyo. Japan: and 
UNAM, Mexico. In addition there is a col lab
orative program with the Kurchatov Ins t i tu te , 
U.S.S.R. 

Experiments are approved by a Program Ad
visory Committee of the following people: 
H. Feshbach, MIT, Chariman; S- Koonin, Caltech; 
J.P. Schlffer, ANL; R. Stock. GSI, W. Germany, 
W.A. Uenzel, LBL; T. Yamazaki, University of 
Tokayo, Japan; and ex o f f i c io members. 

A Users' Association Executive Committee 
conducts monthly telephone conferences with 
local management. Nuclear- science representa
tives on the committee are R.T. Poe. UC 
Riverside, chairman-elect, and K.l. Wolf, ANL. 
In conjuction with the annual meeting of the 
Users' Association, in February 1980, three 
workbhops were held, on "Experiments Detecting 
High Energy Photons or Electrons," "Low Energy 
Experiments," and "Experiments Using Visual 
Techniques," as well as discussions concerning 
progress on HISS and planning for VENUS-

In addition to the annual Users' Association 
meeting and the semiannual meetings of the 
Program /Jvisory Committee, i t has become a 
t radi t ion to hold a major workshop every two 
years, such as the 1st Workshop on Ultra-
Relat ivist ic Nuclear Coll isions, held in 1979, 
and the 5th High Energy Heavy Ion Sumner Study, 
planned for May 18-22, 1931. These workshops 
are plann d in conjunction with GSI Darmstadt, 
who have recently hosted similar workshops in 
the alternate years. 

The major f a c i l i t i e s at the Bevalac include 
the Streamer Chamber, the Zero-Degree Spectro
meter (learn 40), the Low Energy Beam Line, and 
several magnetic spectrometer systems in Beam 
30. Almost ready to operate are the GSI Plastic 
Ball/Wall system involving over 1000 dif ferent 
detector telescopes and the HISS system, which 
consists of a 2 meter diameter, 1 meter gap 
superconducting spectrometer with a 3 tesla 

f i e l d . Both of these systems are expected to 
take data during the 1981 running period. 

An electronics cool is maintained for users. 
The Bevalac Software Group, led by Chuck 
KcPartand and Everett Harvey, coordinates stan
dardized experimental software. 

The past year has been one of continued 
development of new beams lines and rearrangement 
of the experimental area in preparation for 
HISS. The Low Energy Beam Line was used for 
several experiments tnd w i l l be further improved 
in 1980 under the direction of David Hendrie. 
Improvements w i l l include insta l la t ion of a 
large scatter chamber on loan from the Univer-
i ty of Maryland. In Beam 30 the Two-Armed 
Magnetic Spectrometer system (TASS) was 
instal led and used for experiments. IHicHnt-
development included operation with a single 
motor-generator to save electr ic power and 
testing a ""mezzanine'' mode of operation that 
should permit prime beam sharing oetween 
biomedical and nuclear science U i * r * during the 
daytime sh i f t s . A radioactive ' * » * beam was 
developed and used for biomedical work. 

Upgrading of the Bevalac to provide intense 
beams of heavier part ic les (uranium capabi l i ty ] 
is now underway and is expected to be completed 
during a shutdown for the Matter half of 1961-

The research program during the past year has 
be characterized by a close interaction between 
theory and experiment. The st r ik ing T " / » * 
rat io near pro je t i le velocity drew attention to 
the strong effects of tt"e nuclear charge under 
some circumstances. 7£e large n-p ra t io ob
served in inclusive spectra presented a puzzle 
unt i l i t was recognized that the l ight part ic le 
stable nuclei emitted in col l is ions have low 
isospin and thus deplete the supply of neutrons 
and protons about equally, magnifying the n-p 
rat io among those nudeons l e f t unbound- The 
streamer chamber provided a quantity of syste
matic data on multipion production, while 
"bounce-off i fc^ti part ic le correlat ion may be 
tfte f i r s t clear hydrodynasical effect to the 
ident i f ied at the Bevalac. 

Al l of the above observations are character
ized by a close relationship to theoretical 
calculations and provide c r i t i ca l tests for some 
theories. On the other hand, the observation of 
anomalous behavior of pro j e : t i l e fragment mean 
free paths is a major puzzle and w i l l require 
futher experinental work to provide clues for 
i t s interpretat ion. 



VENUS PLANNING 

H G Pugh and T Eliolf 

A committee was formed in December 1979, 
under the present co-chairmanshfp of the above, 
with the following (condensed) charge: "VENUS 
is an acronym which describes a proposed major 
accelerator for the Laboratory. While the nam-
(s associated with a specif ic design, the 
parameters of the accelerator have not been 
frozen and w i l l depend on the s c i e n t i f i c program 
to be executed with i t . . . the VENUS Planning 
Committee w i l l conduct further study of the 
options ava i l ab le , in consultat ion with the f u l l 
spectrum of potent ia l users of such an accele
ra tor . . . " The membership, consist ing o r i g i n 
a l l y of the co-chairmen and Hiklos Gyulassy, Lee 
Schroeder, James Symons, Christoph Leeman and 
Frank Selph, w i th Joseph te rny , Hermann Grunder, 
and Norman Glendenning as ex o f f i c i o members, 
was subsequently expanded to include Bernard 
Harvey and Jorgen Randrup. 

ACTIVITIES 

A c i r c u l a r requesting suggestions, comments, 
and help was widely c i rcu la ted and responses 
were received from over 100 people from outside 
the Laboratory. In te res t was expressed i n 
research programs related to atomic physics, 
astrophysics, and biomedicine. Taking into 
account these responses and a f t e r an intensive 
reexamination of the proposed s c i e n t i f i c program 
the conmittee arr ived a t some preliminary 
conclusions, which have ben presented a t a 
var iety of meetings inside and outside the 
Laboratory. 

The proposal bas ica l ly covers three regions 
of heavy ion physics. One is the domain of 
c o l l i d i n g beams, for which the design energy of 
20 GeV/amu against 20 GeV/amu is reconfirmed by 
the committee as being close to an ideal 
choice, in teract ions in th is energy region w i l l 
be dominated by p a r t i c l e creat ion and w i l l 
require quantum chromodynamics for t h e i r des
c r i p t i o n . Secondly, the maximum energy of 20 
GeV/amu for the f ixed ta rge t capab i l i t y i s 
considered necessary to explore the f u l l range 
of p o s s i b i l i t i e s of nuclear phase t rans i t ions 

involving rearrangements of the quarks present 
In the target and/or p r o j e c t i l e as opposed to 
conglomerates of created quarks. I n addi t ion 
the region up to 20 GeV/amu covers a range of 
in te res t ing p a r t i c l e creat ion thresholds. 
Th i rd ly , the l a t e r end o f the f i x e d - t a r g e t 
range, below a fev hundred HeV/amu, fs the 
natural region for evolut ion of programs a t the 
88 Inch Cyclotron and the SuperHILAC. The 
comitttee considered tha t i n view of the v a r i e t y 
of the in teres t ing phenomena to be ant ic ipated 
i n the region of 10-40 HeV/amu and the presence 
i n tha t region c f s i g n i f i c a n t energies such as 
the Fermi enerqy and the energy corresponding to 
the veloci ty of sound i n nuclear mat ter , i t 
would be desirable t o extend the lowest energy 
of the accelerator down to 10 HeV/amu i f 
possible. 

On the technical s ide , the committee examined 
some of the pract ica l d e s i r a b i l i t i e s f o r the 
accelerator . The f l e x i b i l i t y of the design for 
mul t ip le beams and independent v a r i a t i o n of them 
was Rich appreciated, and I t was concluded tha t 
three independent f i x e d - t a r g e t beats should be 
simultaneously operable, and three in tersect ion 
regfons f o r the c o l l i d i n g beam c a p a b i l i t y . How
ever, the fact tha t the c o l l i d i n g beams and 
f ixed ta rge t operation are mutually exclusive i n 
t h i s design is a disadvantage for the low energy 
segment of the research program. To address 
th is problem, and also the above mentioned 
d e s i r a b i l i t y o f extending the energy range 
downwards, futher designs are being i n v e s t i 
gated, including boosters, subsidiary r ings , and 
the ex is t ing LBL accelerators i n a var ie ty o f 
conf igurat ions. Current object ives are l i s t e d 
in Table 1 . 

PROSPECTS 

In July-August 1979 the OOE/NSF Nuclear 
Science Advisory Committee, chaired by Professor 
Herman Feshbach, held a major long range plan
ning study and projected national construct ion 
and operating budgets f o r the coming decade. 
The Advisory Committee stated that 2100 m i l l i o n 

Table 1 . Current objectives for VENUS design. 

Fixed target mode 10 HeV/amu to 20 GeV/amu: 3 beams 
independently var iab le in ion , 
energy, duty f a c t o r , and i n t e n s i t y . 

Co l l id ing beam mode 2 GeV/amu to 20 GeV/amu {1 TeV/amu 
f ixed target equiva lent ) : 3 
intersect ion regions. 

Proton capab i l i t y 50 GeV f ixed target or c o l l i d i n g 
beam (5 TeV/amu f ixed target 
equivalent) 
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projects such as VENUS, or a kaon-antfproton 
faci l i ty , would require funds supplemental to 
those projected for the national base program, 
and would have to "be justified separately as 
required by important national goals, requiring 
special constructon allocations, and . . . sub
stantial (additional) operating costs." The 
Advisory Committee recommended that research and 
development be conducted on such faci l i t ies, 
noting, "It is essential in all these cases that 
the RM) is not confined only to accelerator and 
other technical developments. A serious inves

tigation into the scientific case . . . must be 
mounted Scientfic feasibility, that i s , the 
demonstration that one will be able to obtain 
results, is equally essential." 

These considerations form the basis of 
current LBL planning for VENUS. We look fowrd 
to adoption by the government of the Advisory 
Committee's Long Range Plan and to the 
opportunity to compete for the supplementary 
construction funds that Mould be needed. 



PART 2. PROGRESS REPORTS 

I. EXPERIMENTAL RESEARCH 



A. NUCLEAR STRUCTURE 

NUCLEI A T HIGH ANGULAR M O M E N T U M * 

Nuclei have some of the c lassical propert ies 
of l i q u i d drops, as a t tested by the success of 
the l iquid-drop model, but are f i n i t e quanta! 
systems. This imposes ce r ta in r e s t r i c t i o n s on 
t h e i r r o t a t i o n . In add i t ion , there is a compe
t i t i o n between the s i n g l e - p a r t i c l e motion and a 
c o l l e c t i v e ro ta t ion to carry angular momentum 
most e f f i c i e n t l y . This interplay becomes 
increasingly important at high spin where a 
compromise between the two l i m i t i n g s i tuat ions 
appears to occur. That i s , a t lower spins we 
nay observe in well-deformed nuclei r e l a t i v e l y 
pure c o l l e c t i v e ro ta t ion that follows the 
geometrical re la t ionships very w e l l , or we may 
f ind in nuclei near closed shells that the shell 
model does an excel lent job in explaining states 
up to several MeV in exc i ta t ion and carrying 
tens of units of angular mcoentun. But a t spins 
above -40 h , nuclei seem to have some charac
t e r i s t i c s from each of these l i m i t i n g cases, and 
i t is of in te res t to und?i"*;tand th is compromise. 

An important nuclear parameter whose 
behavior i t i s necessary to understand i s the 
moment of i n e r t i a . The cranking-model ca lcu
la t ions of Ing l is give the rigid-body va lue , 
which is 2-3 times too large for the ground-
states of real n u c l e i . Now i t is understood 
that th is is mainly due to the neglect of the 
pa i r ing cor re la t ions . With an increase in sp in , 
these corre la t ions are reduced {Cor io l i s a n t i -
p a i r i n g ) , leading to a r ise in the moment of 
i n e r t i a towards the r igid-body value. The 
suddent increase in the moment of i n e r t i a 
observed in some rare -ear th nuclei between spins 
14-20 h (backbending) in 1971 is now recognized 
to be due usually to the crossing of the ground 
band by an excited band with two unpaired but 

Nuclear structure studies , based on the 
analysis of >-rays, are l im i ted a t the present 
time to spins betow - 70 fi in the mass region 
around A=160, since for higher spins the com
pound nucleus f iss ion p r io r to -y-ray emission. 
For the deformed rare earth region, deta i led 
spectroscopic measurements extend now 

ies aligned h igh- j p a r t i c l e s - The aligned s i n g l e -
f p a r t i c l e angular momentum allows the c o l l e c t i v e 

spin of this band to be reduced over that of the 
i ground band for the same to ta l angular aoaen-
?- tun . u> f a c t , t h i s sharing of angular moKentun 
a between the c o l l e c t i v e and s i n g l e - p a r t i c l e 

notions appears to be the most e f f i c i e n t way of 
carrying angular •caentu* in deforced nuclei 
above spins of around 20 l>; a t s t i l l higher 

s sp in , bands wi th s t i l l more al ^ned p a r t i c l e s 
appear to becone lowest fn energy. For sc«e 

t n u c l e i , theory predicts tha t there should t e a 
very marked backbend above spin 50-00 h cau*>ed 

r p a r t l y by the rapid s t re tching of nuclei a t 
i\\ these spins, as suggested by the l iqu id -drop 
Ces mode!, and p a r t l y hy the large shel l e f f e c t a t 

such spins favoring a pro la te nucleus wi th axes 
ins in the r a t i o of 2 : 1 . 

ind A new technique for studying high-spin 
•e. states involves determining the i - ray energy 

correlations obtained wi th pa i rs of t-ray 
detectors. The resu l t ing »-n cor re la t ion 
diagrams or contour p l o t s , a f t e t subtract ion of 
the uncor rec ted events (mainly Compton-
scattered events in one or both detectors) show 
structure extending well above t r a n s i t i o n 
energies of 1 KeV. In well-deformed nuclei 
there is a va l ley along the diagonal , 

n, corresponding to the fact that in a pure 
ro ta t iona l nucleus each t r a n s i t i o n has a 
d i f f e r e n t energy and spin. In ra re -ear th nuclei 
the f i r s t backhand shows up c lear ly as a bridge 
across the val ley a t 500-600 fceV, and there is 

ns evidence for a second one a t higher energy, and 
sd then more bridges a t s f ' l l higher energies- I t 
id is c lea r that a whole new spectroscopy of 

high-spin states is developing. 

'Condensed from Ann. Rev. H a r t . Sc i . 3 1 . Hh { ' ? - " ' . 

up to a spin 30 -h, above which the i - ray spec
trum can no longer be resolved. Many measure
ments have shown that th is "continuum" y-ray 
spectrum consists of an exponential ly decreasing 
high-energy t a i l composed of s t a t i s t i c a l i - rays 
which cool the nucleus toward the yras t l i n e , 
and a lower-energy bump extending up to 1 .5 -1 .8 

CORRELATION STUDIES OF ROTATIONAL BEHAVIOR 
A T VERY HIGH ANGULAR M O M E N T U M * 

M A Deleplanque. F. S. Stephens. O And srsen. J D GarteH, B Herskrnd 

B M Diamond. C EMegaard. D. B Fossan. D L. Hillis. H Kluge. M Neiman. C P Roulet. S Shin. 

and R S Simon 
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MeV depending on the nucleus. This bump is 
formed by " y r a s t - l i k e " t - rays which deexcite the 
nucleus through many pathways roughly para l le l 
to the yrast l i n e , and which remove the angular 
momentum of the system. This y r a s t - I i k e cascade 
contains nuclear structure information, and in 
deformed nuc le i , i t is dominated by stretched E2 
rotat ional t r ans i t ions , whose energies are cor
r e l a t e d . The correlat ions can be studied in 
some d e t a i l , even in an unresolved spectrum, by 
a method which isolates correlated events from 
en uncorrected background. Although these 
events cannot iso la te individual rota t ional 
"-,ands, they are sensi t ive to ce r ta in fea tures , 
in par t icu la r the s i n g l e - p a r t i c l e angular-
momentum alignment, shared hy many bands. 

The measurement was performed a t 'he 88 Inch 
Cyclotron. I t consisted essent ia l ly of * - r 
coincidences, but four Ge(Li) detectors were 
used simultaneously, which gave six t ines the 
coincidence rate of one p a i r . 

We have studied the deexcitat ion of the 
l ^ E r compound system from the reaction of 
1 2 4 S n + 4 0 A r a t 186 MeV 4 ° f t r energy. A 
background of "uncorrected" events was sub
tracted from the T - i matrix of 40 m i l l i o n events. 

A contour p lot of the corre lated two-
dimensional coincidence spectrum is shown in 
F i g . 1 . I t is symmetric about the 45° diag
onal because the two independent halves of the 
jsNij matrix have been added to improve the 
s t a t i s t i c s . In the low-energy region (up to E ~ 1 
MeV), there is an absence of counts along the 
diagonal, which produces a va l l ey . This va l ley 
r e f l e c t s the absence of Y-ray t ransi t ions 
having the same energy, which is a property of a 
rotat ional band with a constant moment-of-
i n e r t i a . F ig . 1 shows that the va l ley can be 

E v (MeV) 
n 

F ig . 1 . Correlated T-ray spectrum. The contour 
levels are s t a t i s t i c a l l y s i g n i f i c a n t up to -
1.2 MeV along the diagonal . (XBL 803-481) 

seen up to 1250 keV, although i t i s la rge ly 
f i l l e d beyond about 1 KeV and even completely i n 
sore locat ions . 

The width of th is va l ley measures a "co l lec 
t i v e " moment-of - inert ia , .r, and can be c o i n e d 
wi th .feff to determine the al igned angular 
momentum, j a . Previous measurements of 
moment-of- inert ia a t high spins Stave always 
measured j e f f and found i t to be near the 
rigid-body value. I t appears that sc must be 
s i g n i f i c a n t l y lower i f j a i s l a rge , which 
sirrply r e f l e c t s the fac t that s ingle p a r t i c l e s 
cannot contr ibute f u l l y both to the al igned 
angular momentum and to the c o l l e c t i v e moment-
o f~ iner t ia» Data of the present type are not 
easy to i n t e r p r e t quan t i t a t i ve ly along t h i s 
l i n e , but seem general ly consistent w i th these 
ideas. 

The observed f i l l i n g of the va l ley in the 
high energy region f > l MeV) probably implies 
many band crossings. I t i s c lear f r c a F i g . 1 
that there are i r r e g u l a r i t i e s i n the va l ley 
("bridges") and also along the ridges ("gaps") . 
There are only a l i m i t e d number of these, a t 
l eas t d iscernible wi th in the present s t a t i s 
t i c s . In the lower spin region, the bridges 
correspond * " known band crossings- This has 
been establ ishes *ro» the de ta i led spectro
scopic studies of many nuclei in t h i s region. 
These band crossings occur a t spec i f ic r o t a 
t ional frequencies (Au = E Y / 2 ) which depend, 
in a given nucleus, only on which o r b i t a l s ire 
crossing. A given orb i ta l crossing can occur in 
many bands d i f f e r i n g in the rest of the conf ig 
u ra t ion , and thus produce a feature i n the cor
re la t ion spectrum even though one cannot resolve 
individual bands. For example, the known f i r s t 
backbend i n the 1 6 0 E r region ( a t hu * 0.3 HeV) 
corresponds to the crossing of a 2 -quasi -
p a r t i c l e i\j/2 neutron state wi th the vacuum 
(ground band), and the second backbend ( a t 
t\u « 0.41 KeV) involves a 2 - q u a s i - p a r t i c l e 
h l l / 2 P r oton conf igurat ion crossing the 
vacuum. Both of these crossings can be involved 
in many bands and produce read i l y observable 
bridges in F i g . 1 a t E, = 0 .6 and 0.82 KeV, 
respect ive ly . 

In the high energy region (where pa i r ing 
corre la t ions probably no longer e x i s t ) one 
expects crossings wi th large angular momentum 
t ransfer due to only a few strongly al igned 
configurations based on the h igh- j o r b i t a l s . I f 
these configurat ions are f i l l e d a t high ro ta 
t ional frequencies, they w i l l experience a band 
crossing {as the frequency decreases during the 
deexcitat ion of the nucleus) and empty a t a 
character is t ics orb i ta l -c ross ing frequency 
i r respect ive of the rest of the state configur
a t ion , we propose that these charac ter is t ic 
frequencies are re la ted to those where the few 
bridges and gaps are absented, i n F i g , 1 . 

Footnote and References 

Condensed from Phys. Rev. L e t t . 45 , 172 ( I 9 6 0 ) . 

1 . 0 . Andersen, J . D. Gar re t t , G. B. Kagemann, 
B. Herskind, 0 . L. H i l l i s , and L. L. Riedinger, 
Phys. Rev. L e t t . 43 , 687 (1979) . 
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UNEAR POLARIZATION AND ANGULAR CORRELATION 
OF CONTINUUM y-RAYS 

H. Hubel.' R. M. Diamond. F. S. Stephens. B. Herskinrl.' and R. Bauer' 

Tt.e investigation of very high spin states 
( I « 30-70) involves studies of continuum v-ray 
spectra emitted in heavy-ion compound-nucleus 
reactions- I f sufficient angular Momentum is 
brought into the nucleus there exists a broad 
structure in the spectra around - 1.2 KeV (the 
"yrast bump") which is mainly composed of highly 
collective stretched E2 transitions. At higher 
energies where the spectrum falls exponentially 
witl. energy (the statistical cascade) the radia

tion is probably mainly stretched and non-
stretched El . At energies below the E2-bump 
there appears a dipole component which varies in 
intensity depending on the properties of the 
particular system. An important question is 
whether this dipole contribution to *he 
continuum spectrum is mainly electric or mag
netic in character. I f Ml I t probably origi
nates in collective phenomena, whereas El's 
would likely indicate statistical processes. 

n 1 r 
500 1000 1500 2000 0 500 1000 1500 2000 2500 

ENERGY CkeV3 
Fig. 1. (a) Hultipole spectra for stretched 
quadrupole and dipole components from angular 
correlation measurements. 

(b) Linear polarization asymmetry double 
ratios A = fliJ^Q-) / fliffljry f r o m measure
ments at e = 90* and 0" to the beam direction 
(direct experimental points), (cl Linear 
polarization asymme.ry double ratios A after 
unfolding (m), and calculations for pure 
stretched HI, t l , and E2 (solid curves) anJ for 
a mixture of the E2 and Ml components of the 
decay {dashed curve) with the L = 2 and L = 1 
amounts taken from the upper part of the figure. 

(XBL 807-10661) 



the double rat io A ! of the 

We have measured the angular correlation and 
the linear polarization of continuum v-rays in 
two ™Ar induced reactions. They were *'"Pd 
+ 40A r . . i % d * a n d I ?4 S n + 4 0 A r . l 6 4 E r * 
done with 170 MeV 4 o Ar beans from the LBL 88 
Inch Cyclotron. The experimental results of the 
linear polarization experiment are shown in the 
center part of Fig. 1. For each 50 keV interval 

Nl(90°) . HltO") 
Ni'(90') N'(0°> 

vert ical (til) and horizontal (N •' ) coincidence 
counting rates measured at e - 90" and 0* to the 
beam is plotted. 

For a number of reasons we have restr icted 
the further analysis to stretched dipole and E2 
transit ions, and have considered pure t ransi
tions only; the results from the angular 
correlation experiments are shown in the upper 
part of Fig. 1. Below - 1.5 MeV, the spectrum 
of the 164fcr* compound system consists of 
80-90f:rquadrupole transit ions. For the 1 5 0 Gd* 
compound system there is - 80'"* quadrupole 
radiation in the bump at 1.5 MeV; at lower 
energies, however, the dipole transitions become 
more prominent, even dominant (85'i-L = 1 at 0.5 
MeV). The amounts of stretched dipole and 
quadrupole radiation were then used in the 
analysis of the linear polarization experiments 
to determine the electric or magnetic character 
of the dipole component. The result is that i t 
appears to be predominantly Ml between 1.6 and 
0.5 MeV, and l ike ly at s t i l l lower energies. 
The dashed curves in the lower part of Fig. 2 
are the linear polarization asym- metry ratios 

calculated under the assumption of 100*;Ml for 
the dioole component in the spectrin. 

Our angular corrleation and l inear polar i 
zation data, as well as those of Vivien et 
a ! . 1 and Trautnann et a l . , 2 show that the 
main features of the investigated cases are 
thefollowing: (1) The dominant fraction — 
between E0/r(for nuclei near closed shells) and 
80^ for deforced nuclei — of the radiation 
consists of stretched E2 transit ions. This 
component reaches W r i n the region of the E2 
burap for deforced nuclei-

(2) The regaining part of the radiation at 
low energies and up to the E2 bump is coansed 
of stretched HI transitions in good rotors, and 
is predominatly Ml with some El transitions 
admixed in nuclei near closed shel l . 
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THE DIPOLE COMPONENT IN THE YRAST CASCADE AND THE 
MULTIPLICITY OF STATISTICAL y RAYS* 

S H Sie. K M Diamond. J. O. Nevwion and J R Leigh 

I t had been observed that for E y %. 0.4 MeV, 
the nature of the continuum y rays m a number 
of deformed nuclei changed from being predomi
nantly stretched E2 to predominantly dipole. The 
principal objective of the present measurements 
was to further study this dipole component. The 
reactions used were 149s m ( 1 6 0,3n) 1 6 2 Yb, 1 5 0Sm 
(J.6o,4n)163Yb, 154sm(16 0 i4 n )16GY b, 122c n (16 0 

4n) 1 2 4 Ce and H0pd< 1 60,4n) 1 2 2Xe induced by l 6 0 
beams from the 14 UD Pelletron at the ANU. The 
Y rays were detected in a movable 7.6 x 7.6 cm 
Nal(Tl) or Ge(Li) detector in coincidence with a 
fixed Ge(Li) detector. The movable detectors 
were set alternately at 0° and 90" with respect 
to the beam direct ion. The unfolded continuum 
r-ray spectra are shown in Fig- 1. In the sum
med spectra (0° + 2 x 90°}, which are essenti
al ly proportional to the isotropic spectra, the 
main features of the continuum cascades can be 
readily seen, namely, the exponentially fa l l ing 
stat ist ical ta i l and the yrast bump. 

The number of y rays with E„ > 1.9 MeV is 
related to the number of s ta t is t i ca l y rays, 

though the actual relationship Jepends on the 
shape of the spectrum below 1.9 MeV. This 
quantity is shown plotted against Kj in Fig. 
2, where i t is apparent that there is a corre
lat ion between ttj and M(>1.9); for each _ 
reaction the la t ter quantity increases with Mj. 

The quantity 2[N(E ) 0 * - N ( E ^ ) Q 0

O ] is 
proportional to the value of A2 and is shown 
for the various cases in Fig. 1. Data obtained 
at the higher bombarding energy show in a l l 
cases a pronounced bump with positive A2, 
attr ibutable to the yrast cascade. For the 
strongly deformed Yb nuclei this bump has Ag 
0.25, in accordance with the value expected for 
the stretched E2 transitions thought to consti
tute the main part of the yrast cascade for such 
nuclei. 

All the cases also show a smaller bump at 
lower energies than the main quadrupole bump and 
separated from i t by a small dip. This bump has 
a negative h^ and thus is probably a dipole 
component. 
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Fig. 1 . Angle-integrated r-ray spectra obtained by unfolding the 
continuum pulse-height spectra are shown in the lower parts of the 
f igure. The curves were calculated from the model described in the 
text . A function E^e '^ / i w a s assumed for the shape of the s ta t is 
t ical spectrum. The upper parts of the f igure show the 2(0*-90') spectra 
which, when normalized, approximate the Ag coefffcfents of the anguTar 
correlations. The calculated lines correspond to A2 = -0-6 and -0.4 
for the "dipole" component and A? - 0.25 for the quadrupole components. 

(XBL 807-10662) 

The spectra in Fig. 1 can be discussed in 
terms of a simple model * in which the yrast 
cascade is assumed to originate from decay 
through col lect ive rotational bands roughly 
parallel to the yrast l ine . This cascade is 
approximated by decay through a single "average" 
deformation-aligned band, and the dfpole com
ponent arises from the I —• I - 1 transit ions. 
The relative intensit ies of these to the cross
over transitions and the E2/H1 amplitude mixing 
ratios « are proportional to (gj( - g^) 2|(2/Q0 

and Q0/(9K " 9R'> respectively. The 
results of the calculations ire shown by the 
f u l l l i n « in Fig. 1. 

In summary i t can be said that a component 
with negative Ag, and hence presumably Jipole, 
with average E about half of that for the main 
yrast bump, does occur in a l l four f inal nuclei, 
even though two are only weakly deformed and 
possibly t r i a x i a l . I t suggests that the 
low-energy dipole component may be a fa i r l y 
general phenomenon since i t has now been 

observed in Xe, Ce, Yb and W nuclei. The 
realt ive magnitudes of the dipole and quadrupole 
components of the yrast cascade do appear to 
vary from case to case, which suggests that 
nuclear structure information on the states well 
above the yrast l ine may be derived from their 
study. 

The measurements also suggest that the mul
t i p l i c i t y of the s ta t is t ica l cascade M$ 
increases with increasing angular momentum input 
(Fig. 2). This can be explained as arising from 
a corresponding increase in average excitation 
energy for gamma emission above the yrast l i ne , 
and calculations with the evaporation code 
GR0GI2 do show agreement with this expectation. 
The change in the number of s ta t i s t i ca l T rays 
with increasing bombarding energy or angular 
momentum input depends on the relat ive rate of 
increase of the excitation energy and the yrast 
l ine with spin; the results might be di f ferent 
in a l i gh t nucleus. 
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Fig. 2. The number of aj ^ rays with E y > 1.9 
MeV b) s tat is t ica l gamma rays Mc; estimated with 
the function assumed plotted in Fig. 1 against 
the total mul t ip l ic i ty fly. (XBL 807-10663) 
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El TRANSITION PROBABILITIES FROM Kn = 0 
C- Michael Lederer 

An experimental study of 2 3 8 Np B" decay 
and 2 4 2Cm a decay has revealed previously 
unobserved t ransi t ions, established new mult i -
polar i ty assignments and mixing ratios based on 
measured internal conversion coeff ic ients, and 
improved the accuracy of the relat ive T-rav 
in tensi t ies. Much of the Information on 2 4 ZCm 
a decay is new; the a-decay hindrance factors 
and conclusions based on them w i l l be reported 
elsewhere. 

A new method is developed for analysis of 
the y-ray branching from the K* =1" band, in 
which the interband E2 transit ion rates to the 
K¥ = 0" band are calculated from a mixing 
model and used to estimate the rates of 

competing El transit ions- The model also yields 
estimated El transit ion rates from the K17 = 
D~ band. In " 8 p u , E I transitions to the 
ground state from either octupole-vibrational 
hand have half- l ives on the order of 5 ps, 
corresponding to hindrance factors around 
10 4. Although the required data are absent or 
less precise for other heavy nuclei, estimates 
can be made for f ive of them including " 6 ^ 
for which the model agrees with a direct 
measurement of highly retarded El t ransi t ion 
probabil i t ies from the 0" band. Table 1 
summarizes the results of the calculations. A 
description of them and a discussion of the 
l imitations of the model are included in the 
fu l l paper. 
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Table I . Estimated El transit ion probabil i t ies 
from octupole-vibrational states of heavy nuclei. 

Heisskopf 
Hindrance Factor 

AK = 0 AK = l 

22"Ra 2 x 10 4 " 

230 T h 4 x 103 9 x 10 3 b 

236u 4.5 x 10 7 

2.2 x 10 7 d 

3.1 x 10 6 c 

238^ =105 = 10 7 e 
238pu 1.5 x 10 4 4.3 x 10 4 

a By direct comparison with intraband E2 
transit ions. 
b Geometric man of 17 x 103 for the Kl* = 
I I " state, 4.5 x 10 3 for the 12" state. 

c For the 11" state, r-ray branching from 
the 13" state is inconsistent with the model. 
d From the measured h a l f - l i f e for the 01" 
state (2). 
e Approximate value; branching from the U", 
12", and 13" states yield values that vary 
by two 
orders of magnitude. (The data for " a u are 
suspect.) 
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OBSERVATION OF THE DECAY OF THE Tz = - 2 NUCLEUS "Ca T 
M. D. Cable. J Aysto.'T R. F. Parry, J. M Wouters. and J. Cerny 

The e+-delayed proton decay of 3 6Ca has 
been observed. From the energy of the proton 
group, i t was possible to deduce the mass of the 
lowest T =2 excited state in 3°K (See Fig. 
1). Measurement of this mass completed the mass 
36 isospin quintet. 

The masses of analog states in an isospin 
mult iplet are given in f i r s t order by: 

M{A,T,T,) = a(A,T) + b(A,T)Tz + c(A,T)T? 
This Isobaric Multiplet Mass Equation (IMME) 
arises via f i r s t order perturbation theory from 
the assumptions that the wave functions of the 
members of an isospin multiplet are identical 
and that only two body feces are responsible 
for charge dependent effects in nuclei. Possi
ble deviations from this quadratic form can be 
due to higher order Coulomb or other charge 
dependent effects as well as to various isospin 
mixing effects. These deviations are generally 
represented by the additional terms d(A,T) * T | 
and e(A,T) • TJ and can only be studied with 
isospin multiplets having T> 3/2. 

In general, extensive studies of isospin 
quartets and more recently quintets, have shown 
excellent agreement with the quadratic form of 
the IMME. Persistent deviations have been ob
served, however, in the mass 6 and mass 9 mul t i 
plets. These multiplets have members which are 
unbound to "ar t i c le decay, so i t is of interest 
to study higher mass multiplets in which al l 
members are bound to iSDspin-allowed part icle 
decay. The mass 36 quintet i s , to date, the 
highest mass quintet that has been completed. 

3 6Ca was produced with the 4 0Ca( 3He,a3n) 3 6Ca 
reaction at 95 MeV. Because of the simultaneous 
production of other strong 6+-delayed proton 
emitters, the on-line mass separator, RAMA, was 

used to isolate the mass 36 nuclei from the 
other reaction products. The 3 6Ca experiment 
was made exceptionally d i f f i c u l t both by the 
expected low y ie ld of the reaction and by 
possible interference by B + delayed protons 
from 3 6 K . Fortunately, a detailed study of 
3 6 K by Esfcola et a l . 1 was available. With 
the RAMA ion source operating in a mode that 
enhanced alkal i metal production, the 3 6 K 
groups were observed. Operation of the ion 
source in a mode that enchanced Ca ionization 
produced a new group that was not observed in 
the 3 e K studies. This group, at an energy of 

1 0 9 8 6 0*<T:2) 

4 256 0*(T=2' 

/ p * 

Fig. I. A proposed decay scheme for 3 6Ca. 
(XBL 793-910) 
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Table 1. Properties of the A = 36 isobaric quintet and 

coefficients of the IMME. 

Nucleus T 2 Mass excess 
[MeVl 

Ex 
[MeV] 

%» -? 
% -1 
36 A r n 
% 1 +i 
3<>s +2 

- 6.440 + 0.040 0 
-13.168 ±0.022 4.258 ± 0 . 0 2 3 
-IS.3795 ±0.0022 10.8518 ±0 .0022 
-25.2229 ±0.0013 4.2989 ±0.0013 
-30.6659 ±0.0015 0 

Coefficients for the IMME: M = a + b ' T , + c . T 3 . ' T* 

(a) 

-19.3795(20) 
-19.3801(22] 
-13.3795(22) 
-19.3795(22) 

-6.0437(37) 
-6.0446(40) 
-6.0434(74) 
-6.018(15) 

0.2003(16) 
0.2030(46) 
0.1997(92) 
0.177(15) 

-0.0011(17) 

-0.0097(50) 
0.0001(14) 
0.0075(41) 

1.90 
3.42 
3.80 

(a) Reduced X? " - x 2 / v . 

2519 21 ke' , we attr ibute to the super-allowed 
| * decay of the 0 + , T = 2 ground state of 
3 6Ca to the 0 + , T •= 2 state in i t s daughter, 
followed by proton emission. This energy, 
together with the mass of 3^Ar, yields a value 
of -13,168 22 keV for the mass excess of the T 
= 2 state in 3 6 K. 

Table 1 shows the results of f i t t i n g the 
mass 36 data with possible forms of the IMME. 
The best f i t to the data is seen to be the 
quadratic IMME. Four parameter f i t s result in a 
d or e coefficent consistent with zero- More 
precise measurements of the 3 Ca and 3 o K 
points are necessary to determine any possible 

significance of the non-zero d and e coef f i 
cients found in the f ive paramenter f i t . 
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BETA ENDPOINT MEASUREMENTS OF ">Mn AND " " In 

J. Wouters. J Aysto.' M. Cable. P Haustein.-* R. Parry and J. Cerny 

In a continuing series of experiments1 to 
determine beta endpoints we have now measured 
the beta endpoint of 1 0 5 I n and I 0 3 I n . The 
I 0 5 I n beta endpoint of 3.88 ± 0,150 MeV is a 
new measurement while that of 1 0 3 I n , 4.08± 
0.250 MeV is a corroboration of a previous 
measurement by G. Lhersonneau et a l . z Com
parison of these measurements with the various 

mass formula predictions enables the observation 
of any effects on the mass surface due to the 
nearby double shell closure. 

The beta endpoint measurements were 
conducted using the RAMA mass separator system 
together with standard e*~i coincidence 
techniques for data col lect ion. Preliminary 
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r e s u l t s , nc lud ing a d e t a i l e d d e s c r i p t i o n o f the 
techniques used, were repor ted a t the 6 th 
I n t e r n a t i o n a l Conference on Atomic Masses and 
Fundamental C o n s t a n t s . 3 We have s ince 
repeated the experiments w i t h the f o l l o w i n g 
re f i nements . The be ta - te lescope was c a l i b r a t e d 
w i t h the endpoin ts o f the s t ronges t a l lowed 
decay branches o f 1 2 3 C s (3.410 ± 0 . 1 2 2 MeV), 
and l 2 4 C s (4.574 ± 0.150 MeV} produced i n 
* 4 N on Cd a t 110 MeV, and 8 0 R b ( 4 . 0 6 9 ± 

Q.025 KeV), ™Rb (1.837 +. 0.041 HeV]. and 
7 8 R b (3 .41 ± 0.37 KeV) produced i n I 4 H on Zn 
a t 150 HeV. i 0 5 l n and 1 0 3 I n were produced 
by bombarding 1 mg/cm* natural Ho and sepa
rated 9 2 H o t a r g e t s , respect ive ly , wi th 110 MeV 
!*N ions. The data were col lected using 
hardwire coincidences between the beta ' te iescope 
detectors and the ga*»a detector and analyzed 
using software gates on known i - r a y : of the 
daughter nucleus to project out a s ing le 
component beta spectrum. 

The r e s u l t i n g beta spectra were anlayzed two 
ways. The spectra were p lo t ted in Ferfr i -Kurie 
form using o computer eude that also corrects 
for the response funct ion of the beta detector . 
Linear l e a s t squares f i t s of the r e s u l t i n g 
spectrum determined the endpoints (See F i g . 1 ) . 
Secondly the spectra were analyzed using the 
shape function f i t t i n g technique of Oavids e t 
a l . ' 

A summary of our measurements and the mass 
excesses o f l ° 5 I n and 1 0 3 I n are presented i n 
Table 1 . Dev ia t i ons of t he exper imenta l va lues 
from a semiempirical s h e l l model formula by 
Liran and Zeldes, and from a Garvey-Kelson 
transverse equation are given** for compari
son. In the main, these predicted masses agree 
f a i r l y well wi th the experimental measurements. 
An in te res t ing disagreement of - 1 . 0 MeV of the 
* 0 3 j n mass excess from the Liran-Zeldes 
calculat ions is inconsistent wi th the good 
agreement o f t h e i r approach i n p r e d i c t i n g the 
o the r e x p e r i m e n t a l l y known I n mass excesses. 
F u r t h e r sys temat ic s tud ies are requ i red to 
understand both t h i s behav ior and whether i t 
might have any poss ib l e r e l a t i o n s h i p w i t h the 
nearby double s h e l l c l o s u r e . 

Table 1 . Summary o f Q^c de te rmina t ions and comparison 
to d i f f e r e n t mass p r e d i c t i o n s . 

Nuc l ide Decay Energy [MeV] Mass excess a=Me(Exp) - M e ( t h e o r y ) 5 

Th is work L i t e r a t u r e [MeV] L-Z [MeV] G-K 

1 0 3 I n 5.5610.35 5.8+0.5 2 

1 0 5 I n 5.12+0.130 

.04±0.38 -1.00 -0.61 

,22±0.13 0.24 0.55 
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B. NUCLEAR REACTIONS AND SCATTERING 

I . Mkroscapic 

TEST OF PARITY CONSERVATION I N pp SCATTERING A T 4 6 M » V " 
P von Hossen. * U von Rossen. * and H E C o t v e t t 

i t has been c a l c u l a t e d 1 that the par i ty 
non-conserving weak- interact ion part of tfca 
nucleon-nucleon in teract ion should resu l t i n a 
non-zero value of the longitudinal analyzing-
power A, in p-p sca t te r ing . A 2 is given by 

A z = ( 1 / Pz H e * - , - ) / ( c + • - - ) 
where p z is the beam po lar i za t ion and 
^ + ( c " ) is the cross section for incident 
Dt-otons of posi t ive (negat ive! h e l i c i t y - The 

. Icu la t ions predict A z to have a broad w x i -
mum near 50 MeV with a value of a t nost a few 

MB 0 2 CM 

times 1 0 - / . Thus, extreme care ano precision 
are required in orcer to reduce the experimental 
e r ror to such a l e v e l . 

The present experiment is done with a 50-HeV 
polarized proton beam from the 88 Inch Cyclo
t ron . Since the po lar iza t ion d i rec t ion is 
provided by the magnetic f i e l d , the beam f r o * 
the cyclotron has only transverse ( v e r t i c a l ! 
p o l a r i z a t i o n . As shown in F i g . 1 , a solenoidal 

F i g . 1 . The beaa l i n e and the experimental 
se t -up . 0 . quadrupole w g n e t s ; FS, f as t 
steer ing Magnets; SS. slow steer ing nagnets; 
CM, center ing Magnets; MB, bending Magnet: MC, 
monitor c h a r t e r ; POS, beaa posi t ion sensors; 
PAT. ta rget -detector assembly. (XBL 6011-3901) 

Table I - Sunmary of e r rors and resu l ts -

Systematic e f f ec t Value 
Contribution to error 
in p z A z ( x l O ' l 

(1 ) In tensi ty modulation 
( I + - I - ) / ( I + + I - ) 

(2) Posit ion modulation 

<y + - y-> 
1 J l 

JZ 32 

(3 ) Emittance modulation 
aQ/Q 

(4) Transverse po la r i za t ion 
components 

(5 ) Electronic asymmetry 

-1 .3 (31 x I O " 7 C . 2 a 

-0 .03 (4 ) x 10- 2um 0 .2 

-0 .2 (11 x 10 -^m 0.2 

0 .4 (2 ) x l 0 - 2

w m 0.2 

1.6(4) x 10- 2niti 0 .2 

-10" 5 0.5 

1.0 

0.3 

measured ] p z |A 2 wi th s t a t i s t i c a l error ( - 1 . 0 - 1.2) x I 0 - 7 

|Pz t A z W l t " combined errors ( - 1 . 0 ' 1.8) x 1 0 " 7 

'Incli.des estimate for s-decay asymmetry. 
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iragnetic f ie ld is used to precess the spin axis 
90 into the horizontal plane, after which a 
dipole magnet bends the beam through an angle of 
47.7" and precesses the spin axis into the bean 
direction. Thus, spin-reversal at the ion 
source results in proton he l ic i ty reversal a t 
the target. 

Since integrated scattering rates of 10 s 

to 10 1 0 per second are obtainable, i t is not 
d i f f i cu l t to achieve a s ta t is t ica l accuracy at 
the level of 10" ' . The severe challenge is to 
reduce the systematic effects, which provide 
false asymmetries, to a comparable level . The 
systematic errors arise from coherent changes of 
the beam properties Kith spin reversal, two 
beam-position sensing elements, consisting of 
secondary electron monitors in a quadrant 
geometry, are used both to Htonitor and control 
the beam in position and angle through the 
target. Improvements have been made on the 
polarized ion source and on the cyclotron in 
order to minimize ins tab i l i t ies which affect the 
ultimate accuracy obtainable with our experi
mental apparatus. 

Jn contrast with the approach used by the 
Zurich group, 2 our design is to control the 
coherent beam modulation', to such an extent that 
the remaining effects are not influencing the 
measured asymmetry in a signficant way- The 
success of this apprach is seen in Table 1 , 
where our coherent beam position and intensity 
modulation amplitudes are two to three orders of 
magnitude smaller than those of Ref. 2. 

I t has long been established that time 
reversal invariants* (TRU n a suf f ic ient 
condition for the general polarization-analyzing 
power equal i ty, 1 That i s , the polarization 
(?) of m outgoing part ic le from a (binary) 
nuclear reaction is equal to the analyzing-power 
(A) for those polarized particles incident in 
the inverse reaction. Since elastic scattering 
is i t s own inverse process, i t has been used in 
essentially a l l of the tests of TRI that use the 
polarization-analyzing power equality. 

In part icular, the isost sensitive test by 
this method was made on p + 1 3C elastic 
scattering.2 i t is necessary to scatter from 
a nucleus with a non-zero spin value, because 
otherwise parity conservation alone ensures t h u 
P = A. By making the measurements for I 3 C 
relat ive to ^t, i t was not necessary to 
measure either the absolute beam polarization or 
the absolute analyzing power, and the result 
that P = A to T 2.5 rrwas achieved. 

As is shown in Ref. 2, the P-A difference is 
given by 

Our present results, which are summarized in 
Table 1 . were achieved fn 3~4 days of data 
acquisit ion. The Measured asymmetry is 

t - ]pz]Az * (-1 = 1.8) x 10-*. 

which, with a value of o 2

 = ° - 8 0 9 * * e s t h e 

result 

A2 = (-1.3 - 2 . 3 * x I0~* 

The listen" error i s the root square sua of the 
sta t is t ica l and systematic errors. The main 
contributions to tota l error are the s ta t i s t i ca l 
error and the systematic error due to transverse 
polarization components. These both can be 
reduced substantially when a new ionizer for the 
polarized ion source is instal led fn a few 
months. A factor of ten increase in the 
polarized beam intensity H anticipated-
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He) - Afe) - U~+ie}~c*'le}}/c(8} it) 
where 

S(B) = U^Ui * c+'iei * C~*{B) * r~'ien/2 

and Q-* (B) is the cross section for the scat
tering of a proton from an i n i t i a l negative spin 
state to a f inal posit ive spin state. Using the 
Madison convention, 3 the positive f+y) direc
tion is up for a proton scattered to the l e f t in 
the horizontal plane. Since the time-reversed 
process of o~*{e) i s H e ) * " , eq. (1) becomes 
P(e) - A(e) = 0 i f the strong interaction is 
invariant under time reversal. Thus, the ref . 2 
result for the elastic scattering of 32.9-MeV 
protons from *3C at ej. = 60" was interpreted 
as satisfying TRI within the t 2.5 fraccuracy of 
the experiment. 

I t is clear, however, from eq. ( U that 
another reason for P(e) - A(e) * 0 could be the 
very small values of the individual sp in- f l ip 
probabi l i t ies, even i f they were not equal as 
required by TRI" And, i t is now known from 
measurements of the depolarization in elastic 
p-nucleus scattering that this i s , indeed, the 

CONCERNING TESTS OF TIME REVERSAL INVARIANCE VIA 
THE POLARIZATION-ANALYSING POWER EQUALITY* 
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c a s e . 4 Since the depolar izat ion parameter i s 

given by 

D(e) = 1 - 2S(e) (2) 

with the ( t o t a l ) s p i n - f l i p probabi l i ty 

S(e) = ( o + - ( e ) + c - + ( e ) / 2 o ( 8 ) (3 ) 
measurements of D{e) provide determinations of 
S ( e ) . I t is now possible to estimate a value of 
S(e) in p - 1 3 C scat ter ing a t 32.9-KeV and 
ft = 60* from determinations of 0 (e ) in p -
Sfie scat ter ing a t 25 HeV. That i s , for the 
same gR, wi th q the momentum transfer and ft = 
f*oA » the nuclear radius, one has 0 = 0.94 
± 0 . 0 2 . 6 I take th is to be the lower l i m i t of 

D(32.9 MeV, e\_ = 60") for p - 1 3 C scat ter -
fng, since the quadrupole s p i n - f l i p mechanism' 
is not ava i lab le here because of the sp in -1 /2 
value of 1 3 C . Thus, 

2S < 0 .06 . 

Assume now that 

c + " = 2 c - + , 

(4 ) 

(5) 

which would be a c lear and substantial breaking 
of TRI . From eqns. ( I ) , ( 3 ) , ( 4 ) , and (51 i t 
follows that even then 

|P-Aj < 0 .02 , (6 ) 

which is smaller than the pxperimental e r r o r . 
Hence, the experiment did not provide a tes t of 
time reversal invar iance. 

I t is immediately obvious from th is discus
sion that tests of TRI using the p o l a r i z a t i o n -
analyzing power equal i ty should be made through 
measurements in a reaction and i t s inverse where 
t i e s p i n - f l i p probabi l i ty is expected or known 

to be la rge . Such measurements are presently 
underway in a Laval-Berkeley c o l l a b o r a t i o n . ^ 

I am gratefu l t o H. S. Sher i f for the 
suggestion to estimate D i n p - , 3 C scat ter ing 
from the p - % e r e s u l t s . 
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TEST OF CHARGE S Y M M E T R Y IN n-p SCATTERING 

G. Greeniaus," G. A. Moss.* G. Roy.* H. Coombes.* R. Abe*-q.T 

N. E. Davison.' W. T. H. van Oers.' and H. E. Coniett 

An experiment has been proposed to TRIUMF to 
invest igate the isospin-mixing charge-symmetry 
breaking (CSB) component in the n-p i n t e r 
ac t ion . The experiment w i l l measure the d i f 
ference AA between the neutron and proton 
analyzing power A n and A n in n-p e l a s t i c 
scatter ing a t 500 MeV. Designed as a n u l l -
measurement requir ing no accurately known 
polar isat ion standards, the experiment w i l l 
determine the di f ference in angle a t which A n 

and An cross through zero. I t w i l l provide an 
unambiguous test for the existence of CSR 
e f fec ts to the level of AA = 0 . 0 0 1 , correspond
ing to a laboratory angle di f ference a t zero 
crossing of - 0 .05° . 

During the summer of 1979 a t e s t measurement 
of the p-p analyzing power crossover was made. 
This t e s t was undertaken to provide some f i rm 
evidence that a precision comparable to the 
desired n-p experiment could be obtained, and to 
y i e l d quant i ta t ive estimates of potent ia l back
ground. A polar ized proton beam was incident on 
a CHg t a r g e t . Protons were detected i n co in 
cidence in symmetric mult iwire proportional 
chamber (MWPC) counter telescopes having centra l 
lab angles of 41 .65" . The MWPC's allowed track 
reconstruction to be made. The Nal detectors 
were s u f f i c i e n t l y thick to stop the p-p e l a s t i c 
protons that entered them. Figure 1 shows j e 
coincidence y i e l d as a function of the opening 
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angle between the coincident protons. Hhen 
appropriate cuts are made, the C(p,2p) events 
are reduced by at least a factor of 7 relative 
to the p-p elastic events. The p-p scattering 
asymetry observed for 5 consecutive runs and 
averaged for the left and right telescopes is 
shown in Fig. 2. The bins are 0.1083* wide (lab 
angle). The f i t yields a crossover at bin 
100.15 - 0.65. The expected value is at bin 
100. The error is purely statistical. The five 
runs represent about 25'*of the data for the 
thick target. Systematic errors in geometry are 
probably less than 0.05* at this stage of the 
analysis. These results are summarized in Table 
1. 

Footnotes 
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Fig. 1. (XBL 8011-3902) 
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ANALYSIS OF 3He + «He ELASTIC SCATTERING BETWEEN 
18 and 70 MeV WITH THE RESOMATING GROUP METHOD OF 

BROWN AND TANG" 

A D. Bachee.' H. E. Coiuett. R de Smiarski.: F. G. Resmini* and T. A. Tocnbtetto1 

The elastic scattering of hie by *He has 
§een well described at least for low energy 
He particles by the resonating-group method 

of Brown and Tang* in the one-channel approxi
mation. Indeed phase-shifts calculated by this 
method have been found in good agreement with 
those determined from typical phenomenological 
analysis of 3He + 4He elastic scattering 
at least up to E^ = 33.5 NeV I re f . 2). The 
purpose of this experiment was to obtain data at 
higher energies to provide an extensive compari
son with the resonating-group formalism which a 
pr ior i should be less successful since an in 
creasing number of reaction channels are ex
pected to open as the energy increases. Another 
purpose of this experiment was to investigate 
the possible existence of high lying excited 
states of 'Be. A recent 3He + 4He elastic 
scattering for incident 3He particles between 
27 and 13 MeV has indeed shown that the 
resonating-group method describes the data only 
in a rather general quantitative fashion. 3 

J H e - He 

. \ 6-JS5 / " " 

. \ R iiitnimum 

•. \ / -

6-634 

R- maximum 

Fig. 1. 

He ENERGY (MeV) 

(XBL 698-1242) 

In th is paper we present the d i f ferent ia l 
cross-section of the ^He + *He elastic scat
tering at certain angles and for 44 energies 
between 18 t.nd 70 HeV. The range of excitat ion 
energies of 'Be covered is between 11.8 and 
41.5 HeV. Host of the low-lying states in 7Be 
have already been observed in low energy •'He + 
*He elastic scattering. For / •• 4 only f-waye 
phase shif ts show resonance structure for EC-Hie) 
• la MeV corresponding to the 4.57 HeV 17/2'). 
the broad 6.75 HeV (5/2") and the 9.27 HeV 
(7/Z-) states in 'Be <r<?fs. 2.5). The 7.21 
KeV (5/2-) level has not been seen in elastic 
scattering. Besides these levels and states at 
9.9 HeV (3/2") and 11.01 HeV (3/2") which 
have been obtained through various reactions. 
z * * no other levels in 'Be have yet been 
clearly assigned. Recently ' however a broad 
resonance structure at E(3He} = 34 HeV has 
been seen in rough agreement with the 
resonating-group pred ic t ion. 6 Resonating-
grjup calculat ions 7 employing an j!-dependent 
phenomenological imaginary potential reproduce 
the cross-section data over a wide range of 
energy and predict a broad / = 2 level at 11.6 
HeV and both / = 4 and / = 5 levels near 25 HeV 
excitat ion. In this paper we w i l l compare the 
resonating-group calculations with the excita
t ion function obtained at some part icular 
angles, such as the zeros or naxina of the 
Lengendre polynomials which contribute to the 
partial wave expansion. Since we are dealing 
with a spin 1/2 part ic le e last ica l ly scattered 
on a spin zero target i t is important to recall 
that for any level of given spin and parity only 
one partial wave contributes. We observe indeed 
marked changes in the shape of the angu1ar 
distr ibut ion which are best ref lected, as we 
shall see, in the behavior of the excitat ion 
functions. Figure ! presents the excitat ion 
function at two angles corresponding to zeros or 
maxima of the Legendre polynomials which are 
compared to the resonating-group calculations. 
This f igure shows the behavior at 38.5" (P3= 
0, P5 = maximum) and e = 63.4" (P3 = maxi
mum) compared to the resonating-group calcula
t ions. The increase in the cross-section in the 
upper one suggests that the £ = 5 wave could be 
involved, however the slow decrease in the lower 
one rules out the possib i l i ty of a s igni f icant 
contribution from the i = 3 wave-

In conclusion, we can say that the resonating-
group predictions follow generally the behavior 
of the excitat ion functions, at least for che 
shape of these functions. These calculations 
are also in relat ively good agreement with the 
phase-shift with the exception of the p-wave 
6\. From our analysis and experiment, we can 
suggest the existence of a possible i = 1 level 
around 20-30 HeV and most certainly broad t ~ 4 
and 1=5 levels above 30 MeV in agreement with 
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recent theoretical calculations. The resonating-
group method describes the 3He + Tie elastic 
scattering for 3fte energies between 18 and 70 
MeV only in a rather general quali tat ive 
fashion. Polarization measurements using either 
a polarized 3He beam or a polarized 3He 
target w i l l provide the possibi l i ty of a 
complete and unique phenomenological analysis of 
the scattering data, especially when the 
polarization data w i l l be extended to higher 
energies. 
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FROM TRANSFER TO FRAGMENTATION* 

Bernard G. Harvey 

Studies of the system 1 6 0 + 208pb seem 
to indicate that quasi-elastic fragments of the 
project i le {those with beam velocity) are pro
duced by fragmentation at energies greater than 
about 20 MeV/A but by a dif ferent mechanism 
[probably m.*ti-nucleon transfer) at low ener
gies.* The change in mechanism appears to 
occur rather abruptly in the region of 15 KeV/A. 

Semiclassical calculations based on the 
matching conditions for momentum and angular 
momentum in transfer reactions'- predict that 
the transfer cross section w i l l be greatest when 
the eject i le retains almost the project i le 
veloci ty, and that the angular momentum of the 
heavy nucleus wi l l be mvR/h, where m is the 
transferred mass, v is the relative velocity of 
project i le and target nucleus and R is the 
radius of the f ina l nucius. Measurements of the 
average y-ray mul t ip l ic i ty <HY> in coincidence 
with quasi-elastic fragments3 show that <VL> 
is indeed proportional to m and v at energies up 
to 10 MeV/A, but not at higher energies. 

At some value of v, the angular momentum of 
m around the core must become so great that the 
"transferred" nucleons cannot remain bound long 
enough for their angular momentum and energy to 
be taken up by the whole system. At this point, 
some or a l l of the transferred mass w i l l 
presumably be promptly re-emitted, carrying away 
a substantial part of the angclar momentum and 
excitation energy. 

Figure 1 shows seirclassical transfer calcu
lations of the angular momentum of the f inal 
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Fig. 1. Semiclassical calculation of angular 
momentum as a function of mass transferred. 

(XBL 808-1631) 



heavy nucleus in the ^ 0 +• 208pD system as a 
function of the mass of the observed quasi-
elastic fragment. The dashed l ine shows the 
c r i t i ca l angular momentum i ! c t - t t from the 
Wilczynski semi-empirical systematics.* Tor 
E|gQ of 140 MeV, the annular momentum of the 
f inal heavy nucleus is always below c r i " t » and 
transfer is not l imited by this c r i te r ion . At 
EI6Q o r " 315 MeV, only one or two nucleons 
can be transferred before the angular momentum 
exceeds iCrif A t E16n ° f 225 MeV (14 
MeV/A), as many as six nucleons can be 
transferred before the angular momentum exceeds 
^cr i t * ! t * s therefore at about th is beam 
energy that transfer reactions should begin to 
give way to the fragmentation mechanism. 

I t is instructive to Took also at the 
excitation energy E e x of the f inal nucleus. 
Figure 2 shows E e x as a function of the mass 
of the observed quasi-el as tic fragment for the 
same three beam energies. The slopes of the 
lines correspond to the excitation energy per 
transferred nucleon, E e x /m. When that 
quantity exceeds the binding energy per nucleon, 
i t seems l ike ly that prompt re-emission wi l l 
occur. At the three beam energies shown in Fig. 
2, the excitation energies per nucleon are 
respectively 4.3, 9.0, and 14 MeV. This result 
suggests again that true transfer should cease 
in the v ic in i ty of 14 MeV/A. 

Further experiments are required to sort out 
the relat ive importance of the excitation energy 
and of the angular momentum in determining where 
transfer changes over into fragmentation. At 
least for the 1 6 0 + 2 0 8 Pb system, both 
c r i te r ia suggest that this w i l l occur at about 
14 MeV/A, in agreement with the experiment. 

Footnote and References 
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Fig. 2. Seniclassical calculation of excitat ion 
energy as a function of mass transferred. 
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MOLECULAR RESONANCES AND THE PRODUCTION OF FAST o-PARTICLES 
IN THE REACTION OF "O WITH " 1 3 C NUCLEI* 

W. D. Rae. R. G. Sloksiad, B. G. Harvey. A. Dacal.' 

R. Legrain, ! J. Mahoney, M. J. Murphy, and T. J M Symons 

Recently Nagatani et a l . * presented experi-
t the direct p 

t ion of molecular resonance states by 1 2 

•2C(">0,a) at 1 

mental results that suggest the direct popula 

transfer in the reaction l i : C( l b O,a) at l b 0 
= 145 MeV. The inclusive spectra presented in 
Ref. 1 show structure in the yield of fast 
a-particles on top of a large underlying 
continuum- In contrast, these structures are 
not observed in the singles a-spectra obtained 
by bombarding ^C with I°0. The higher 
energy resonances observed in the *'C + 1 2 /C 
system are estimated to hayg large part ial 
widths for decay into the 

e large part i ; 
2C g.s. + 1 2 ( 

g . s . , 2 so for the 1 6 0 + 1 2C system an 
experiment in which carbon ions are detected in 
coincidence with a-particles could be expected 
to include events rrom the decay of a resonant 
I Z C + I 2 C f inal state. To this end the 
following experiments were performed: 

A beam of 140-MeV 1 6 0 4 + from the LBL 88 
Inch Cyclotron was used to bombard a 620 
yg/cm2 natural carbon target and a *3C 
target of 285 ng/cm2 thickness enriched to 9SCY 
in I 3 C . Alpha particles were detected in a 
AE-E telescope while *2C and " C ions were 
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detected in either a second aE-E telescope or in 
the QSD magentic spectrometer. 

Data were taken at 22 angle pairs covering 
7.5° to 30° in the laboratory for the 1 2 C 
telescope and -4° to -18* for the a telescope. 
Figure 1 shows typical spectra obtained using 
the two telescopes and the *2C target. Only 
events in which a l l three particles emerged in 
their ground states {Q = -7.16 HeV) are shown. 
Analysis of al l the data showed that the 
dominant peaks are not constant in E_ or Ec 

as a function of either e a or e^- Also 
shown in Fig. 1 are ^"0* excitation spectra. 
The energies of the peaks in these ipsctra are 
found to be independent of both eQ and er,, 
and the relat ive angles e a - e c . On the basis 
of these results we conclude that the coinci
dence data are dominated by inelastic excitation 

of discrete a-unbound states of the 1 6 0 
project i le followed by their decay. 

For a comparison of reactions with &C and 
" C targets we used the Magnetic spectrometer 
to detect the carbon ions. Figure 2 compares 
typical spectra obtained with the I 2 C and 
" C targets. The 0-value spectra for a-"C 
coincidences and the energy spectra of the 
a-particles show similar structures- Analysis 
of data taken at dif ferent angles showed that 
the coincident y ie ld of a + 1 ZC is dominated 
by the excitation and subsequent decay of *°0* 
regardless of whether the target is " C or 

Differences between the data from 1*?C and 
targets were observed in the coincident 

ye i ld of <• • 1 3C iFigs. 1(c) and <d>>. This 

l 2 C( l 6 0. l 2 Ca) l 2 C 
l 2C-a 

coincidences E|Q b=l40MeV 
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• 8a=-8° " 

ec = io° " 

- -

-H 
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/V.I/L- " 
8 14 20 

E | 6 o * (MeV) 

Fig. 1. Coincident counts vs E a , Ec and Ei6n* a r e shown in 
columns 1-3. Each row shows a different pair of detector angles. 
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was exp la i ned by the r espec t i ve 0 -va lues f o r 
neutron p i ck up by t h e p r o j e c t i l e . Another 
d i f f e r e n c e , the l a r g e r r e l a t i v e c r o s s - s e c t i o n 
f o r the p roduc t i on o f c o i n c i d e n t f a s t a p a r t i 
c l e s by a 1 2 C t a r g e t , ( F i g s . K g ) and ( h ) ) , i s 
not understood a t t h i s t i n e . 

gest the p o p u l a t i o n o f h i g h l y e x c i t e d s t 
" K g , and t h i s has been i n t e r p r e t e d i n t 
o f resonances i n the " C + " c system.* 

The i r c l u s i v e a lpha spec t ra o f Ref . 1 sug-
1 s t a t e s i n 

. t e rms 
resonances i n the l£C + l£Z system. 

The present co inc idence exper iments do no t 
reveal a 1 2 C + ' 2 C f i n a l s t a t e i n t e r a c t i o n . 
The p o s s i b i l i t y e x i s t s t h a t the s n a i l d i f f e r 
ences observed i n the co inc idence data on 1 2 C 
and on l 3 C might account f o r the absence o f 
s t r u c t u r e i n the a s i n g l e s data on " c . l 
A l t e r n a t i v e l y , ( 1 ) the resonant breakup o f the 
p r o j e c t i l e n i g h t obscure a * 2 C + * 2 C i n t e r 
a c t i o n , o r (2) the s t a tes formed i n 2 <*Hg nay 
have a small w i d t h f o r decay i n t o 1 2 C + " C . 

Footnotes and References 

•Condensed from LBL-11135 

i I n s t i t u t e de F i s i c a , UKAM, Mexico. 

iDPhN-Be, CEN Sac lay , 91190 G i f - s u r - Y v e t t e , 
France. 

1 . K. Naga tan i , T. Shimoda, 0 . Tanner, R. 
T r i b b l e and T. Yamaya, Phys- Rev. L e t t . 43 
(1979) 1480. ~~ 

2. D. A. Bromley, Proc . I n t . Conf. on 
Resonances i n Heavy Ion Reac t i on , Hvar, 
Yugos lav ia , (1977) , ed N. C ind ro , Nor th Ho l land 
Pub. C o . , 1978. See a lso T. H. Cormier e t a l . , 
Phys. Rev. L e t t e r s . 40 (1978) 924 and A. J . 
L a z z a r i n i , e t . a l Phys. Rev. L e t t e r s 40 (1978) 
1426. ~ 

0 20 40 60 80 0 20 40 60 80 
CHANNEL 

F i g . 2. A comparison o f the co inc idence data 
obta ined i n 1 6 0 induced reac t i ons on 1 2 C and 
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, 3 C * PRODUCTION IN THE 1 8 7 MeV , 2 C + ™Fb REACTION 

A. N. Bice, A. C. Shotler' and Joseph Cerny 

The r e a c t i o n mechanisms invo lved i n the 
p roduc t ion o f f a s t l i g h t p a r t i c l e s and 
p r o j e c t i l e l i k e fragments i n the i n t e r a c t i o n o f 
yery assyinetr ic systems are c u r r e n t l y under 
ex tens ive s tudy . Several s i n g l e p a r t i c l e 
i n c l u s i v e , angular c o r r e l a t i o n and p a r t i c l e - Y 
exper iments* have been performed w i t h 10-20 
MeV/nucleon B, C, N, and 0 beams on heavy 

t a r g e t s . In g e n e r a l , these s tud ies seem to 
i n d i c a t e t h a t the process o f p r o j e c t i l e 
e x c i t a t i o n and decay i s o f r e l a t i v e l y minor 
importance i n e x p l a i n i n g the observed i n c l u s i v e 
y i e l d o f beam v e l o c i t y p a r t i c l e s . Indeed , i t 
r e c e n t l y has been suggested by Wu and Lee* 
t ha t the mechanism o f incomplete f u s i o n 
f o l l o w i n g p r o j e c t i l e f ragmenta t ion must be a 
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dominant process in complex project i le induced 
reactions. A recent investigation* of the 
1ZC + 208pD s y s t em at 187 MeV found that the 
process of project i le excitation and subsequent 
decay ( in the l2C£«a + $Be channel) cont r i 
butes signif icantly to inclusive 8Be measure
ments. Presented here is data for another 
strong sequential breakup channel, i . e . , the 
13c^a + %e transit ion from the 2 0 8 P b ( 1 2 C , 
13 c * } 2 0 7 P b ( g i S . ) reaction at 187 MeV. 

This study was performed by bombarding a 1.4 
mg/cm2 2 0 8 Pb target with a 187 MeV ^C 
beam. The production of ^C^+a + %e was 
observed by detecting the decay products in 
coincidence with a two telescope system. 
Further experimental details of this detection 
system may be found elsewhere.^ 

Coincidence between a and ^Be reaction 
products were measured between 13° and 30" in 
the laboratory system. The summed energy spec
tra of a + 9&e fragments at a l l angles are 
dominated by a single transition that is kine-
matically consistent with a neutron pickup by 
the *2C projecti le leaving 2^'Pb in i t s 
ground state and an excited ^C product, which 
then decays into a + %e fragments. This 
interpretation is further supported by the 
observed a - 9Be relat ive energies of - 1.2 
and ~2.7 MeV, which is close to the relat ive 
energies expected for a " C nucleus excited to 
the f i r s t two groups of alpha decaying states 
above the a + *Be breakup threshold. Our 
detection system geometry did not allow clear 
observation of a - 'Be relative energies above 
2.7 MeV. 

Figure 1 shows the measured a + ^Be y ie ld 
(for the 2 0 7 Pb (g.s.} transit ion) versus the 
laboratory angle of the two telescope detection 
system. As was observed in the (^ 2 C,"C*) 
reaction channel the a + ^Be production peaks 
near the grazing angle (- 20"). The shape of 
the (12C,"C.*) angular distributions were 
interpretable in terms of a peripheral reaction 
mechanism. 

The observation of a strong neutron pickup 
channel to states unbound with respect to alpha 
decay suggests that direct nucleon transfer to 
unbound levels, in general, cculd strongly 
influence single part ic le inclusive measure
ments. For the 1 2 C + 2 0 8 Pb reaction i t has 
been found that the sequential breakup process 
can signi f icant ly affect other reaction channels 
such as inclusive 8Be measurer^nts. From the 
observed "C±,a + B̂e transitions we have 

2 0 8 Pb( ' 2 C. , 3 C-) 2 0 r Pb(g.s. l 

_ 0 . . ' " ' ' B e 
? • E „ = l87MeV 

1 B -

w * 

€ 
a ci c- « 

u"b 

30 -O 

Fig. 1. The relat ive y ie ld of 1 3C*,a + ^Be 
production for a-^Be relat ive energies less 
than - 3 MeV. Transitions from two groups of 
excited states of 1 3C contibute to the 
observed o + "Be coincident y ie ld . 

(XBL 808-1755) 

estimated that - 10-1V * of the near beam 
velocity "Be inclusive cross section comes 
from this neutron transfer and subsequent decay 
channel. 

Clearly, further investigations of sequen
t i a l breakup and direct nucleon transfer reac
tions producing unbound outgoing systems are 
necessary before a complete understanding of 
fast part icle production can be achieved. 
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'•O - , a C ELASTIC SCATTERING AND TOTAL REACTION CROSS SECTION 
AT E c m = 60, 93 and 135 M«V. 

M. E. Brandan,' A. Dacal.* .V Galinda,' A. Menchaca-Rocha.' 

8 G. Harvey, R. Legrain, J. Mahoney, M. Murphy, W. D. M. Rae, and T. J. M. Symons 

Angular distributions have been measured for 
the elastic scattering of 1 6 0 from 1 2 C at 
1 6 0 energies of 140,218 and 315 HeV for angles 
up to 46 c m . The data were analyzed in terms 
of a six-parameter W-S optical potential . The 
determination of the optical parameters at each 
energy showed the ambiguities already known for 
heavy ions- The real part is well determined 
only between - 6.6 and 7.4 fin., this sensitive 
radial region being the same for the three ener
gies. Figure 1 shows the data with a represen
tat ive optica) model f i t . 

Some of the ambiguities disappeared when the 
three sets of data were analyzed simultaneously 
assuming an energy-independent potential . The 
quality of the f i t s however, was poorer, Xz/N 
being 2 to 5 times larger than the best indiv id
ual f i t at each energy. 

Total reaction cross sections OQ(E) were 
obtained from the optical model analysis of the 
elast ic data. Since the parameters are not 
uniquely detenined i t Is not possible to 
unambiguously derive a value for OR. An 
averaging procedure was followed, based on the 
strong correlation that was found between CR 
and the imaginary diffuseness a-j- Figure 2 
presents the values of OR(E) with uncertain
t ies calculated from the statistical d is t r ibu
t ion of OR values corresponding to di f ferent 
* 1 - The data show that OR(E) does not 
simply level o f f and stay at the geometrical 
value (= 1.39 b) but they are consistent, within 
the urcer ta in i t ies, with parameter-free 
calculat ions 1 (sol id l ine) based on 
nucleon-nucleon data, which show increased 
nuclear transparency in heavy-ion reactions at 
medium energies. 2 
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STUDY OF HIGH ENERGY -Li + "Si ELASTIC SCATTERING 

M S. Zisman. J G. Cramer." R. M DeVnes,' O A. Goldberg.1 and A Seamster* 

As a continuation of our previous studies of 
high energy elastic scattering, we have now 
looked at the 7 L i + 2 8 S i system at 140.7 MeV 
using a 'Li(3+) beam from the LBL 88 Inch 
Cyclotron- Based on our ear l ier work,* i t is 
known that ^Li exhibits behavior similar to 
that of l igh t ions such as 4He. For example, 
the high energy 6 L i elastic data show evidence 
for a back angle enhancement due to nuclear 
rainbow scattering, and global f i t s indicate the 
need for markedly energy dependent potentials. 
In contrast, for heavier projecti les such as 
9Be, * 2 C, or *"0 there is no evidence**' 
for nuclear rainbow scattering at high energies, 
and i t is possible to f ind energy-independent 
optical potentials that f i t the data over a very 
wide energy range. 

Because ?Li shares many properties in 
common with ^Li and 9Be (such as having a 
small binding energy and a non-zero spin), 
comparison of the present results with those 
from Refs. 1 and 2 might ultimately be expected 
to shed some l ight on whether the " t ransi t ion" 
in elastic scattering properties outlined above 
depends primarily on these features. In 
addition, Satchler and Love3 found in their 
global folding model analysis that both °Li 
and **Be sre anomalous in the sense of 
requiring a substantial renormalization of the 
real potential (N ~ 0.5) to f i t existing 
data. On the other hand, existing low energy 
7|_i elastic scattering data on various targets 
do not appear to show such an anomaly.^ Thus, 
i t is very interesting to compare the real 
potential derived from the present 'L i + 2 °Si 
data with the high energy 6 L i + 2 8 S i potentials 
I ' 2 obtained previously. 

Figure 1 shows our preliminary ?Li + 
2 8 S i elastic scattering angular distr ibut ion 
at ELab = WO.7 MeV, along with optical model 
calculations employing both a deep (V 0 - 150 
MeV) and a shallow (V0 - 15 MeV) Woods-Saxon 
real potent ial . As can be seen, the back angle 
data appear to show evidence for rainbow enhance
ment. This feature can be fu l l y reproduced with 
a deep potent ial , but is only approximately 
reproduced when a shallow potential is used. In 
contrast to the difference between °Li and 
7 L i reported by Satchler and Love, 3 we f ind 
that the real potentials required to f i t high 
energy 6 L i + 2 °Si data {Ref- 1) and the 
present 'L i + 2 8 S i data are very similar. 
One consequence of this s imi lar i ty of the real 
potentials is that the fusion barriers that they 
predict are nearly the same. Interestingly, the 
values obtained for both systems agree rather 
well with predictions based on the systematics 
of Vaz and Alexander.4 

As regards the imaginary potential for the 
7LJ + 28si system, our preliminary analysis 
indicates that i t is considerably less diffuse 
than that required to f i t the high energy °L7 

+ z 8 S i data 1 anc looks wore l i ke the sort of 
imaginary potential found2 in f i t s to low 
energy "Li + " $ j data. This suggests that 
whatever process causes the long t a i l on the 
^Li imaginary potential is less important in 
the case of 'L i scattering. Insofar as 
breakup is the most l ike ly candidate, 2» 3 the 
differences between "Li and 'L i would 
presumably be related to the dif ferent separa
tion energies (1.47 MeV far ° L i , 2.47 MeV for 
' L i ) for the two ions- Firm conclusions on 
this point necessarily await more data as well 
as more detailed analysis of the present data. 

^ 
Etcs'ic scattering 

140.7 MeV 

vw. fo* 
\w 

- Deep potential 
•• Shallow potential 

e c m (deg) 

Fig. 1. 7 L i + 2 8 S i elastic scattering angu
lar distr ibut ion at E[_ab = 140.7 MeV. The 
solid curve represents an optical model calcula
tion employing a deep Woods-Saxon real poten
t i a l (V„ - 150 MeV) and the dashed curve 
represents a calculation using a shallow real 
calculation potential (V 0 - 15 MeV). 
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THE QUASIELASTIC BREAKUP " C - o # B e at 132 MeV AND 187 MeV 

A. C Shelter.* A N Bice and Joseph Cerny 

In the last few years there has been 
increased interest in breakup reactions of l i gh t 
ions scattered from nuclei. Such reactions are 
of interest in their own r ight but i t is also 
important to understand the breakup mechanism 
since i t can have an influence on other reaction 
channels. In the case of l i gh t ions, i t is 
normal to consider only a direct breakup pro
cess, i .e . , a rapid fragmentation of the projec
t i l e at the nuclear surface. However, i t is 
also possible for the breakup to occur following 
excitation of the project i le to discrete states 
that are above the corresponding breakup thresh
olds. We have undertaken an experiment designed 
to study the breakup characteristics of 132 and 
187 MeV 1 2C ions on 2 0 8 P b , in which i t is 
found that for quasi-elastic events in which the 
relat ive energy between the fragmerts is below 
2.3 MeV, the breakup proceeds primarily through 
discrete states of * 2 C. 

The experiment was performed using 12C 
beams produced by the 88 Inch Cyclotron. The 
only breakup channel of ^ c above 7.37 MeV, 
and below 15.96 MeV, is 1 2 C— 8 Be + a; these 
breakup fragments are confined to a cone of an 
angular width that is determined by their rela
tive energy, E, and the laboratory energy of the 
excited project i le , E. Maximum efficiency for 
the detection of the " C * breakup fragments 
was achieved by constructing two AE X E tele
scopes in close vertical geometry, with one 
telescope above and the other below the reaction 
plane. These telescopes consisted of pairs of 
aE and E detectors manufactured on the same 
si l icon wafer such that the minimum vert ica 1 

angular separation of the telescopes was 1.5". 
Reject detectors placed behind the E detectors 
were employed to veto high energy events. 

The di f ferent ial cross sections for the 
breakup of 1 2C into the aBe + a channel, for 
which the target remains unexcited, is shown in 
Fig. 1 for 132 and 187 MeV 1 2C energies. The 
grazing angle for these two reactions are 32°, 
20°. I t is seen that the experimental angular 
distributions are at a maximum near these 
angles. The shape of these distributions are 

also similar to other surface reactions such as 
208pb(12C (13c) 207 P b p w h i c h supports the 
interpretation that the breakup reaction is a 
peri pheral phenomenon. 

An investigation of the breakup cross sec
tion witi i incident energy should provide valu
able data for test ing various breakup theories, 
and complementary data for incomplete fusion 
reactions-' 
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The measured differei 
for the 2°8pb(l2C,a8Be)208Pb ( g . s . ) 
reaction at 132 and 187 MeV. (XBL 809-1906) 
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FUSION CROSS SECTIONS DERIVED FROM OPTICAL POTENTIALS 

M. S. Zisman 

In recent years detailed studies of heavy 
ion elastic scatter ing** 2 and also fusion 
excitation f u n c t i o n s ^ have appeared in the 
l i terature. One interesting question which 
these data allow us to investigte is whether or 
not the optical potentials obtained from f i t s to 
elastic scattering data are also capable of 

reproducing the measured fusion excitation 
function for the same system. This question has 
been addressed previously by Vigdor et a l . ^ 
for the 1 6 0 + 4 0Ca system. They were 
successful in simultaneously f i t t i n g both the 
fusion excitation function data and the elastic 
scattering data at one energy (55.6 MeV) with a 
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single real p o t e n t i a l . However, t h i s potent ia l 
was incapable of providing good f i t s to the 
higher energy e las t ic scat ter ing data (extending 
up to 214.1 KeV). 

In the present study a somewhat d i f f e r e n t 
approach is used, namely to emphasize the high 
energy e las t ic data in the f i t procedure. I t 
turns out for most l i g h t heavy ion systems that 
the high energy e l a s t i c data are sensi t ive to a 
rather broad radia l range, and that t h i s region 
of s e n s i t i v i t y extends well inside of the JT = 0 
fusion b a r r i e r . 2 Thus, insofar as there ^s a 
single in teract ion potent ial between the "Tons 
which determines both e l a t i c scat ter ing and 
fusion, i t is the high energy e l a s t i c data which 
are sensi t ive to that region of the potent ia l 
which is important for low energy fusion data. 

Examples of optical model f i t s to the 
e las t ic scat ter ing in the l 6 0 + 2 8 S i system, 
u t i l i z i n g both a Woods-Saxon (WS) and a 
proximity radia l form are shown in F i g . 1 . 
Fusion cross sections were calculated for each 
of the potent ia ls shown in F i g . 1 using various 
f r i c t i o n - f r e e models. The f i r s t involves a 
simple sharp cutoff (SCO) model in which 
c f U ) = w x 2 ( | c r + l ) 2 , v . h e r e i > c r i s 
the highest p a r t i a l wave for which the maximum 

tfc „ ' s e ^ ' s . S i . S O . ^ a e i M e V d a ' Q 

C 5 iO 15 20 25 30 55 40 45 

9C«, <aeg) for 215 MeV data 

F ig . 1 . Optical model f i t s to the e l a s t i c 
scat ter ing of 1 6 0 + 2 8 S i a t several 
laboratory energies. The sol id l ines correspond 
to a Woods-Saxon parametr izat ion of the real 
potent ial and the dashed l ines to a proximity 
form for the real p o t e n t i a l . 

(XBL 804-619) 

' » JO 40 •£> 60 "" ' •"O 
E c „ . IMeV) 

F i g . 2 . Predicted fusion cross sections Tor the 
16 0 + 28 S l - system based on the US potent ia l 
shown in F i g . 1 . The sol id curve represents a 
sharp cutof f ca lcu la t ion while the dashed curve 
represents a ca lcu la t ion including Hi l l -Wheeler 
b a r r i e r penetrat ion e f f e c t s . (XBL 803-518) 

in the real potent ia l (nuclear + Coulomb + 
c e n t r i f u g a l ) i s below energy E- In a d d i t i o n , 
ca lculat ions including b a r r i e r pene t rab i l i t y 
have been performed using the Hi11-Wheeler 
expression 9 fo r passage through a parabolic 
b a r r i e r . I n both r?ses the b a r r i e r height and 
posit ion for each p a r t i a l wave were determined 
by e x p l i c i t l y d i f f e r e n t i a t i n g the appropriate 
opt ica l p o t e n t i a l . 

Shown in F i g . 2 are calculated fusion cross 
sections for the * 6 0 + 28$j s v s t e n using the 
WS potent ia l from F i g . 1 . The so l id points and 
crosses represent measured fusion data from Ref. 
5. As can be seen, the agreement is qui te gord 
and indicates that for th is system i t i s possi
ble to f ind a single in te rac t ion potent ia l which 
simultaneously reproduces both e l a s t i c scat te r 
ing and fusion data. S imi lar studies have been 
performed for the 1 6 0 + 2 7 A 1 and 1 6 0 + 
™Ca systems with comparably good r e s u l t s . 
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ANALYZING POWERS OF 'HefpT.p) 'H» ELASTIC SCATTERING 
BETWEEN 30 AND 50 McV* 

J Birctiall' and W T H wan Oers* 

H E Corveit. P von Rossen' and R M Larimer 

J Walson.* R E Brown 

In a recent phase-shift analysis* of 
p-3He s.attering data unusual behaviour of the 
*S 0 , l p l > and ^ 2 phases was observed in the 
energy range between 20 and 50 HeV. Kith a view 
to enlarging the data base and to obtain 
improved phase parameters, we have made neasure-
men ts of the 3He(jT,p] 3He analyzing powers 
at laboratory angles between 20" and 160* at 
proton energies of 32.4, 35.1, 37.6, 40.1, 45.0. 
47.6 and 49.6 MeV. These angular distr ibutions 
complement those2 at 21.4, 24.8, 27.3, and 
30.1 MeV and di f ferent ia l cross section 3 and 
total reaction cross-section data 4 as well as 
data obtained with a polarised 3He target . 5 

The polarised proton beam from the 88 Inch 
Cyclotron of the Lawrence Berkeley Laboratory 
was transported to a gas cel l containing 3He 
gas at pressures between 1 and 2 atmospheres. 
Beam currents on target were varied between 10 
nA and 100 nA while the beam polarization was 
typical ly 0.8. 

The gas target was contained in d scattering 
chamber, at the entrance and ex i t of whicJi 
collimation s l i t s were f i t t e d . Current fa l l i ng 
on the le f t and r ight components of these s l i t s 
was monitored and beam transport parameters 
adjusted to ensure that these currents were 
equalised. In the f i r s t series of runs tat 
32.a, 35.1, 37.6, 40.1 MeV) these adjustments 
were made by hand. An automatic control system 
was instal led for subsequent runs. 

The scattering chamber contained arrays of 
detectors placed symmetrically at either side of 
the beam. Four detector systems in the f i r s t 
and two in the second series of runs were used. 

An absorber wheel downstream of the scatter
ing chamber was used to reduce the beam energy 
to that appropriate for the beam polar-imeter. 
The polarimeter was immediately downstream from 
the absorber wheel. One detector system at 
either side of the beam detected protons 
e last ica l ly scattered from the polarisation 
analyser, which was 4He gas for the f i r s t and 
a 1 2C fo i l for the second set of measure
ments. The *He and "C. analyzing powers 
were taken from the data of Bacher et a l . ° and 
Kato et a l . 7 

Beam was collected in a Faraday cup and 
charge integrated. The beam polarisation was 
reversed at the source a few times per second on 
the basis of equal Faraday cup charge per spin 
state. 

The results of the measurements are shown in 
Fig. 1. Corrections for f i n i t e geometry were 
wery smal1 (usually less than 0.001) and have 

been incorporated into the data only at 32.4 and 
35.1 MeV. The s ta t is t ica l error bars when not 
shown are saaller than the size of the dots. 

O 2 O 4 0 6 O 8 0 O 0 I 2 0 W 0 I E 0 180 

0Cm (degrees) 

Fig. 1. Analyzing powers A^ for 3He(p",p) 
3He between 30 and 50 MeV. The curves are to 
guide the eye. (XBL 8011-3900) 
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ROTATIONAL ENERGY EXPRESSIONS AND LEAST-SQUARES FITTING OF 
8ACKBENDERS AND SIMILAR NUCLEI* 

J. O Rasmussun. M. W Guidrv.' T E Watd. ! C Caslaneda.s L. K. Peker.* * E Lebei. ' * and J. H. Hamilton-

With the increasing knowledge of states near 
the yrast line in deformed even-even nuclei, f t 
appears that irregularities in spacings (back-
bending or upbending) may be associated with 
band crossing. The band that crosses the ground 
band (g-band) at slur critical spin I c will 
here be refefred f . j as the S-.Kand (for "super-
band" or "Stockholm band"). The band-mixing 
picture has been invoked in numerous studies. 

Stephens et al^ especially have advanced 
the picture that the S-band involves the 
decoupling of a pair of particles in a high-j 
orbital to a resultant J p = 2j - 1 angular 
momentum, to which the core angular momentum 
adds in stretched fashion to yield the resultant 
spin I . In its purest form the decoupled S-band 
should show a band-head spin of Jp (=2j - l i 
and energies of 

E S ( I ) = E0 +^_ R(R + 1), 
*-'s (1) 

with 

R = I - J D (2) 

The limiting case of two bands, degenerate in 
the absence of Coriolis interaction, has a 
simple analytical solution. 

Consider the case of a deformed even-even 
nucleus with neutrcn chemical potential between 
Hand n + 1 orbitals of high j . He suppose that 
the i"i3/2 neutrons play the major role in the 
backbending phenomenon and that essantial 

features are dominated by the two nearest-lying 
i'23/2 orbital s. Fro* these orbitals we can 
generate an excited I + band and an excited 
0* band that involve, respectively, pr-ocotion 
of one and two nucleons across the Feral surface 
from j'.!> to if-i + 1>. To avoid spurious 0* 
states we treat the proMss in a particle, not 
quasiparticle, representation. The three bends 
(including ground 0 + ) will interact via 
pairing and Coriolis interactions. The physical 
nature we postulate for the important bands 
allows us to treat then by successive 2 x 2 
diagonalizations. I f we approximate the bjiper K 
= 0 , and K = 1 + bands as degenerate* 
before Coriolis interaction, we get simple 
energy solutions with maximal 50:50 state mixing, 

Wi - EQ + AI(I + I ) r H c o r . , (3} 

where A = -fi2/2.?, the rotational constant, and 
the Coriolis matrix element is )\Q0T = 2A£j(j 
+ l ) -iidi + i ) ] i / * r i ( i + u - i((n + i ) i i / 2 . 
Taking the lower (sinus) sign we have our 
approximate expression for the superband 
energies in the absence of mixing with the 
ground band. 

In the limit of low V. we get the "decoupled 
band" expression of eq. (2). This is the 
idealized Stephens decoupling limit. 

Having derived a simple analytical expres
sion for S-band energies, we now wish to intro
duce mixing with the ground band. The mixing 
matrix elements with the ground band should 
consist of (a) spin-independent terras coupling 
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th 0 + components and coming from pai r ing force 
and j j * J2 recoil and lb) of Cor io l i s 
terms with the K = 1 component having the spin 
dependenceVKI + I ) . We shall constrain the 
Cor io l is term to have the same <!.»+ 1« j+-Q> 
matrix element as in the unmixed S-band 
expression. The spin-independent term w i l l be a 
var iable to be determined by f i t t i n g . 

Table 1 gives a sample of least square f i t s 
obtainable with six f ree parameters. 

In our aodel sharp baclcbending requires that 
the two large Mixing terms nearly cancel a t the 
v i r t u a l band crossing. The spin-independent 
ten t we bel ieve ar ises from the pa i r ing 
in terac t ion coupling to the K = 0 + l component 
o f the S-band wave funct ion , and the other ten t 
i s Cor io l i s coupling to the K - 1 * component. 

Some experimental and f i t t e d t r a n s i t i o n energies f o r cases 
where data e x i s t in both crossing bands on e i t h e r side of 
the crossing p o i n t 3 

.... ' l r > • **\b • - H i 

/, /, /, /, . l / f , . p < k c V i . ! £ , „ l U V l l * . . r < t c V . t I f ; . . I k r V i » . r l # . t - ( V c \ i 

: (1 4 1 4 113 5 1112 1 1160 124 0 141 6 
4 2 zm i 2122 22K1 222 3 261 ' 250 7 

6 4 M5.9 311 9 137 5 32 " 2 l - | » 15* * 
X 6 410 0 405 0 430 3 422 5 4 5 6 * W « 

Ml a 44> 5 4X9 4 507 6 5 « 5 ~ «22 2 529 0 
i : 10 S M 5 5 6 1 2 569 5 5 * 4 T S ~ I I | SK4 1 
14 12 619X 621 0 603 5 6 P 9 551 5 547 K 
16 14 560 5 565 1 494 5 491 H 4 5 K I 4«i2 2 
IK ir> 505 5 512 4 5iW t 515 i 522 2 <25 9 
2(1 18 57^ 1 ST.: 4 5XXK 5X4 9 « r ~ 595 5 
22 20 654 4 650 7 
24 22 72*MI 719 3 
16 14 70X6 711 1 6X91 696 4 
14 i : 355 7 1510 
IK 16 710 0 715 9 ? i : » 71(1 2 
14' 12 792 0 7 * 7 3 W 4 f , h » 2 > 
20 IX 724 0 ~ 2 I 4 

a The convention above is that the lowest level of a given spin 
[yrast ) is unprimed and the next level of a given spin i s pr ined. 
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THEORETICAL ROTATIONAL SIGNATURES FOR NEUTRON PICKUP REACTIONS 
TO<'i3/2>* BANDS-

J. Almbetgei.' I Hamamoto. 'G Leander.* and J. O Rasmussen 

We show with the part ic le-rotor model that 
non-yrast low-spin states, which are struc
tural ly related to the rotation-aligned f113/2'^ 
bdnd causing backbending at higher spins, can be 
populated selectively by means of 1 = 6 neutron 
pickup from an odd-peutron target with an 
appropriate ground-state configuration.* 

We suggest that lower-spin states with 
relat ively large spin alignment can be located 
selectively by (3He, a) reactions on even-odd 
target nuclei having the odd neutron in an 
113/2 state, i .e . 1 6 1 Dy 5/Z +, I 6 7 E r 
7/2*, 1 7 9 H f 9/2 + . The value of performing 
such experiments has been pointed out 
earlier^ and experimental work is now in 
progress^. These large- 0 neutron-transfer 
reactions are known to favor high-j orb i ta ls , in 
contrast to (d,p) and (d , t ) , where lower-j 
orbitals are favored. 

We used the parameters of the "i13/2 
model" as employed in Ref. 4. The results are 
simmarized in Figs. 1 and 2. 

S/) — < 
V I 

• 
• 

• 1 I 
• 1 t 

• 

* I 1 l> i.ii)' it 

Fig. 1. Spectroscopic factors calculated from 
the part ic le-rotor model for I = 6 and 8. The 
Fermi level A is varied through eleven values in 
a MeV range around the (! = 5/2 o rb i t a l , whose 
position on the abscissa is a rb i t ra r i l y set to 
0.5 MeV. The states w i _th an excitation energy 
between 2.0 and 2.7 MeV above the calculated I = 
0 ground states are marked by dots. The spec
troscopic factor is indicated by the length of 
the horizontal bar on each dot. 

E, (MeV) 
Fig. 2. Theoretical rotational signatures for 
'13/2 neutron pickup The results for spin 6 
and 8 from f i g . 2 at A - i£ and A5 are 
displayed again in the lower and upper parts of 
the f igure, respectively. In addition the 
states of the ground band and states with spin 
4, 5, 7 and 9 are included. The lower plot 
might be approximately relevant for a l"*-Dy 
target. For x = X2 there are three spin-
aligned states, closely spaced at an energy 
which the present ca1cu1ation may be predicting 
somewhat inaccurately, which have as large spec
troscopic factors as the I = 6 member of the 
ground band. 
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SURFACE STRUCTURE OF REFORMED NUCLEI BY RADIAL 
AND ANGULAR LOCAUZATION IN HEAVY ION SCATTERING* 

R. E. Neese, f M. W Guidry.' R. Donangelo, * and J. O. Rasmussen 

The development of the c lassical - l imi t 
S-matrix (CLSMI formalism1 has made tractable 
the analysis of inelastic scattering data for 
heavy-ion systems and has provided simple and 
accurate semiclassical models for the excitation 
mechanism. These calculations 1 demonstrate 
that (1) because both Coulomb and nuclear forces 
contribute to the excitat ion, scattering in th is 
region should probe both charge and mass para
meters; (2) at energies below the barrier a 
relat ively clean separation can be made between 
the effects of the real and imaginary parts of 
the potent ial ; (3) the short wavelength of the 
heavy-ion system implies radial local izat ion; 
(4) the large transfer of angular momentum to 
the target nucleus implies localization in the 
orientation of the deformed rotor. 

In Fig. 1 we show excitation functions for 
the system 4 0 A r + 1 6 DGd in the range £ i a D 

= 100-160 MeV. Assuming the 1 HeV contour 
defines a surface which is generated hv deform
ing a sharp charge radius r c = 1.2 A^l/^fm and 
assuming a spherical pro ject i le , we aeduce that 
62 - 0.34 and 64 - 0.03, in reasonable 
agreement with other determinations of these 
quantities {e .g. , Ref. 3). However, we believe 
the potential contours shown in Fig. 2 are more 
fundamental than such model-dependent parameters 
and provide a direct method of comparing 
theoretical deformed potentials (e .g. , folded or 
proximity) with a minimum of a pr ior i 
assumption. For instance, a deformed folded 
potential can be tested by i t s ab i l i t y to 
reproduce the potential contours of Fig. 2 

'T w 
o* 6 ****+* 

I "SMO* ' 

''''' 4 0Ar?i3d 

100 120 WC 160 

Fig. 1. Excitation functions for various states 
in the ground band of 1 6 0 Gd excited by 4 0 A r pro
jec t i les scattered at e i a D ~ 170°. The lines 
represent f i t s by our theory. Below - 135 HeV 
the excitation is purely Coulomb. 
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Fig. 2. The deformed ion-ion potential con
tours. Figs. U) - (c ) represent the contribution 
of each state, and f i g . (d) is the .omposite 
nuclear potential energy surface for the ion-ion 
interaction. Each radial unit is 2 fm. The 
solid lines are spherical harmonic representa
tions of each contour. 
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without including the folded potential 
exp l ic i t ly in the scattering calculation. We 
may expect that results such as those in Fig. 2 
wi l l encourage the extension of folded and 
proximity potentials to include an adequate 
treatment of deformed systems. Such a program 
has recently been in i t ia ted by Randrup and 
Vaagen for proximity potent ia ls. 4 
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GIANT RESONANCE POLARIZATION TERMS IN 
THE NUCLEUS-NUCLEUS POTENTIAL* 

J. 0. Rasmussen, P. Moller.' M Guidry.' and R. Neese' 

Effective polarization potentials for 
adiabatic Coulomb coupling to giant resonances 
are derived for heavy-ion coll isions (see Table 
1). The isovector giant dipole resonance and 
isoscalar giant quadrupole resonance are found 
to contribute attract ive terms varying as 
T-y-T-T'lf and 2^-1^/r^ respectively to the 
effective nucleus-nucleus potential . Because of 
the strong Z-dependence these terms become 
signif icant in the co l l is ion of very heavy ions, 
dominating the far ta i l of the ion-ion poten
t i a l . Analysis of a recently determined surface 
potential for 40a,r + loOGd suggests the 

presence of such polarization terns. We calcu
late that for a Z 09Pb + 2°8pb col l is ion the 
adiabatic polarization potential exceeds the 
real nuclear ion-ion potential estimated by the 
proximity theorem for center-of-mass separation 
distances rZ 1-4 ( * r / 3 + A g * ' 3 ) . Furthermore, 
at the point where the polarization and nuclear 
potentials become equal - Y p o i may be 2-3 HeV 
for very heavy systems (see Fig. 1). Therefore 
the adiabatic polarization represents a measur
able effect that may be expected to play a 
signif icant role for heavy-ion reactions in 
which discrete f inal states are observed. 

Table 1. Polarizat ion potential a t grazing distance 1.6 (A1--* + A*/3) pm. 

Projecti le Target R(Fm) VVDR(HeV) VsgptMeV) 
G-Quadrupo)e G-Dipole 
VsgptMeV) 
G-Quadrupo)e 

4 0 A r 18 A r > 10.9 0.040 0.011 

£% 13.8 0.129 

82 y D 
15.0 0.182 

238,, 15.4 0.203 

208pb 

238U 

208p b 16.5 0.453 

238u 17.0 0.511 

208p b 19.0 1.230 

236u 19.4 1.404 

238u 19.8 1.607 0.307 
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Fig. 1. Calculated polarization potentials 
(giant modes) for the system of two 2 0 8 Pb 
nuclei" and comparison to the nuclear proximity 
potential . Note that by this estimate the 
polarization potential m=y reach several HeV 
before being masked by the real nuclear 
potential . (XBL 7910-12119) 
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2. Macroscopic 

PRODUCTION OF HEAVY ACTINIDES FROM INTERACTIONS OF 
" 0 and " 0 with " 'Cm 

Diana Lee. Barbara Jacak, Maui Nurmia, Cheng Oue. Glenn T. Seaborg 
and 

Oarleane C. Hoffman* 

?! 

The transfer of many nucleons from heavy-ion 
projecti les to target nuclei is a phenomenon 
that has been known for some time. A variety of 
techniques has been used to measure details of 
the product kinetic energies and angular d i s t r i 
butions. Hahn et a l . 1 have investigated the 
reactions o f J 2 C with « 9 p u dnd ^ i B-J 
leading to 2 4 4 C f and W j C f . More recently, 
considerable attention has been devoted to the 
production of actinides and possible superheavy 
elements by bombardment of 2 3 8 U and Siher 
heavy targets with very heavy ions ( 4 0 Ca, 
Q5 K r i 136xe, 2 3 8 U ) . However, no compre
hensive measurements have been made of actinide 
yields between target and compound nucleus for 
systems involving heavy actinide targets and 

tutron-rich l ighter heavy ions such as 1 0 0 or 
'Ne. In the current work we have used radio

chemical separation techniques to isolate and 
measure yields of isotopes of Bk through No 
produced in j 8 0 bombardments of 2 4 8 Cm. One 
of the most dramatic results is that isotopes of 
a l l these elements are formed in relat ively high 
yields compared to those observed for bombard
ment with ^ K r , 1 3 & X e , or 2 3 8 U ions. In 
on-line experiments we have previously detec
ted 2 and measured the properties of a 1.5-sec 
spontaneous f ission act iv i ty that is probably 
"§Fm, the most neutron-rich nuclide known, 
from bombardment of 2 4 aCm with 1 8 0 ions. In 
order to assess the importance of the extra pair 
of neutrons in 1 8 0 , we have also measured 
yields of the same plements for bombardment of 
Z^Cm with 1 6 0 . 

In these experiments a target of 2"8CmF3 
containing 924 ug/cm 2 of z , 8 Cm was bombarded 
with 95-MeV 1 8 0 and 1 6 0 ions. The recoil ing 
products were caught in a 2 uig/cm2 gold fo i l 
which was subsequently dissolved for radio
chemical processing. After preliminary pro
cessing, the individual actinides were separated 
by elution from a cation exchange resin column 
with hot alpha-ammonium isobutyrate. (The 
overall chemical y ie ld was 8Ca) The resulting 
actinide fractions were assayed by standard 
fission counting, and alpha and gamma spectro
metry. The yields determined for the 1 8 0 and 
'°0 bombardments of M 8 Cm are shown in Fig. 
1. They were calculated assuming a l l recoiling 
actinides escaped from the target (6.5 mm diam.) 
and were caught in the gold catcher ro i l (19.5 
nm diam) which was about 3 rrm from the target. 

Comparison of the results for 1 8 0 with 
those for I 6 0 show that the maxima of the 
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Fig. 1. Yields of the heavy actinides from 
95-MeV bombardments of 2 4 8Cm with l e J and 
I 8 0 - (XBL 811-3579) 

mass-yield curves for each element are shifted 
to the neutron-rich side by about 2 mass units 
for 1 H 0 relat ive to K ref lect ing the 
neutron excess of the project i le . The y ie ld 
curves also appear to be rather symmetric and do 
not drop off sharply on the neutron-rich side. 
The peak yields are relat ively large, ranging 
from a few mb for the Bk and Cf to a few ub for 
Fm. This is to be compared *iith peak yields of 
about a mb to a few tenths of a ub, for example, 
in the l 3 6 X e bombardment of 2 4 8 Cm. In gen
eral , ths maxima of the yield curves are smaller 
for the 1 8 0 than for the l b 0 bombardments, 
but the ySelds of neutron-rich products are much 
higher. These "transfer-type" reactions may 



offer a method for making new neutron-rich 
isotopes for study that have not previously been 
available to us. We also propose to similar ly 
study reactions with 2 0Ne and 2 2Ne and 
compare the results with predictions based on 
various mechanisms such as transfer, deep 
inelast ic, and incomplete fusion reactions. 
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ADDITIONAL EVIDENCE FOR THE PRODUCTION OF "'Fm IN THE BOMBARDMENT 
OF " 'Cm with "O 

D- C- Hoffman.' IV Lee. A. Ghio , M. J. Nurmia and J M. Nitschkc 

We used the MG fission-fragment spectroscopy 
system to make more precise measurements on the 
1,5-second spontaneous-fission act iv i ty that we 
had tentatively identi f ied as " ' F n . 1 

The act iv i ty was again produced by bombard
ing a 490 ug/cm2 target of 2 4 8Cm wit' i 95-MeV 
( in target) 1 8 0 ions from the LBL 8£s Inch 
Cyclotron. The recoil nuclei were stopped in 
helium seeded with NaCI aerosol and transferred 
through a capil lary to the MG system where they 
were deposited on collection fo i ls mounted on an 
80-position fiberglass wheel. The wheel was 
stepped every two seconds to bring the fo i ls 
successivley between four pairs of solid-state 
detectors for the recording of coincident 
f ission fragments. 

By replacing the wheel with a new one con
taining 80 clean fo i ls every 40 minutes we were 
able to reduce the buildup of the 2.7-hour 
"Opm to such a low level that i ts contribu
tion in the f i r s t crystal pair during the f i r s t 
two seconds of observation was only %"c No 
attempt was made to subtract this background 
from the energy spectra. 

We again found the mass-yield distr ibut ion 
to be narrowly symmetrical. The ha l f - l i f e of 
the act iv i ty was determined to be 1.5 ± 0.1 
seconds, in agreement with the value of 1.5± 
0.2 seconds measured by Hoffman2 for pure 
2 5 9 Fm produced via the 2 5 7Fm (t ,p) reaction. 

The pre-neutron-emission total kinetic 
energy {TKE) spectrum for 542 pairs of coinci
dent f ission fragments observed in the f i r s t 
detector pair is shown in Fig. 1. The average 
TKE was found to be 233 MeV, in close agreement 
with the mpst probable TKE of 242 MeV measured 
for pure " 9 F m 2 . 

The close agreement of the measured half-
l i f e and TKE with those of 2 5 9 Fm would of 
course support the ident i f icat ion of the activ
i ty as 2 5 9 Fm. However, we feel that further 

160 180 200 220 240 260 280 300 
Pre-neutronTKE (MeV) 

Fig. 1. The distr ibut ion of pre-neutron-
emission total kinetic energies of 542 pairs of 
coincident f ission fragments observed in the 
f i r s t detector pair . The average TKE is 233 MeV. 

(XBL 807-1E47) 

measurements are in order before a positive 
assignment is made; in part icular, more informa
tion is needed about the (1.89 ± 0.8B) second 
fission act iv i ty observed by Bemis et a l ^ in 
bombardments of 2 4 9 C f with *5N and ascribed 
by them to a spontaneous-fission branching in 
the dec.-y of 2 6 0 H a . 

Footnote and References 
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Alamos Scienti f ic Laboratory, Los Alamos, NM 
87545 
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M A X I M U M LIKELIHOOD ANALYSIS OF N E W 
SHORT-LIVED SPONTANEOUS FISSION ACTIVITIES 

L P Sometville, R C. Eggeis. M. E. Letno, J. M. Nitschke, A. Ghiorso. M. J . Nurmia 

I n the l a s t annual r e p o r t * we d i s c u s s ^ 
the observa t ion o f several spontaneous f i s s i o n 
(SF) a c t i v i t i e s w i t h h a l f - l i v e s o f 19 ms, 54 ms, 
1.4s, and 4 . 8 s , produced i n the reac t i ons *S0 + 
348, 'Cm, 18, 248, 

96 Cm, 15„ 249, 
97 Bk, and ^ C + Bk 96 

and detected using the r e c o i l tape t r a n s p o r t 
system. The h a l f - l i v e s were determined by l e a s t 
mean squares (LMS) a n a l y s i s . 

Shortcomings o f h a l f - l i f e ana l ys i s us ing any 
o f several LMS codes became apparent when d e a l 
ing w i t h few events . There fo re , a maximum l i k e 
l i h o o d (ML) computer code was w r i t t e n which 
cou ld accommodate up to f i v e components, i n con
t r a s t t o Ref. 2 , which cou ld accommodate on ly 
one v a r i a b l e component. Th is ML code makes use 
o f the decay time t,- o f each nucleus i n de te r 
min ing the decay cons tan ts AJ and amounts A j 
o f each component j ; i t maximize^ the l i k e l i h o o d 
f u n c t i o n 

n / m , :>i -A t \ 
L = n ( E A-e^jti / E A.A. fe J dt) 

i = 1 \j = 1 J / j = 1 J 2 J / 
where the i n t e g r a l extends over the t ime o f ob
s e r v a t i o n . Th is e x t r a c t s the maximum amount o f 
i n f o r m a t i o n from the d a t a . 

rn 

ij 
22.3 22 8 23.3 23.8 243 24 8 

H o l H i f e ( m s ) 

F i g . 1 . D i s t r i b u t i o n o f h a l f - l i v e s determined 
by the maximum l i k e l i h o o d code f o r 157 sets o f 
645 decay t i m e s , computer generated by assuming 
a 23.3 ms h a l f - l i f e and Poisson s t a t i s t i c a l 
f l u c t u a t i o n s . («BL 807-13891 

A comparison o f ML and LMS analyses o f the 
same sets o f exper imental data revea led t h a t the 
h a l f - l i v e s determined by the ML code were as 
much as ten per cent longer than the LMS 
va lues . The re fo re , i t was decided to t e s t the 
ML code us ing computer-generated a r t i f i c i a l data 
f o r which the h a l f - l i f e was f i x e d . Assuming a 
23.3 ms h a l f - l i f e , 157 sets o f 645 decay t imes 
w i t h Poisson s t a t i s t i c a l f l u c t u a t i o n s were 
genera ted . These event t imes were then analyzed 
w i t h the ML code to determine the apparent 
h a l f - l i f e . The d i s t r i b u t i o n o f h a l f - l i v e s , as 
shown i n F i g . 1 has a mean value o f 23.3 ms 
which i s i n agreement w i t h the 23.3 ms h a l f - l i f e 
assumed i n gene ra t i ng the d a t a . A s i m ' l a r t e s t 
o f 28 se ts o f 645 decay t imes p lus background 
again showed t h a t the ML code was ab~Ti to 
reproduce the assumed h a l f - l i f e . 

Having been tho rough ly t e s t e d , the ML code 
was used to analyze the r e s u l t s o f several 
exper iments . Table 1 l i s t s the h a l f - l i v e s o f 

the observed SF a c t i v i t i e s i n ms w d the p r o j e c 
t i l e energ ies in MeV as T i /2 (EJ determined by 
the M code f o r exper iments us ing the drurn^ 
and tape* systems. 

With the ML ana lys i s i t now appears t h a t a 20-24 
ms SF a c t i v i t y was produced i n the reac t i ons 
78-86 MeV 1 5 N + 2 4 9 B k a n d g 2 MeV 1 6 0 + 
2 4 8 C m ; a lso f o r 88-100 MeV 1 5 N + 2 4 9 B k and 
109 MeV 1 80 + 2 4 8 C m a 15-17 ms SF a c t i v i t y 
was produced. However, on the bas is o f the 
a v a i l a b l e s t a t i s t i c s we cannot d i s t i n g u i s h 
between the 15-17 ms SF a c t i v i t y be ing a pure 
a c t i v i t y o r the r e s u l t o f a small admixture o f a 
s h o r t - l i v e d competent o f - 5 ms w i t h a 20-24 
ms SF a c t i v i t y . These data alone do not a l l o w 
us to make d e f i n i t e i s o t o p i c assignments, due to 
the n o n - s p e c i f i c nature o f the f i s s i o n process. 
But these r e s u l t s , toge the r w i t h the e x c i t a t i o n 
f u n c t i o n data o f Refs. 1 and 3, are now not 
i n c o n s i s t e n t w i t h the poss ib le assignment o f 

104 Rf t o the 20-24 ms SF a c t i v i t y and another 
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Table 1 

reaction system component 1 coMponent 2 

15 N * 249 B k drum 
tape 

23 ± 2(78,82,86, 15 ± 4 (88,100) 

16 0
 + 2"B C m tape 21 ± 1(92) 

18 0
 + 2«Cn, tape 16.7 ± 1.5 (109), 53 1 4 (89) 

104, (e.g. , 2 g k r ) to the 
An assignment of the 

50-55 ms SF act iv i ty to fg?Rf would be consis-

SF act iv i ty with Z 
15-17 ms SF act iv i ty -

tent with our data. 

Instr . and Heth. 151, 2. V. B Zlokazov, Nucl. 
p. 303, U978). ' 

3. J . H. Nitschke et a l . , Nucl. Phys., to be 
published (1981). 

1. J . M. Nitschke et a l . , Nuclear Science 
Division Annual Report 1978-1979, LBL-9711, 
63. 

EXOTIC REACTIONS IN THE BOMBARDMENT OF 2 M P b by " O 

A. Ghiorso. R. M. McFarland, M. Leino and S Yashiia 

yRn. This 

In the reaction 2 4 8Cm + 1 8 0 we have pro
duced^ a 1.5 sec spontaneous f ission act iv i ty 
with a 15 nb cross section. Within experimental 
error i t demonstrates the same characteristics, 
symmetric f iss ion, total kinetic gpgrgy, and 
h a l f - l i f e , as the known2 nuclide 2 5 9 Fm. I f 
this assignment is correct i t suggests the 
intr iguing reaction mechanism in which the * 8 0 
project i le transfers a ^Be nucleus to the 
target with minimal kinetic energy loss-

To test this hypothesis we have bombarded 
2 0 8 Pb with 1 8 0 at the 88 Inch Cyclotron and 
sought the equivalent product, * l 9Bi 
nuclide decays by the sequence: 
Z19Rn « . 2 1 5 P o ,» 2 U P h B- .211m * , 

3.96 s 1.78 ms 36.1 m 2.15 m 
The reaction recoils were stopped near the tar
get in helium and the atoms conducted quickly 
into a metal sphere of 5-inch diameter with a 
gas flow rate of about 10 cnr/sec. An insu
lated plate charged at -600 V was placed at the 
top of the sphere to collect the granddaugher 
2Hpb ions generated by the alpha decay of the 
precursors. 

Directly produced alpha act iv i t ies that 
could interfere with the search for 2 ^ P b from 
2* 9Rn were removed with both a 3-micron f i l t e r 
and a coaxial electrostatic precipitator in the 
l ine connecting the target chamber to the sphere. 
We measured the efficiency of the system by 
using a thin 2 2 3 Ra source to generate 2 1 9 Rn 

at a known rate into the target chamber, and 
found i t to be nearly 100%. After each bom
bardment of 0.5 to 1 hour the collector plate 
was removed and analyzed for the dist inct ive 
alpha particles from 2 **B i in 
brium with 2 1 1 P b . 

secular equ i l i -

A small number of preliminary bombardments 
have been made at 110 HeV. The only alpha 
act iv i ty observed on the collector plate was 
from z l * B i and decayed with about a hal f-hour 
h a l f - l i f e , at a rate correspondirg to a cross 
section for 2 i 9 R n of roughly 10 nb. Further 
bombardments are planned at dif ferent energies. 

Using the same target, we have also detected 
^ ° F r , presumably made via the mechanism 
208p b (18 0 ) 6 L i l 22D F r . T h , - 5 n u c i j d e 

decays by the sequence: 

220 J F r , 216* 
*07Ti 

212, 
B l |6Tj-5 m' 

Po-

The experiments were set up to milk alpha 
recoils from the decaying 2 2 ^F r and detect the 
alpha radiations from the 60.5 m duo " ' B i — -
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The francium atoms were stopped in helium 
loaded with NaCl aerosol and transferred via 
helium je t to catcher plates in vacuum. The 
plates were mounted on an 80-step wheel that 
moved one step every 28 seconds. Secondary 
alpha-recoil catchers were mounted next to the 
f i r s t ten plates following the helium j e t . 
After one cycle of the wheel these catchers were 
removed and analyzed for the alpha radiations 
from 2 l 2 B i and 2* 2Po w 7 - t n a s e t 0 f JQ Si-Au 
detectors. 

Only one experiment has been t r ied so far, 
but i t indicates that ^ ° F r is produced. Some 
42 events from 2 l 2 B i / 2 1 2 P o decaying with a 
h a l f - l i f e of about an hour were observed in the 
f i r s t four secondary catchers. The amount of 
act iv i ty in each f o i l successively decreased 
consistent with the half-minute ha l f - l i f e of 

I f we assume that the 220pr g a s j e t y ie ld 
was 50'; and that 50'rof the alpha-recoiling 
daug' ters were collected, then the cross section 
for the reaction 2 0 8 Pb ( 1 8 0 , 6 L I ) 2 2 0 F r is 
rounhly 0.3 microbarns at 110 MeV. 

We calculated optimum Q-values and optimum 
excitation energies for these bombardments to 

System Products 

180

 + 2 4 8 C r n 2 5 9 F m a + 7 B e 

260„ d ab + 6 L I . 

180 + 208pb 219R n + 7 B e 

220 F r + 6 L i 

aDroplet model̂  mass used 
imaginary nucleus 
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see i f the ^fm experiments energ-r.cical .y 
favored the - 1 1 B e " transfer more than the 
208pt) experiments did- This preliminary 
calculation includes only Coulomb and recoil 
effects on the trajectory of the system.3 

From Table 1, no great difference between 
these bombardments is immediately obvious that 
would explain the contradictory experimental 
results by Qopt considerations alone. More 
thorough calculations w i l l be done that w i l l 
include nuclear and centrifugal contributions to 
Qopt a n d » m o r e importantly, that w i l l consider 
transfer amplitudes and de-excitation survival 
probabil i t ies of the heavy products. 

The Q o p t calculations for the 1 8 0 + 
208pb SyStem show that at lower i n i t i a l k in
et ic energies, around 80 MeV (c.m.s.) , -Qopt 
is 43 MeV for *19Rn production. This is too 
low to overcome the -Qgg of 48.1 MeV. For 
Z Z 0 F r production, -QPpt n ' s 5 2 M e V » higher 
than the -Qgg of 48.1 MeV. This suggests that 
2 2 ^Fr should be produced at lower energies 
with 2 1 9 Rn beginning to show up at higher 
energies. Our planned measurement of the excita
tion functions of these reactions should shed 
l igh t on these estimates. 

ie 1 

Ejn§<expt> Q g g Q o p t E* 
(MeV) (MeV) (MeV) 

(MeV) 

95 -42.7 -47.4 4.7 

-44.2 -57.8 13.6 

110 -47.1 -53.7 6.6 

-48.1 -65.7 17.6 
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ACTINIDE PRODUCTION FROM THE REACTION OF "*Xe with "•Cm 

K J. Moody. D. Lee. R. Welch. B V. Jacak, R. M. McFarland. P. L. McGaughey. M. J Nurmia. 
M. Perry. G. T. Seaborg. R. W. Lougheed," P. A. Baisden.* and E. K. Hutet* 

We have measured the production cross-
sections for many of the actinide nuclides 
formed by the reaction of 1 3 6 Xe with Z 4 8 Cm, 
at a projecti le energy between 865 HeV and 795 
MeV (1.2 to 1.1 times the Coulomb barr ier) . 
These are plotted in Fig. 1 as a function of the 
product mass number. The trans-target (Z 
greater than 96) cross-sections for a given 
element show peaks in the curves at s l ight ly 
lower mass numbers compared with those measured 
for the same element in the reaction of 4 8Ca 
with 2 4 8 Cm.* An extrapolation of the sub-
target (Z less than 96) cross-sections indicates 
that the "6xe plus " 8 Cm reaction may pro
vide a viable method for the production and 
ident i f icat ion of new neutron-rich Pu and Am 
isotopes. 

This set of data was obtained from two 
irradiations at the SuperHILAC, where a beam of 
1130 MeV *3»Xe was delivered to our recently 
constructed actinide target f a c i l i t y ' . The 
beam was focused through a 5-mm collimator, 
after which i t passed through a tnin Havar iso
lat ion fo i l and a 2.6 mg/cm' beryllium target 
backing before str ik ing a target consisting of 
2.1 mg/cm2 of z<*8Cm, which was present as 
the f luor ide. Recoil nuclei were collected with 
a conical catcher fo i l between the laboartory 
angles of 15° and 75° with respect to the beam 
direct ion. No catcher fo i l geometry corrections 
have been applied in calculating the cross-
sections summarized in Fig. 1. 

During the f i r s t i rradiat ion of 18 hours an 
average beam current of 300 electr ical nanoam-
peres passed through the target. The gold 
catcher fo i l was dissolved in aqua regia and the 
resulting solution was passed through an anion 
exchange column {Dowex-1 resin). The trans-
plutonium elements were eluted from the column 
with concentrated HC1, while the l ighter ac t i 
nide elements remained on the resin. The 
concentrated HC1 solution containing the heavy 
actinides was evaporated to dryness, after which 
the act iv i ty was dissolved in a small volume of 
di lute HC1 and loaded onto a cation-exchange 
column (Dowex-50xl2J at an elevated tempera
ture. The actinides from Cf to Md were sepa
rated from each other by elution with a low pH 
a-hydroxyisobutyrate solution. The column was 
then stripped, giving a solution containing Am, 
Cm and BJc, which was passed through a catior.-
exchange column in saturated HC1 to separate the 
actinides from lanthanide contaminants. The 
original an ion-exchange column was stripped of 
the elements from Pa to Pu, which were further 
processed to remove any f ission products. The 
chemical fractions containing Cf to Md were 
counted to detect alpha and spontaneous f ission 
ac t i v i t i es , using a pulse-height analyzer, for a 
period of over one-hal f year with Si surface-
barrier detectors. The other fractions were 
counted to detect garmia-ray emitting ac t i v i t i es , 

with GeiLi) detectors, for up to several weeks. 
The production cross-sections were obtained from 
decay curve analysis of the observed ac t i v i t i es . 

A second i rradiat ion of 30 minutes duration, 
with an average beam current of 180 electr ical 
nanoamperes, was performed to ascertain the 
y ie ld of the short- l ived 2 4 7Am and Z 4 6 Am 
{two isomers)- The aluminum catcher f o i l was 
dissolved in concentrated NaOH, and Am was 
co-precipitated with La(0H)3- The precipitate 
was dissolved in HNO3, Ami I I I ) was oxidized to 
Am(VI), and LaF3 was precipitated to remove 
the lanthanides from solution. Am(Vl) was then 
reduced to Am(I l I ) , which was co-precipitated 
with LaF3 in a second step. The insoluble 
product was ready for counting of the gamma-ray 
ac t iv i t ies within 40 minutes after the end of 
bombardment. 
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Fig. 1. Production cross-sections vs. product mass 
numbers from the reaction of 1 3 6 Xe with 2 4 8 c m . 

fXBL 808-1558) 
Comparison of the trans-target cross-

sections from the reaction of **"Xe and 
2 4 8Cm with those from the reaction of 4 8Ca 
and 2 4 8 Cm, at an energy of 1.1 to 1.0 times 
the Coulomb barr ier, shows that for products 
near the target the distr ibutions of cross-
sections as a function of mass number for a 
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given element are very similar for the two 
reactions. As Z increases, the distr ibut ion for 
the I36x e plus 2 4 8Cm reaction seems to shi f t 
to l ighter mass. This shi f t is about one mass 
unit in the distr ibution of Fm isotopes. The 
peak cross-sections remain roughly equal in 
magnitude for the two reactions. Examinations 
of the cross-sections for the production of Pu 
and Am isotopes indicates that the cross-
sections for the unknown nuclides 2 4 7 P u and 
2 4 8Am should be on the order of tenths of 
millibarns and mil l ibarns, respectively. 

The avai labi l i ty of rather neutron-deficient 
heavy projecti les such as ^Fe, together with 
the development of a fast on-line mass separator 
system, enable us to produce and detect new 
neutron-deficient isotopes in the At region. 

We bombarded a 0.6 mg/cm2 141pr target 
at the SuperHILAC with 5 6Fe particles at 
energies from 243 MeV to 275 MeV. After the 
separation of the beam by the helium-fi l led 
SASSY mass separator magnet the fusion recoil 
products were focused by quadrupole magnets and 
passed through a pair of position sensitive 
counters to get time of f l i gh t information. 
Finally the recoil nuclei were implanted in an 
array of 10 si l icon surface barrier detectovs 
that were used to detect their subsequent alpha 
dec ay. 

In this bombardment an unknown 7.21 MeV 
alpha act iv i ty with a 0.2 sec ha l f l i f e was 
found. We searched for the possible alpha 
decays of daughter nuclei within 10 seconds f o l 
lowing the detection of a 7.21 MeV alpha par t i 
c le . As a resul t , 6.45 MeV alpha particles with 
a ha l f l i f e of 5 z 2 sec were found to be corre
lated with the 7.21 MeV alpha part ic les. The 
probabil i ty that th is correlation is accidental 
was estimated to be less than 0.0001. Since the 

The recoil spectrometer system SASSY at the 
SuperHILAC has been used to study the fy| ion 
products from the reaction 5 6Fe + 1 4 0 » 1 4 2 C e . The 
315 ug/cm2 target was prepared fcv evaporating 
natural cerium onto a 2.05 mg/cm2 Havar f o i l . 
The reaction products recoi l ing from the thin 
target were separated from the primary beam in 
the SASSY magnet. An array of 10 Si surface 
barr ier detectors each of which had an active 
area of 12 x 27 mm2 was used for measuring the 
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known nuclide l 9 0 B i [6.45 MeV alpha emitter 
with a 5.4 <:ec ha l f l i f e ) has the observed char
acter is t ics,* we assigned the 7.21 MeV alpha 
act iv i ty to 1 9 4 A t , the mother of 1 9 0 B i . The 
decay scheme is as follows: 

194.+ 7.21 KeVa 190„. 6.45 MeVg 186 T 1 
A t -0~s ' B l 5.4 s " 

This assignment is further supported by the 
results of a calculation with the neutron 
evaporation code JORPLE2 which predicts that 
the cross section for the reaction 
1 4 1 P r ( 5 6 F e 3 n ) 1 9 4 A t n a s U s maximum a t 256 
MeV bombarding energy. Our experimental excita
tion function for this new act iv i ty has a 
maximum at 258 HeV with 15 MeV FHHM. The cross 
section is of the order of 1 ub. 
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recoil energy of the products as well as the 
alpha decay energies of alpha-active nuclei 
produced. In a set of earl ier runs which have 
been used as comparison, the t in« of f l i gh t of 
the recoil products between two gas counters was 
measured also. The time of f l i gh t and the 
energy of the recoil products are useful in 
discriminating against recoil nuclei that are 
not complete fusion products, but s t i l l f l y 
through SASSY. In order to measure the 

PRODUCTION OF '"At IN THE BOMBARDMENT OF M , P r WITH "Fe 

S Yashita. M Lemu. * and A Ghiorso 

PRODUCTION OF '"Po IN THE REACTION 5 BFE + "«'"*Ce 

M. Leino." S. Yashita. and A. Ghiorso 



excitation functions for different xn products, 
six bombardments approximately equidistant in 
energy ranging from 241 MeV to 274 KeV were made. 

In the treasured alpha-spectra there was a 
continuous background, probably produced by 
(n,a)-reactions and recoil ing ( f i l l i n g gas) He-
nuclei, which are below the threshold to produce 
a signal in the gas counters. This background 
is created when the beam is on. In the final 
analysis only alpha events outside the beam 
pulses were accepted, and the resulting alpha-
spectra were pract ical ly background-free. The 
FWHH of the alpha peaks was approximately 50 
keV. The ha l f l i f e of an alpha act iv i ty was 
determined in the following way: For each alpha 
part icle of a given energy the recoil event in 
the same detector that had the expected recoil 
energy (and velocity, i f measured) and that 
preceded i t and was closest in time to the alpha 
part ic le was chosen as i t s probable emitter. 
Thus the average counting rate in each detector 
determines an upper l im i t for the h a l f l i f e that 
can be measured. The distortions in the decay 
curves caused by the choice of a wrong recoil 
nucleus as the emitter of the alpha part ic le 
have been corrected in determining the half l ives 
in this work. Since the daughters of the l i gh t 
Po isotopes produced by alpha decay have small 
alpha decay branches (3.3 or lers) i t has not 
been possible to observe mother-daughter or 
longer delay chains. The assignment of the 
observed act iv i t ies is based on the measured 
excitation functions and on ha l f - l i f e and alpha 
energy predictions and systematics. 

In this work the previously known isotopes 
193-196p0 w e r e observed. In addition about 

1000 alpha decays from an activity assigned to 
l9?Po were measured. Assuring a I n e f f i c i 
ency for the observation of the alpha decay of * 
fusion product in SASSY, the peak production 
cross section for 1^2p0 j n the reaction 

56 F e 

+ I40r, e—192p 0 + 4n is of the order of 10ub. 
The measured alpha energy is 7.17 : 0.0? Ketf and 
the halfl i fe fs 34 * 3 K . Of the mass tables 
published in Ref. 1 the systenatics of Liran and 
Zeldes seem to reproduce the experimental trend 
of the alpha energies of the light Po nuclei 
most closely. The prediction of Li ran and 
Zeldes for the alpha energy of *'*Po is 7.45 
KeV, but fro* the discrepancy between the pre
dicted and experimental alpha energies for neigh
boring Po isotopes i t can be estimated that this 
value is too high by - 200-230 keV. The extra
polation of the alpha halfl i fe systematics of 
known light Po isotopes to 1 9 2 Po gives a half-
Hfe of the order of 50 ms. The Taagepera-
Nunnia prediction is 30 ms. The alpha energy 
measured for "*Po in this work differs signi
ficantly from the value of 7.12 HeV published 
previously.* 
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CHARGED PARTICLE EMISSION FROM " 4 Hg COMPOUND NUCLEI: 
ENERGY AND SPIN DEPENDENCE OF FISSION- EVA POTATION COMPETITION 

M. Rajagopalan, * D. Logan.: J. W. Ball.' M. Kaplan.' H Delagrange. * M. F Rivet." 
J. M. Alexander,* L. C. Vaz,* and M. S. Zisman 

Reactions between complex nuclei often give 
rise to intermediate transit ion systems with 
very high spins and excitation energies. For 
l ighter projecti le-target combinations this is 
evidenced by s ta t i s t i ca l l y equilibrated compound 
nuclei. Here the cross section measurements of 
evaporative H/He emission, f iss ion, and fusion 
residues make possible the improvement of our 
understanding of nuclear de-excitation and the 
testing of equilibrium theory. To this end 
twelve reactions, indicated in Table 1, were 
studied. All lead to the compound system 
1 9 4 Hg, over the excitation energy range of 57 
to 195 MeV. The 1 2 C , 1 9 F and 125 MeV 2 0Ne 
beams were supplied by the &J Inch Cyclotron and 
the remaining beams by the SuperHILAC. Fission 
and evaporation residues were detected by a gas 
ionization chamber and H/He by solid state 
telescopes (45ujii, 500 urn, 5 mm Si detectors). 
Coincidences were also measured between f ission 
and H/He. 

In a l l cases the evaporative component of 
H/He emission was indicated by center of mass 
angular distr ibutions which showed backward 
angle peaking. Morever, there were several 
factors suggesting that evaporation occurred 
prior to scission. For example, with the 
l ighter project i le systems the coincidence 
measurements set an upper l im i t of 5'ron the 
fraction of H/He in coincidence with f iss ion. 
Also, for these and the remaining systems there 
were three additional points: ( i ) The shapes of 
the singles spectra were much narrower than 
those expected from f ission fragment evapo
rat ion. (2! The high 4He to *H rat io ( -
0.6) indicated unreal ist ical ly high spins of 
f ission parentage. (3) The coincident H/He 
energy spectra did not exhibit the kinematic 
shif ts expected of evaporation from the moving 
f ission fragments. 
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The Identity of fission products MS univer
sally unambiguous at angles near 90* fn the cen
ter of aass and ci-oss sections were estfaated as 
do/d't.m. (90*) x 2» 2 with the assuaption 
that the angular distribution goes as 2/sln 9. 
The identity of the fusion residues, iwvever, 
suffered in aost systeas froa possible contri
butions fro* incomplete fusion paths.**' 
Because o f detector energy thresholds this was 
mainly true for the systeas involving the 
heavier, aore energetic projectiles. 

Shown in Table 1 are the cross sections and 
cumulative decay fractions for the systeas indi
cated. The latter quantities were calculated as 
the ratio of the eaission cross section in ques
tion to that of the coaplete fusion cross sec
tion. Also listed are the critical angular 
noaenta, computed under the sharp cutoff aodel, 
for fusion Hrrit) and for evaporation residue 
survival ( 2 ? r ) . Mot listed here, but i l lus
trated in Fig. l , &re cuaulatfve alpha decay 
fractions for intermediate regions of spin 
spanning the range between 'cr i t values froa 
different entrance channels, but with the saae 
excitation energy.3 

Figure I illustrates the behavior of *He 
eaission and evaporation residue (ER) survival 
as a function of excitation energy and average 

spin. As Is evident, the probability for He 
eaission (and H also) increase rapidly with E* 
while decreasing slowly with spin. This is true 
evan for spins at or greater than that at which 
the liquid drop aodel predicts a zero fission 
barrier <-80fi>. 

Shown In Fig. 2 is the (.^fuvior of *4r 
(ocf / ** 2 ) as a function of E* and / C r f t 
for the present systea as well as several others 
reported in the literature.* To a f i rs t 
approxiaation, the statistical Boltzaanr. nodel 
predicts that t^r should ren in equal to 
Icrit until near the point at which the f is 
sion barrier approaches the neutron separation 
energy and thereafter level off as the barrier 
continues to decrease. However, what is 
observed for all systeas above is that there 
appears to be a distinct secondary rise at large 
J^rit vd/or £* values. 

I t is certainly clear that part or all o f 

this trend aay le accounted for by extensive 
pre-equilibrij* pathways to the ER products. 
Ha. ever there is also a strong suggestion that 
the surprisingly large H/He eaission is dfrecti3 
responsible for the fusion survival even at 
spins for lrfiich the fission barrier approaches 
zero. In either case, to retain the validity of 
the statistical ndel at high £* and/or J the 
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existing framework Mjst be adjusted to allow for 
both avenues. While great f lexibi l i ty is pos
sible by incorporating energy- and exit-
channel-dependent level densities, i t is 
possible that the large calculated number of 
decay channels for fission a y be Irreconcil
able with the experimental observations of large 
H/He evaporation probability at high E* and J . 
These results nay thus be reflecting an evolu
tion of competition between evaporation and 
fission away from pure phase space models at 
lower energies to mechanisms that call for the 
inclusion of reaction dynamics. 

"0 20 40 60 80 100 120 
<J> 

Fig. 1. Cumulative decay fractions for evapo
ration residues (a) and Tie (b) vs average 
spin. The letters represent points from Table 1 
from the various reactions as shown in Fig. 2. 
The high-spin zones are shown as: 0, 60 HeV; a, 
98 HeV;" , 142 HeV; 0, 194 HeV. The nearly 
vertical arrows for Tie crudely represent 
evaporation probabilities for eachseparate step 
In the evaporation cascade. For l^Hg*, E* = 
194 MiV, J « 56, one might guess for the f i rs t 
four evaporation steps that aJ% 2 and aE** 12 
for the neutron emission that is expected to 
dominate. Therefore the summed Srie 
evaporation probability 1s =0.61 - 0.25 * 0.56 
or for each individual step P- «s0.14. 

(XBL 807-10817) 
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(a) Data from this reactions as Indicated. 
work. Excitation energies are noted for 
reactions leading to ' " t i g * , (b) and (c) Data 
from kef. 4. (ML 807-10818) 
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COMPARISON Of SPECTRA FOR DEEP-MELASTK 
AND COMPOUND NUCLEUS REACTIONS* 

R. J. McDonald. G. J. Wozniak. A. J. Pachcco.' C. C. HSUL * D. J. Momaaay. L. G. Sobotka. u G. 
C. Schuck.1 S. S t * . ' M. Kkige.1 F. S. S taph* * and R. M. Diamond 

Recent studies of the continuum v-ray spec
tra foil wing compound nucleus (CM) formation 
have been valuable in understanding nuclear 
structure at high spin. One naturally asks 
whether this Information aiy be applied to other 
energy and angular momentum regfaes, for exam
ple, deep inelastic (DI) reactions. 

Important characteristics of continual T-ray 
spectra from rotational nuclei formed in the CH 
reactlt.. are the following: a "bump" at about 
1.0 MeV formed by the stretched E2 yrast and 
yrast-like transitions, where the high-energy 
edge is observed to move to higher energies as 
spin Increases, and an isotropic "statistical 
ta i l " extending to several HeV. The "bump* 
structure is quite evident for rotational 
nuclei, but becomes less pronounced for products 
near closed shells. 

Figure 1(a) illustrates the general features 
of in-plane and put-of-p}ace r-ray spectra from 
the DI reaction165Ho * , 6 5 Ho at 8.S MeV/A. 
The spectral shapes ^re similar to those ob
served In CH reactions and display the charac
teristic "E2 bump* at about 0.6-1.2 HeV. A 
comparison of these two spectra shows f ia t the 
bump is more pronounced in-plane where the 
angular distribution for stretched E2 transi
tions peaks. Also evident is the statistical 
t a i l , extending to several HeV, and isotropic 
within experimental uncertainties. 

In-plane r-ray spectra, normalized so that 
the integral of each curve is equal to the 
average number of Y-rays emitted, <HT>, are 
shown in Fig. l ib) for several Q-value regions. 
The upper edge of the E2 bump moves to higher 
energy as Q Increases through the quasi-elastic 
<QE) region (- 0-150 MeV) and stabilizes in 
the DI region (- 150 to 400 HeV). This 
effect, having the same spectral shapes for the 
regions !48<Q<191 KeV and 233<Q<276 HeV. Indi
cates that the spin transfer is saturating. 
T-mult1plic1ty data (not shown) verifies this 
effect. The upper edge of the E2 bump moves 
from about 0.7 MeV to 2.0 HeV as Q changes from 
zero to 150 MeV. Over this same range of 0, 
<«,>, changes from - 5 to 30. This is 
consistent with the findings for rotational 
nuclei whre E * I . 

The statistical tai l has nearly the same 
slope for each spectrum. One can estimate the 
number of statistical transitions 1n each spec
trum by f i t t ing a function: 

F(ET)*E2EXP(-ET/T) 

where T is an effective nuclear temperature, and 
is taken here as 0.6 HeV. Upon doing this, we 
obtain a somewhat varying number of statistical 
transitions as a function of Q bin, going from 
0.9 to 2.1 to 3.3 to 3.3 for the four Q regions 
shown. 

8.5MeV/A l 6 5 H o + l 6 5 H o 
T" 

-In-plane 
VOut-of-pJane 

1 :<%. 
S-io'r-V \ : * " . - j 

1 o°i- , \ 
-

u -
i -

o-L: 
— 0-20 
— €0-10J 

148-191 
— 233-276 

\'6" 
1 ^ N 

" \ 
V. '>«. 

u -
i -

o-L: 
— 0-20 
— €0-10J 

148-191 
— 233-276 

\'6" 20 30 40 SO 
Er (Mey) 

Fig. 1 (a) In- and out-of-plane v-ray pulse-
height spectra associated with reaction products 
having a 0 •» -140 HeV. lb) In-plane T-ray spec
tra for several 0-value bins. 

l»L 806-ima) 

In summary, the general characteristics of 
the cor.tinuum y-ray spectra for rotat'onal 
nuclei formed by 01 reactions are similar to 
those formed by CM reactions, fnis similarity 
opens the door to significant new experiments in 
01 reactions using the same techniques that have 
proven so valuable for CN reactions. 
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SYNTHESIS OF HEAVY AND SUPER HEAVY ELEMENTS M THE DEEPLY 
INELASTIC COLLISION OF » n j WITH » C m 

J. MichMl Niuchke. W. Biuchle.* H. Gaggetai,' J . V. Krau.- M. S c t a M . ' K. S U I H H M I . ' 
G. Wirth.' E. K. Hum. ' R. W. Lougheed.' A. Ghnno. R. U Hahn.' F. L Ftnjuson.' 

R. Stak•f11ann., N. Ttautmann.' and G. Hcfrmmn* 

This is a preliminary report about « 
attempt to produce super heavy elements (SHE) 
anil to study the yield of actiaides 1n deeply 
inelastic collisions IDIC) of a B U with 

Cm metal targets 4 to 7 mg/cm2 thick were 
bombarded with 23BV ions from the Unllac, 
Darmstadt (West Germany). The target thickness 
was sufficient to degrade the beam energy from 
7.5 MeV/A to below the interaction barrier. An 
unexpected experimental difficulty was encoun
tered when the targets failed at total inte
grated beam currents of about 5 • 1 0 M U 
Ions, a factor 100 below the expected value. 
Nevertheless two experiments were carried out as 
planned albeit with reduced sensitivity: target 
recoils were stopped in (1) copper catchers and 

chemically separated, and (2) In Kr gas and ana
lyzed for volatile, noble SHE'S. 

The results for the heaviest actlnldes 
observed in the chemistry experiment are shown 
In Fig. 1 together with previous results from 

;x¥iIWd2W*r 
(lief. 3) for comparison. SHE'S were not ob
served in either experiment with • cross section 
H a l t of less than 1 nb for half lives between 1 
and 100 days. Cross section predictions by 
Riedel et a l . . using • diffusion model are of 
the same order of magnitude. 

Several observations can be made with regard 
to the data shown in Fig. 1 : 

1 I ' ' I ' 
Z38U,<7.5MeV/amu 

2 4 8 Cm+ ,36Xe,<6.4MeV/amu 
:m + ̂ Ca, < 5.6 MeV/amu 

^ U + ̂ U , < 7.5 MeV/amu 

.,Md 

K>2' No 

I . 

246 248 250 252 254 252 254 256 252 254 256 
A (mass number) 

256 258 259 

Fig. 1. Cross sections for the formation of the heaviest actinides in 
the reaction Z 3 8 U + « ° Cm at < 7.5 HeY/A. Other reactions for 
ccmparison. The curves are drawn to guide the eye. 

(XBL 808-17381 



(1) The cross sections for the formation of 
the heaviest actInides are about 3 orders of 
magnitude higher In the Z 3 8 U bombardment of a 
"^Cm target compared to a " *U target. 
This Is obviously due to the fact that the 
nuclear diffusion is strongly dependent on aZ. 

(2) An Interconiparjson of different pro
jectiles on the sane 248c target however 
shows much smaller effects: The peak cross 
sections are only a factor 3 higher for 238U 
compared to ^ a and 1 3 6 Xe projectiles. In 
the case of Es actually no difference in cross 
sections between the three ions can be found 
within the experimental erros. A slight shift 
in the centroid of the mass distribution can be 
observed in the " % c a s e , which could be 
caused by a lower excitation energy of the 
products due to the heavier reaction partner 
and/or the larger N/Z ratio of the 2 3 8 U 
projectile. 

(3) From the point of view of producing neu
tron rich unknown Isotopes of the heaviest ele
ments, the centroid shift is disappointingly 
snail in particular for Fm where the most 
neutron rich distribution is actually obtained 
with ^Ca + 2 4 8Cm and not with " f y + Z 4*Cm. 

(4) The U and Cm data shown in Fig. 1 are 
compatible with the following assumptions: a) 
The heavy fragments are formed in statistical 

equilibrium, and b) the average excitation 
energy is about 45 HeV corresponding to the 
evaporation of about four neutrons. 

(S) In this picture the centroid for the No 
•ass distribution should be around A * 259.4 and 
preliminary calculations show a peak cross sec
tion of about 3 • 10-f 3 cm?. A similar calcu
lation gives 5 • 10" 3* cm? for 28*114. 

I f therefore a one hundred fold Increase In 
beam integral/sensitivity can be obtained In the 
future a reasonable chance s t i l l exists for the 
production of SHE's. 
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CHARGE DISTRIBUTIONS FOR THE •HCr + < » U SYSTEM" 

P Dver . 'M .P Webb. 'R J Puigh.*R Vandenbosch.' T. O. Thomas.' and M S Zisman 

The Kr + La cross sections at 6 to 6 KeV/A 
exhibit interesting features*^ that indicate 
reaction mechanisms intermediate between those 
for lighter systems, where fusion is important, 
and those for heavier systems, where the Coulomb 
barrier is so high that l i t t l e interpenetration 
of the projectile and target ever occurs. The 
picture of the Kr + La reaction that has evolved 
is one in which high-partial-wave projectiles 
are scattered to relatively large angles, inter
acting l i t t l e with the target. Projectiles of 
smaller impact parameters, on the other hand, 
interact for increasingly longer times, with 
increasing overlap of nuclear matter; the com
bined complex rotates toward more forward 
angles, with possible rotation past 0*. 

In a previous paper,2 we have presented 
differential cross sections as a function of 
angle and energy loss, integrated over all reac
tion product nuclear charges. In this paper we 
present the Z-dependence of the cross sections, 
in order to study the mass transfer mechanism, 
and in particular to study the correlation 
between energy loss and mass transfer. One of 
the primary interests in this work is to study 
the widths of the Z distributions vs er.-jrgy 
loss, as a function of scattering angle and 
particularly as a function of bombarding 

energy. Distributions in Z were generated from 
two-dimensional Q-value vs Z data by integrating 
over 0-value bins 25 KeV wide. An example of 
these distributions for 31* at 610 HeV, is given 
in Fig. 1. 

An important mechanism for energy dissipa
tion in peripheral collisions of heavy ions is 
nucleon exchange. I f the excitation energies of 
the nuclei are modest so that the nucleon mean 
free path is comparable to the dimension of the 
system, then the energy transfer associated with 
exchange can be treated as a one-body interac
tion in which the exchanged nucleon's share of 
thy, relative kinetic energy of the two ions at 
the time of exchange is converted into excita
tion energy. Although Fermi motion and Paull 
blocking are neglected in the simplest form of 
the exchange model, Randrup3 has recently 
extended the model to include both of these 
effects. 

I f we compare our data with the extended ex
change model, we would expect the rate of energy 
loss per exchange to vary as (• E f £ r e i ) ' / 2 , 
where Ef is the Fermi energy and Eni is the 
available kinetic energy at the time of ex
change. Our data are plotted in Fig. 2 as a 
function of this quantity, with Ef = 40 HeV. 
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The full and dashed curves give the absolute 
slopes expected from the extended exchange 
model with N - 4,2 and with N - f * ! 2 •*• 

We note that with this new Model the data for the 
two bombarding energies l ie on the same curve, and 
that the slope of the curve is consistent with the 
model of Na 4,2 The agreement between experi
ment and theory suggests that the major mecha
nism for energy dissipation is in fact nucleon 
exchange. This conclusion is in contrast to 
that of previous studies4 in which the effect 
of the exclusion principle was not taken into 
account. 
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Fig. 1. Charge distributions for different 
energy losses at «L = 3 1 ' and EL - 6iO HeV. 
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Fig. 2. Dependence of the rate of energy loss 
per exchange as a function of the square root of 
the prodict of the relative available energy per 
nucleon and the Fermi energy, Ef - 40 MeV. 
The full and dashed curves give the expected 
behavior froa the exchange model for two 
assumptions about the relation between the 
number of exchanged particles and the charge 
distribution variances. The absolute value of, 
the ordinate is for the assumption N = (A/Z)i£ 
Rather than replotting all the experimental data 
points for the assumption N - (A/Z) z o| . the theo
retical prediction has been scaled appropriately. 

(XBL 808-1555) 
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FAST PARTICLE EMISSION IN THE DEEP INELASTIC REACTION 
"•«Cu + "Ne AT 12.6 MmV/NUCLEON* 

R. P. Schmitt,1 G. J. Wozmafc. G. U. RatUZ2i. 
G. J. Mathews,' R. Regimbart. * and L. G. Moreno 

Fast protons (1-2.4 times the bean velocity) 
have been observed front £*» deep-inelastic reac
t ion n a*Cu + ^ e at 12.6 MeV/A. Similar 
proton spectral shapes are seen in both singles 
and coincidence. The most energetic protons are 
associated with par t ia l ly relaxed processes 
rather than the most peripheral reactions. The 
angular correlations exhibi t a strong peak near 
0* for proton energies greater than 15 HeV. 
This correlation can be explained by evaporation 
calculations that take account of the steep 
forward-peaked angular distr ibut ion of the 
pro ject i le - l ike fragments and evaporation-
recoil effects. 

In Fig. 1 proton lab energy spectra are 
shown for two 2-bins ( e p T = +14*). We have 
attempted to understand these spectral shapes In 
terms of equilibrium evaporation* and have 
assumed that after the deep-inelastic co l l is ion 
the excited fragments undergo sequential decay. 
For the measured lab angle, atomic number and 
mean kinetic energy of the pro jec t i le - l i ke 
fragment, the total excitation energy of both 
fragments was calculated from two-body kine
matics' Assuming that the average excitation 
energy divides according to the fragment passes, 
the proton y ie ld was then calculated in the 
moving frame using simple evaporation theory. 1 

This y ie ld was then transformed into the lab 
frame and the contributions from project i le and 
target emission were sunned- The calculated 
spectra are in reasonable agreement with the 
data up to about 30 HeV (see dashed curves in 
Fig. 1). Since the high energy portions of the 
calculated spectra ^re due to emission from t*>c 
p ro jec t i l e - l i ke fragment, the fa i lu re of the 
calculations in th is region can be attr ibuted to 
a deficiency i n the excitation energy of the 
pro jec t i le - l i ke fragment. T r i v i a l l y , increasing 
i t s share of the excitat ion energy would 
increase the y ie ld of high-energy protons but 
would also simultaneously destroy the agreement 
with the angular dist ibut ions. 

This d i f f i c u l t y can be overcome by con
sidering the thermal f luctuat ions 2 in the 
division of the excitat ion energy, E*, between 
the fragments which have been neglected so far . 
To evaluate this e f fec t , we have calculated 
energy spectra for various divisions of E* and 
have folded them with a Gaussian probabi l i ty 
d is t r ibut ion 

P(ET> xexp t - (Ej -El , e < l )2 /2 0 2l 
On purely s ta t is t ica l grounds, a value for o of 
10 MeV i s predicted froa the expression c* • 
2T 3ai»2/(»i • »?), where T is the temperature 
of the intermediate complex and * i and a? 
*rt the level density parameters of the two 
fragments (see Ref. 2 for a derivation). While 
the calculations with (sol id l ines) and without 
(dashed l ines) fluctuations are essentially 
identical at low energies (see F ig. 1) , the 
Incorporation of fluctuations produces a dra
matic Increase In the number of high energy 
protons. Including fluctuations In the calcula
tions clearly reproduces the experimental proton 
energy spectra. 
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Fig. l . Proton-energy spectra detected in a 
collnear geowtry with Z = 6-7 (circles) and Z = 
8-9 (squares). The curves are the predicted 
spectral shapes froa a siaple evaporation model 
with o = 10 HeV (sol id lines) and with o = 0 
(dashed l ines) (XBL 806-1322) 
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THE REACTION OF "N* WITH " T a at 50 ftUV/A 

D J. Mofrilsey. G. J. Wozniak. L. W. Richudton. 
C. C. Hsu. R. J. McDonald and L. G. Moralto 

As part of a systematic study of angular 
momentum transfer (n heavy-Ion reactions' we 
report here some results for the 1 8 1Ta( 2"He,Y)X 
system at 50 HeV/A. These data represent the 
high-energy end of a study that spans the region 
from a few to a few tens of HeV per nucleon. 

A - 50 HeV/A S0||e b M m (as extracted 
from the Bevslac and delivered to the LESL 
scattering chamber. After interaction in a 
100-mg/cm' tantalum target, projectile-like 
products were identified in either of two 
identical Si-telescopes. These telescopes 
consisted of a 250-um Si surface barrier (aE) 
followed by two 5-mm Li-drifted SI detectors (E 
and E-reject). All light products, except 
protons ?.nd alphas, stopped in the f i rst two 
elements of the telescopes. Proapt gaaaa rays 
and their time distribution were Measured In 

1000 
Oxygen 50 MeV/A -

d CT/dEdiitorbitrary) 

_ i — i i i _ 

coincidence with any valid telescope event in an 
array of eight 3 x 3-in. IKaHTl) detectors. 
The Nai(TI) detectors were placed outside the 
scattering chaaber, at 45* out-of-plane to the 
telescopes. 

The projectile-like predicts were aeasured 
froa B* to 24* in the lab systea. This covered 
the angular region froa Just behind the classi
cal grazing angle, tg = 6 ' , to the point where 
only 2 • 1 and 2 products were observed at a low 
rate. In Fig. 1 we show the Vilczynskl diagraa 
for oxygen products. Even though there is a 

i I'M, I j in T ! 
1 !•. .! .• , Z, = 6 

* 6 
= 4 

**>**. 
**•» » =< 

200 aOO 6 0 0 8 0 0 1000 

Ef (MeV) 

Fig. 1. A Ullczynski diagram is shown for the 
oxygen products. (XBL 808-1553) 

Fig. 2. The energy spectra and the average 
gaaaa-ray Multiplicity as a function of part ic l j 
energy are shown for the even Z products in (Bl 
and (A), respectively. (XBL 808-1549) 
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relatively high threshold for detecting the 
oxygens (~ 200 MeV) one can see that the cross 
section 1s dominated by a peak slightly below 
the projectile velocity. Additional Beasure-
ments inside e g are desirable to determine i f 
the lower energy oxygen products rest-It fro* 
orbiting through 0". 

The measured values of the average gamma-ray 
multiplicity <MT> and the corresponding energy 
spectra at 8* are shown 1n Fig. 2 for the even Z 
products. Two features of the <HT> distribu
tions are immediately apparent: (&) the values 
of the multiplicity are ratlier low, never 
exceeding - 20 and (bj the slope of the multi
plicity with energy loss for each exit channel 
is rather small. The observations Indicate that 
the transfer of orbital angular momentum into 
intrinsic spin and then into gamma-ray Multipli
city is not characterized by only two large 

fragments fn th exit channel. There are two 
obvious stages where this breakdown may be 
occurring. I f the target-like residue Is not 
able to hold the excitation energy and angular 
momentum imparted to I t , then sequential fission 
would convert intrinsic spin back into orbital 
action. Similarly, i f the projectile undergoes 
fragmentation without transfer-Induced transport 
of angular momentum, then the Init ial orbital 
motion would be contained in tiie orbital notion 
of projectile fragments. Further experiments In 
which we plan to differentiate between these two 
processes are anticipated in the next operating 
period. 

Reference 

1. Cf. L. U. Richardson et a l . In this annual 
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EVIDENCE FOR THE ONSET OF PROJECTILE FRAGMENTATION 
IN PFRIPHERAL COLLISIONS OF M N n + " 'Ta 

L. W. Richardson, G- J. Wozniak. D. J. Morrissev 
C. C. Hsu and L G. Moretio 

The evolution with energy of heavy ion reac
tions in the bombarding energy range of 5 to 20 
HeV/A has recently becoae a subject of consid
erable investigation* Several theories predict 
an onset of fragmentation-like phenomena at 15 
to 20 MeV/A.1 In an effort to gain an under
standing of the reaction mechanism in this 
region we have undertaken a study of the energy 
dependence of the angular momentum transfer. 

He have measured the continuum gamma ray 
multiplicity <MT> for peripheral collisions of 
20jje + lolxa over a wide range of nrnji**_tfle 
energies. The intrinsic angular L âentum of the 
fragments may be extracted for this system from 
the <MT> data since the heavy fragments pro
duced in this reaction are good rotational 
nuclei known to decay predominantly through 
stretched quadrupole (E?) T-ray cascades. 
Furthermore due to the large mass asymretry of 
the system almost all of the angular momentum 
will reside in the heavy fragment. 

The events of interest are those where the 
y-rays are in coincidence with the projectile-
like fragments which are moving at near beam 
velocity. For these events the source of 
momentum transfer to the target and hence <M̂ > 
must come frum the interaction of the missing 
portion of the projectile with the target. 
Figure 1 shows <MT> for near beam velocity 
fragments (which correspond closely to the peak 
in the differential cross section) at four 
bombarding energies 7.6, 9.9, 16.7, and 21-9 
MeV/A. We see for example at 7.6 HeV/A a linear 
increase in the angular momentum with captured 
mass as expected for these massive transfer 
events.2 The solid lines are computed from 

semiclassical matching conditions leading to the 
constraint on the angular momentum transfer u , 

a/ = mvR/h hence <HT> = mvR/Zh 

where <M,> is the average v~ray mulitlpliclty 
for the collision of two nuclei at relative 
velocity v leading to a transfer of mass • from 
one to another at radius R, which we take to be 
the half density matter radius of the residual 
heavy nucleus. 

Me see from Fig. 1 that for bombarding ener
gies up to 10 HeV/A, <H> and thus the angular 
momentum transfer is indeed proportional to the 
mass and increases linearly with the velocity. 
Above 10 HtY/A the angular momentum no longer 
increases with velocity but decreases slightly. 
A possible explanation for this change in the 
dependence of <MT> alght be a loss of trans
ferred spin to orbital motion via sequential 
fission of the target-like fragment. However, 
sequential fission is not very likely over the 
range of spin and excitation energy involved and 

one is forced to consider an alternative 
mechanism. 

He interpret the change in the dependence of 
<HT> as evidence for a change in the reaction 
mechanism from one similar to massive transfer 
to projectile fragmentation. As indicated by 
Harvey3 this may be thought of in terms of a 
simple model of limiting angular momentum. The 
dashed lines in Fig. 1 indicate the critical 
angular momentum / c r i t f o r M c n **** channel 
calculated from the semi-empirical formula of 
wilczynski.* He see from the figure that for 
bombarding energies below 10 MeV/A mass transfer 
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leads to final states below ^ H t * Above 17 
HeV/A mass transfer leads to unbound states 
above icr i t * 1 n »*1ch case none of the pro
jecti le Is captured. For these fragmentation 
types of events one Bight Indeed expect 4L> 
to decrease with Increasing energy since the 
angular momentum transfer here say be considered 
to arise from an impulsive force and hence must 
decrease 1n a Banner which Is Inversely 
proportional to the velocity. 
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Fig. 1. <MT> as a function of mass for near 
beam velocity fragiwnts. fXBl 807-1556) 

LIGHT PARTICLE EMISSION AS A PROBE OF THE ROTATIONAL 
DEGREES OF FREEDOM IN DEEP-INELASTIC COLLISIONS 

L G. Sobotka, C. C. Hsu. G. J. Woxmak. G. U. Ramra. 
R. J. McDonald. A. J. Pacheco and L G- Moreno 

A promising method for the study of the 
transfer of orbital angular momentum Into the 
intrinsic spins of the product nuclei in deep 
inelastic collisions is the sequential emission 
of light particles. In a Banner similar to 
sequential fission, the width of the out-of-
plane light particle angular distribution 
depends on the spin of the emitter. The use
fulness of this technique depends primarily on 
two factors, the ability of obtaining out-of-
plane distibutions of particles emitted from 
just one of the fragments and sufficient sensi
tivity of the distributions to the spin of the 
emitter to enable accurate spin determination. 

Recently R. Babinet et a l . 1 have shown, 
for the system 280 HeV ^Ar + ^ H i , that by 
use of coincidence techniques and proper selec
tion of the rear'.fon system and detection angles 
one is able to study the out-of-plane distr i 
bution of light particles emitted from an indi
vidual fragment. For the substantially heavier 
system 664 MeV ^Kr + n a t Ag we have used the 
same techniques to study alpha-particle emission 
from the target-like fragment. He find that the 
contamination due to light particles emitted 
from the projectile-like fragment to be quite 
smal1. 

The compatibility of out-of-plane light 
particle measurements and gamma multiplicity 
techniques allows one to test the sensitivity of 
the light particle distibutions to the spin of 
the emitter. In the mass region covered by the 
present study, the gamma mutipllclty is approxi
mately proportional to the sum of the fragments' 
spin. 2 Thus the requirement cf an increasing 
number of r-rays to be In coincidence with the 
Z-a events should bias the fragments' spin dis
tribution towards larger values. This selection 
should result in a greater focusing of the angu
lar distribution into the reaction plane. The 
energy integrated out-of-plane a-distributions 
in the rest frame of the emitter are shown in 
the figure without (a) and with (b) the require
ment of two or more coincident r-rays. The dis
tributions without any coincident r-ray require
ment are expressed in terms of differential 
multiplicity.2 As expected the angular dis
tributions associated with the high Y-ray 
multiplicity events display a larger an i sot ropy 
than those without thp gamma-ray requirement. 
The anisotropics, quantitatively expressed by 
the into out-of-plane ratios, indicate the 
sensitivity of the a-particle distributions to 
the spin of the emitting nucleus. Also seen in 
this figure Is a significant sharpening of the 
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Fig. 1. Alpha-particle angular distibutions for 
several Z-bins as a function of out-of-plane 
angle. The Z bins are 3 Z-values wide and are 
indicated by the Median Z-vaU*e. In section 1) 
there is no coincident *-ray requirement while 
in b) there are 2 or pore coincident trays. The 
curves in section b) are normalized at 90" to 
those in a) for the same Z bin. (XBL 807-3459) 

angular distributions as the size of the emitter 
increases. This is an Indication of the depen
dence of the fragments' spin on the mass asym
metry of the exit channel • 
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EVIDENCE FOR RIGID ROTATION AND LARGE DEFORMATIONS 
IN THE DEEP-INELASTIC REACTION 664 MeV "Kr + ""Ag* 

L. G. Sobotka. £. C. Hsu. G. J. Wozniak. G. u. Ranazzi. 
R. J. McDonald. A. J. Pacheco and L. G. Mowr.o 

A prominent feature of deep-inelastic reac
tions is the conversion of orbital angular 
momentum into the intrinsic spins of the two-
product nuclei. We have simultaneously measured 
both the gamma-ray multiplicity, H,, and the 

sequential emission of alpha particles from one 
of the fragments to investigate this process. 
Since the out-of-plane angular distributions can 
yield the spin of an individual fragment and 
H T provides information on the sum of the 
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spl.-i of both fragments. th> combination Is • 
pcaerful tool for Investigating the aai-*<t1ea1ng 
of angular m n t n a'thln the dlaaclear coaplex 
as ta l l *s < cross check on Doth methods. 

A vol Id sute telescope «** used to detect 
the Kr-llke f r .gnnt . while an oat-of-plaae o n 
with fonr light Mr : ' e 'e telrscooes w t posi
tioned along the recoil dtrectloii to detect 
alpha particles evaporated fro* the target-like 
fraaatat. Sewn Mai detectors abort the reac
tion plane Here axed to obtain K, data. Using 
ta^-body klmnattcs. heaqr-lon a-aarttcle coin
cident events nere reconstructed and transformed 
Into the >est fraae of the andetected Ag-llxe 
emitter. Ihe result!..; oat-of-pleae distribu
tions exhibit large anlsctroples as the size of 
the eattter Increases. Tnese data art ased to 
extract the fragment sj»ln by means of a statis
tical aodel. 1 

The fragment kinetic energies mere ased to 
estiaate the deformation of the dlmwclear can
dle, at the tine of scission. I f one coapares 
the date to a calculation Including bulh the 
coaloab and centrifugal terns {a a spheroid-
spheroid aodel, part a of figure, a ratio of 
axes of - Z Is Indicated. The spins extracted 
froa the .-distributions, part b. show the f i rs t 
clear evidence for rigid rotation in this mss 
region and corroborate the claim of large defer -
aatlons. In the third oert of the figure the 
sua of the spins extracted from both the Ml, 
data and the a-distlbutions Is shorn. The 
agreeaent is qtrite good, thus adding credibility 
to the picture of the deep-inelastic coaplex as 
two rigidly routing substantially ueforaed 
spheroids. 
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Fig. 1 (a) . Center of nass fragxent energies 
after evaporation corrections as a function of 
the charge of the light fragment. Horizontal 
bars Indicate the uncertainty in the priaary 
charge (before evaporation) of th? light frag
ment. Solid lines are calculations for two 
spheroid*, in contact &-<d are labeled by the 
ratio of axes. The broken line is for spheres. 

(b) Spin of the heavy fragment extracted froa 
the out-of-plane distributions. Calculations 
for rolling and rigid rotation of spheroids a^e 
indicated. 

(c) Sum of the spins of the deep-inelastic 
fragments as determined hy out-of-plane 
a-distributions (closed) and R, (open). 

(XBL £07-3458) 
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THE RISE AND F A U OF THE SPM AUGMENT M UEEP-MELASTIC KACTIONS* 

G. J- Womiifc. R J. McOanMd. A. J. Pachaco.' C- C H h ' 
O. J Mocriatv. t . G. Sobok*. I G. MraMia 

and 
S SMi . * C. 5cHuck.< R. M- Diamond. M. Kbge.* F. 5. S H p h m 

Both the magnitude and alignecnt of trans
ferred angular aoaentua in the reaction ' "Ho 
* 1 6 6 Ho at S.5 NeV/A have been acasured as a 
function of 0-value vfa continuum t-ray multi
plicity and anisotropy techniipes. This sym
metric system was chosen since (1) large amounts 
of angular «o«ntu» can be transferred to frag
ment sp1nt (2) Ho nuclei are good rotors and 
thus eait v-spectra enriched In stretched E2 
transitions, and (3) symmetry In the entrance 
channel allows us to study spin transfer and 
alignment over a broad range of q-values. 

Data are shown in Fig. 1. Throughout the 
quasi-elestic region (-100 HeV < Q < 0 ) , both 
the -pin transfer (circles) and the anisotrogy 
(squares) Increase. The anisotropy peaks before 
t ie spin transfer saturates and then declines to 
net'r wl ty at large Q-values. 

[ ^ 85 MeV '^Ho+ , 6 5 Ho 

2 5 

ao 

-400 -300 -200 -100 0 

Q (MeV) 

10 

Fig. 1 . Fragment spin (circles! deduced from 
^-multiplicity. Ratio of in-plane/iv-ray 
yialds (anisotrow) (squares) for the *eg1on 0.6 
MeV < E- < 1.2 Ke». ' * : 36-1214a) 

He '-'.ernret these data according to the 
eoulltbriwa sut lst ical eodel1 of iferetto and 
jchmttt which postalates a primary afeaolarfza-
tlon BKhanlsm caused by thermal eicttatlon of 
angular-momentum bearing collective modes. Fig
ure 2 shows a solid line (curve 1) for the model 
calculation compii u' to the data. To glee a 
feeling for the Importance of various contribu
tions, the tan* calculation Is show* with no 
corrections for neutron evaporation (curve 2 ) . 
no statistical transitions 'curve 3 ) , ana) no 
prtaary thermal depolarization (curve * ) . » 
coaparison clearly shows that the aost important 
effect Is the thermally-Induced misaltanaent. 
indicating that the decrease of alignment is 
inherent to the deep-Inelastic process I tself . 

7 : 1 1 1 — ~r-. 
6 0 . 3 * U V < E y 

S 
. . / • ^ 

„ « (4) / \ 
3 . V 

• 
? S 

(3) 
2 V^, 

c - 4 0 0 - 3 P J - 2 0 0 -100 0 

£ 0 (MeV) 
Fig. 2. Anisotropy data (circles) for E, > 
0.3 Hev coapared to stages of the model 
calculation. (XBL 806-1193a) 

This gives rise to the following picture of 
angular eoaentuui transfer and spin alignment in 
the deep-inelastic reaction process: in the 
quasi-elastic region, the transferred spin 
increases rapidly with Q-value whereas the ther-
aally Misaligned conponent increases nore slow
ly. Thus, the aligned couponent dominates and 
the transferred angular UDeentiai is nearly per
pendicular to the reaction plane, giving a large 
anisotropy. However, across the deep inelastic 
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region, the transferred spin saturates while the 
theraal components Increase to becoae « ever 
larger fraction of the total angular • m t i a i . 
Thus, the »1 ignaent decreases and the anitotrtay 
pluaaets. 

Footnotes and References 

'Condensed froa Ul-11057, G. J . Vonlak et a l . . 
Phys. Rev. Lett. 45, 1061. (15*0) 

tCcaision Naclonal Oe Energia Atcatca. Argentina 

11nstitute of Atomic Energy, •e i j icg , China. 
{Shanghai Institute ef Nuclear Research, China. 

nC. S. I . S. N., Orsay, France. 

'Hahii-Neltner Institute, •erlln'. Strawy. 

1 . I . «. Horetto and I . P. Schaitt. Hv **» 
C21 204 (1*401. 

AN EXOTATiOd FUNCTION STUDY OF THE CONTMUUM r^MY MULTWUCn V 
MHEAVYh>IIKACTICkWH»0M7TO22ll l»aVfA 

I W. KxtmOm. G. J VttufMfc. D. J. Mil ium 
C C Hau and L. G Morano 

Over the last decade a considerable body of 
knowledge concerning nuclear reaction aechanisas 
In heavy ion collisons has developed.1 HOM-
e»sr, relatively l i t t l e is know about the 
energy dependence • f such •echanisas. 

For boabardtng energies below 10 HeV/A the 
nuaber of v-rays eaitted in heavy fon reactions 
hr- been shown to correlate strongly irith trans
ferred angular aoaentua.' Ve have investigated 
the dependence of the T-ray nj l t lp l ic i ty <NT> 
and of the energy and charge transfer in 
peripheral collisions of "V* * l s l T a fro* 7 
tv 22 HeY/A. 

Table 1 sho»> the -atio of the projuctile 
kinetic energy to the Couloab barrier and the 

aatlaaa angular mtmmtm * „ . available fa t» 
entrance channel for the aeaSardie* energies 
Invest!fated. 

Table 1 

flab «e» *m. 

152 l . » 83 
1*8 2.33 no 333 3.SS l « 
438 S.23 203 

ICOOr 

800 

600 
400 

| 2 0 0 

*JU 0 
* l « 8 0 0 
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400 
200 

0, 

?&te*»Ta 

7.6MeV/A 

!6.7MeV/A 

>2 

- 8 

20 

'0 50 100 150 200 0 100 2 0 0 300 4 0 0 500 

Kinetic energy(MeV) 

Fig. 1 . ' ' i n arbitrary units (soMd lines) and <*-> (dashed 

lines) as a function of the lab energy for the carbon isotopes. 
(XH. 808-1700*) 
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At the higher bombarding energies He see that 
there fs available a very large amount of energy 
and angular Momentum that may be transferred to 
the reaction fragments. In nich a violent col
lision I t aay certainly be possible to achieve 
the Ha l t of excltatfon energy wd angular n»-
aentua at which the target nucleus nay survive. 

The energy spectra of the carbon Isotopes at 
near grazing angles for the four boabarding 
energies are shown in Fig. 1. The lab energy 
Vp corresponding to a final fragment velocity 
equal to the ini t ia l projectile velocity, the 
lab energy Vc corresponding to final fragments 
with the exit channel Couloab energy, and the 
lab energy Vg . corresponding to the ground 
state energy of a reaction leading to a two-body 
final state are indicated. 

As can be observed, the energy spectra *r^ 
typically broad, bell shaped and dominated by 
the quasi-elastic component at all boabarding 
energies for near grazing angles. The differ
entia! cross section has a aaxiaua at near beaa 
velocity and extends down to the Cwloab energy. 

The magnitude and alignaent of transferred 
angular momentum in deep-inelastic (DI) co l l i 
sions provide useful inforaatlon which aids in 
understanding the reaction nechanisa. Angular 
distributions of y-rays, sequential fission 
fragaents, or light charged particles have 
proven to be useful techniques 1n deteralning 
spin and alionaeiit. Thes* all include aeasure-
aent of fragment decay following the priaory 
reaction, and thus require extraction of the 
primary reaction aisalignaent froa secondary 
data. Agreeaent [or lack thr.-eof) aaong these 
Methods is a subject of current concern. 

Using continuua t-ray Multiplicity and ani-
sotropy techniques, we have extracted the frag
ment spin and its alignment fron the reaction 
165 H o • l"Ho at 8.5 HeV/A (Ref. 1). Align-
aent is described by the parameter P M , 
defied as: 

P „ = 5- - 1/2 

where I , is the aligned coapont-t of the spin 
I and <i|> Is i ts aean squared value. Me note 
that fa cannot be measured directly, but oust 
be extracted froa the data via soae Model. He 
uti l ize a statistical equilibrium theory (Ref. 
2) for the case of two equal touching spheres. 

The v-ray ami t ipl ici ty <«L> (aacwrccted 
for particle amission) at each boarding energy 
is also shewn fn Fig. I . <n,> Increases 
through the quasi-elastic region with decreasing 
f r a y at energy (or increasing two-body total 
kinetic energy toss. TML). The aaiiaua <h),> 
value is observed to change l i t t l e wit* bea-
bgralng energy and aoves to higher exit channel 
energies with Increasing projectile kinetic 
energy. 

Further wart Is in progress to understand 
the varying degrees of kaponance of Mass trans
fer and particle amission (both equilibrium and 
non-email imrlum) on the angalar aaaentaa trans
fer as a function of projectile kinetic energy. 

Footnotes ano References 

1. 0. t. Scott. Lnl-7727. 

2. ». aegiaaart, et a l . . Phys. aev. Lett. 41, 
13K (1»7*1 — 

The aodel predicts a distribution function given 
by: 

if I? (I - *I >1Z 

* cx 2°y 2cz 
and 

whe,-e -f is the aoaent of inertia for one of the 
two spheres and T is the nuclear temperature. 
Fa becomes: 

2<I >2 - 2 - 2 • 2o* 
i „ . I x vy z 
rzz = > * - -

ZU\>Z • z\ * =< • o\\ 
where a2 o2 and a2 are the standard devi
ations in tne x, y , and z components of the spin 
I . In extracting an "experimental" P^, we 
adjusted o2 to f i t the anlsotropy data rather 
than using its theoretical value. The aligned 
component <I Z> is calculated under the assump
tion that the spin I (extracted from the y-ray 
multiplicity) is obtained froa: 

<I> = f\ M I x , I y . I z ) dl x dl y dl 2 

A COMPANION OF THE AUQNMEMT PARAMETERP 
FROM GAMMA A»K«>TIW"V *M> tK)UBmALf1U»OMMU&*BKMTS 

A J P K J M O J . ' R J McDonald. G J W o r n * , and L G Uotrtlo 
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Finally, since the information can-led by the 
Y-rays applies to the state of the fragments 
after neutron emission, we have corrected our 
data to expected values prior to neutral enHs-
slon (Ref 3) . In this way we have extracted an 
"experimental" P u from our data (circles) as 
shown in Fig. 1. 

Results .'row the angular distribution of 
sequential fission fragments from the experiment 
U * Kr (Ref. 4) were derived assuring a distr i 
bution in which c* » 0, i .e . , considering only 
fluctuations in a'plane perpendicular to the 
recoil direction (Ref. 4 ) . lie note, here again, 
the »deI dependency of "experimental" • » 
data. Ue have transformed this data, retaining 
the sane o ' /< I z >S into new points to 
include all t h m stomas (triangles). These 
systems hava approximately the saea total miss. 
but the entrance channel mass asymmetry differs 
significantly. In spite of this difference, the 
two sets of data trt very similar and show about 
the same degree of alignment. Also, {.model 
calculation (Ref. 21 for the 1 6 5 Ho • J 6 s Ho 
data (solid lir>») u'.Mg a' " * T Is a reason
able f i t to both rets of data. From this we 
conclude that both reactions are yielding com
parable values for ? a . 

Footnotes and References 

'Permanent address: Comisibn hacional de Ener-
gia Atcmica, Argentina. 

1. G. J. Wozniak et a l . 
1081 (I960). 

Phys. .'ev. Lett. 45, 

2. L. G. Moretto and R. P. Schmitt. Phys. Rev. 
C21, 204 (1980) 
3. S. K. Blau and L. G. MoretiO. 
be published) 

LBL-10926 (to 

-400 -300 -200 -100 0 
Q (MeV) 

Fig. 1. Extracted P_ for W H O • w 5 H o 
(circles) and U * k r l t r f angles) compared to a 
model calculation (solid l ine) . See text for 
details. ( » . 80S-]712) 

4. R. J. Puigh et a l . Phys. Lett. 868, 24 (1979) 
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RELATIVISTIC HEAVY IONS 
I . PrajecMe mi T u c a Fn 

EMISSION OF HrGH-ENERQY GAMMA RAYS FROM ROATMSI IC 
HEAVY-WN COUISIONS 

M. P. Budacukv. S. ?. Ahtan.' G. Tartr" P. 8. P n c " 

There are several possible sources of high-
energy (E > 10 HeV) gamma rays from relativls-
t ic , heavy-ion collisions; wry l i t t l e is known 
about their relative production rates. He are 
particularly interested in the following 
sources: (1) Brensstrahlung: Our calculations 
Indicate thct the amount of bremsstrahlung 
emitted Is a sensitive function of the dynamics 
of the collision. (2) Photons from »* decay; 
This is the main source of photons In the energy 
range of Interest. (3) t(1236) decay: This 
resonance decays via My aoout o.baof the time. 
The resul t i ng photons, peaked around 260 HeV, 
may be visible above the background produced by 
»' decays. 

In the past year we have designed and built 
a gamma-ray detector for use at the Bevalac. A 
preliminary model was tested at the ILL Electron 
Llnac in July 1979, and construction of a 
revised version was compete in April 1980. !See 
Fig. 1.) 

analyzing the signals in S and Ck: in order to 
accept an event we require signals tn these 
detectors that correspond to tae relat lvist lc, 
singly-charged particles. Analysis of the 
shoaer development in the lead-glass blocks 
provides further neutron rejection. Not shown 
are the target, and tan detectors In the beam 
path that form a central-collision trigger. 

In June 1980. we measured earnae-ray spectra 
from collisions of "We on 2<*»b. *>Ar on 

2 0 a > b , and *>Ar on *°Ca. Figure 2 shows 
the distribution of events in the S-Cfc plane for 
one of our runs; me can cleanly separata the 
desired pair-conversion events. When this cut 
is applied to the ram data, a peak Is readily 
apparent at a position that roughly corresponds 
to the energy of the • * decay peak. Further 
analysis, and any conclusions abcut bramsstrah-
lung or a decays, must await the results of a 
later calibration run at the ILL Li nee. 

Photon 

C Ck 
m=== 

AIA2 Lead 
Glass 

Fig. 1. Schematic diagram of gai a-ray detector. 
(XBL 808-1665) 

8y using state-of-the-art phototubes with 
high quantum efficiency and excellent light 
collection, we have achieved good energy 
resolution. The problem of neutron rejection 
was given special consideration in the design. 
A photon from a collision 1 n'.t passes through 
Al and A2, which trt anti-coincidence scinti l
lator paddles to reject charged particles. The 
photon then interacts In converter C, a thin 
lead sheet, to produce an electron-positron 
pair. The electron and positron produce signals 
in S, a scinti l lator, and Ck, a plastic Cerenkov 
detector, and then deposit their energy In 
approximately 13 radiation lengths of lead 
glass. Neutron rejection is provided by 

Two poride everts 

raooof 

<"500' i 

One porhde events 

500 OOO 

Signal in Ck 

Fig. 2. S vs Ck event distribution. Contours 
are drawn at 29? 50- 75a, and 100 of peak. 

(XBL 808-1666) 

Footnote 
*Also at Space Sciences Laboratory. 
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PION PRODUCTION AND CHAMED-MRTICIE MULTWJCITY SELECTION 
M RELATMSTIC NUCLEAR C O U M I O N f 

K. L. Wall.' H. H. Gutbrod. W. G. Mem. A. M. Poakannr. A. Sandoval. 
R. Stock. J. Gotten.> C. H. King. G. Kins. Nguyen Van San.' and G. 0. WwriaB 

Spectrum of positive pions with energies of 
15- 95JJeV were measured for high energy proton, 

Sf-6e range telescope was used to identify 
charged pions by dE/dx and stopped i * were 
tagged with the subsequent anon t£cay. In a l l , 
results for fourteen target-projectile 
combinations ere presented to stu</ the depen
dence of pfon emission patterns on the bombard-
ing energy (fro* 240 HeV/nucleon to 2.1 GeV/ 
hue1 eon I and on the target and the projectile 
masses. In addition, associated charged-
partlcle multiplicities were ensured in an 
80-paddle array of plastic scintil lators, and 
used to Mke impact parameter restrictions on 
the plon-lncluslve data. 

Broad structures occur in the »* spectra 
for 2°Ne- and 4 0 Ar- induced reactions at the 
highest bombarding energies. Examples in Fig. 1 
are of contours of constant cross section (1/p) 
d'o/d/dE as a function of perpendicular pion 
momentum and rapidity v for 1.0S and 2.1 
GeV/nucleon 2 0 Ne + J 3 8 i ) . selected on high 
charged-particle multiplicity, i . e . , central and 
near-central collisions. Many features of the 
7* emission patterns can be explained in terms 
of the decay of Isobars produced in nucleon-
nucleon collisions, along with Coulomb repulsion 
from the spectator and participant matter. The 
results of more quantitative cross section com
parisons of light projectile (p,a) with heavy-
ion •* production are explained In terms of 
isobar-nucleon interactions In excited nuclear 
matter. 

Footnotes 

•Work performed under the auspices of the Office 
of Basic Energy Sciences, Division of Nuclear 
Physics, U.S. Department of Energy and by the 
Bundesnrinsterium fur Forschung and Technologfe, 
West Germany. 

* Present address: Argonne National Laboratory, 
Argonne, m i n d ' s 60439. 
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0 6§s -
Fig. 1 . (XBL 808-113301 

(Present address: DPhN/ME, CEH Sacliy, 91190 
Gif-sur-Yvette, France. 

5 Present address: ISN, 38044 Grenoble, France. 
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PROTON TUNGSTEN REACTIONS AT 4 0 0 G«V* 

J. Cinchaza. • J . Cohan.' A. Marin.' T. VHky.' E. FriarXanrJer. A. J. Han . ' 
B. Jakobsson.t B. Lindkviat.l I. Ottariund.i E. Sianlund.l and B. Andarssonl 

We present results from studies of p-H 
reactions In thin tungsten wires embedded in 
evulsion by Means of a new ae^hod for Intro
ducing well-defined targets Into nuclear 
evulsions. The wires. Mounted on a square 
frame, were Introduced In the Median plane 
between one 300 um nuclear K5 emulsion pellicle 
and one 300 u» emulsion on »Jass by laminating 
the two emulsions using a laalnatlon solution 
consisting of a Mixture of ethyl alcohol and 
water (Fig. 1) . The evulsions were irradiited 
with 400 GeV protons at FHAL. The beaM was 
parallel to t>"e emulsion surface and perpen
dicular to the wires. In all we have studied 
470 p-W events. The results show that: 

(J.t.ttJt. 

Fig. 1. Geometry of the wire-loaded emulsion 
plate. (XBL 808-10919) 

1) The mean multiplicities of black, grey 
and shower track particles in p-W reactions are 
<Nb> = 11.5 ± 0.4, <Ma> = 5.2+ 0.2, <ns> 
20.0 ± 0.6. 
2) The scaleo multiplicity distribution in 

p-W reactions deviates from that observed in p-p 
reactions. 

3) The mean number of grey prong particles 
oiling protons) is proportional to A*'3. 

-
—r- ,,.. , . —I 1 1 

-
K 

s. * 
• 
•a-v uaitv 

_ L _ • ' 
• a - U U e i t V -

1 - ! _ , ! _ 

[recoiling protons 

v (K a l .<v>> 

Fig. 2. Mean pion Multiplicity vs. number of 
encounters Tin.) for emulsion and H nuclei, 
and <v>, the calculated number of effective 
target nucleons. (XBL 808-10917) 

4) The mean nuMber of evaporated particles 
(black particles) for a given number of recoil
ing protons is A-dependent-

' ) The «„ distribution provides strong 
evidence that H„ Is a measure of the number of 
collisions inside the nucleus. 

•5) The relationship between <ns> and <Hn> 
is A <fcpti--tont. 

7) The pion production mainly depends on the 
longitudinal thickness of nuclear matter ( i . e . , 
the number of encounters, v) and not on the 
target mass itself (Fig. 2) . 

Footnotes 

•Condensed from Nuclear Physics B, JJ58, 280, 19'9. 

tCentral Institute for Physics, Bucharest, 
Rouman ia 

tCERN, Geneva, Switzerland 

fjNOBDITA, Copenhagen, Denmark 

it University of Lund, Lund, Sweden 
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LOW-ENEMY HON PHOOUCTON WITH M O NtaWN M N « * 

J. Ch*» , ' K. Nakal. > I. Tariheta.' S. Nagamiya. H. Bowman. J. fngaraoa. and J . O. Raunuaaan 

Doubly differential cross sections for 
production of positive plons (20 HeV< l * ; * * 
100 MeV) In bonbardaent of t0Ht on HaF, Cu and 
Pb targets at 800 MeV/H have been measured with 
a range telescope. (See F1g. 1.) The results 
showed that the angular distribution of 1ox-
energy pions in the nucleon-nucleon center of 

•ass ! « • • • i SO MeV) isotropic, even 90* 
peaking at - 15 NeV c.ai. The interacdlate-energy 
plons (SO < !« • • •< 300 NeV) were forward and 
backward peeked, reflecting the Individual 
nucleoR-nicleon process In the Isobar aodel of 
production. 

Fig. 1. Doubly differential cross sections for positive pion production 
with the BOO HeV/N 3>Ne beaai on (a) HaF, (b) Cu, and .c) Pb targets, 
respectively. The errors are only statistical ones. (XBL 7812-14102) 

Footnotes and Reference 

•Condensed fron LBL-8699 and Ref. 1. 

tDepartment of Physics, University of Tokyo, 
Tokyo, Japan 

{Laboratory for Nuclear Studies, Osaka University, 
Osaka, Japan 

1. J . Chlba, K. Kakal, I . TaMhata. S. Nagwlja. 
H. Bcwaan, J . Ingersoll, and J . 0. Rasaussen, 
Phys. Rev. C, 20 ( * ) , pp. 1332-1339 (October 1979). 
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LOW-ENERGY PfON PBOOUCTKJN AT ZEJW OEGflEES M MJCUUS-NUCLEUS COLUSKMtS* 

J. A. BisbtKcn. H. R. Bowman. K. M. Crow*. K_ A. Fractal. O. Haahitnoto.' J . G. Ingtraoa. 
J. J»n»n. M Kofea.' C. J. Marlotl. J. Miller.« O. L Murphy. J. Fm>. 1 J. O. tanan 

J. P. Sullivan. W. A. Zajc. W. Banamon.l G. M. Cre*rlev.l E. Kaehy.l J . A. Nolan. Jr.,1 J. Quaban.1 
M. Sasao." and T. Ward " 

As part of a study of lew energy charged 
pion production In collisions of nuclei with 
energies around the free micleon pfon production 
threshold (290 MeV per nucleon boabardtns 
energy), a large ratio of Inclusive •" to • * 
cross sections has been observed for plons with 
the velocity near that of the Incident projec
ti le ( I . e . , 60 MeV pions for a 400 MeV per 
nucleon beam). Isospin syaaetry suggests that 
that the «" and « + ratio should be unity for 
isospin-syanetric nuclei. However, Couleab 
interactions between pions and fragments of the 
projectile result in a large excess of negative 
pions with velocities near that of the projec
t i l e . ! • * 

Data from an early version of the 180 degree 
magnetic spectrometer used to collect the data 

are shown in Fig. 1 , which plots invariant cross 
section versus pion kinetic energy in the lab 
for various neon bead energies incident on KaF, 
Cu, and II targets. Ha iaproved version of this 
spectrometer, which used two a i l tl-wire propor
tional counters (MHPC's) inside the aagnet, was 
used to expand, verify and faprove the original 
set of data. The peak In the Inclusive «" 
cross section has now been observed for neon 
beaa energies from 140 NeV/nucleon, which is 
well below the free nucleon plon production 
threshold, up to 670 NeV/nucleon. The peak has 
also been observed with a 557 HeV/nucleon Argon 
beaa. The peak in the •" cross section is, in 
general, sharpest for heavier beans and lighter 
targets, which strongly suggests that I t is 
associated with spectator fragaents. 
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Footnotes and References 

•Partially condensed fro» Phys. Rev. Lett. 43, 
683 (1979). with effective in-target beta ener- i 
gles corrected from 125 to 80 MeV per nucleon, 
150 to 110, 200 to 164, 250 to 219, and 400 to 
383. cf. Errata, Phys. Rev. Lett. 44, 54 (1980). 
(Institute for Nuclear Study, Tanashl, Tokyo, 
Japan, and L8L. 

fsept. of Physics, Boston University, Boston, HA 
02215. 

§Institute de Physique Nucleaire, Orsay, France. 

Doubly differential cross sections for pro
duction of pions with 400-MeV/N ^Ne on C, 
NaF, Cu and Pb have been measured for a range of 
20 MeV < T>-AB < 100 HeV and 30' < i t ™ < 150". 

n • 
The results are compared with previous data with 
800-MeV/N 2°Ne j s e e F 1 g . j ) . T h e broad 
maximum at o0-1"- = 90" in the center-of-aass 

i 
angular distribution of low-energy pions 
observed at 800 MeV/N 1s not seen at the present 
energy. Neither was such a nximin at the 
central-rapidity region observed in (p • 
nucleus) reactions at E„ - 730 HeV. The 90' 
maximum seems to be a phenomenon specific to 
nucleus-nucleus collisions around 1 GeV/N, where 
the multiplicity of 6 formation is high and 
multiple-A interactions could influence the pion 
production. See also Wolf et a l . z 

Recently, the existence of deeply bound a-a 
(dibaryon) states has been shown theoretically 4 

and experimentally. I f such multiple-a bound 
states were formed, the energies of pions from 
their decay should be lower than those from 
single-A decay and this could help explain the 
low energy central bump at 90* cm. 
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•Condensed from LBL-8699 and Ref. 1. 

iiCyclotron Laboratory and Physics Dept., Michi
gan state University, East Lansing. Ml 48824. 

iCentre d'Etudes Nucleaires de Bordeaux I , France. 

"Physics Dept., Osaka University, Toyonaka. 
Osaka, Japan, and LBL. 

ttlndiana University Cyclotron Facility, Blooa-
ington. IN 47401. 

1. G. Bertsch, nature 283 (1980) 280. 

2. M. Gyulassy and S. X. Kauffaann, Lawrence 
Berkeley Laboratory Report LBL-10279 (1980). 

'Department of Physics, University of Torvo, 
Tokyo, Japan 

tLaboratory for Nuclear Studies, Osaka Univer
sity, Toyonaka, Japan 

1. K. Kakai. J . Chiba, I . Tanihata. H. Sasao, 
H. Bowman, S. Nagaalya, and J . 0. Rasaussen, 
Phys. Rev. C, 20 (6) pp 2210-2218 (1979). 

2. K. L. Wolf. H. H. Gutbrod, V. 6. Meyer, A. 
H. Poskanzer, A. Sandoval, R- Stock, J . Cossett. 
C. H. King, G. King, Nguyen Van Sen, and G. D. 
Hestfall, Phys. Rev. Lett. 22, 1448 (1979). 

3. D. R. F. Cochran, P. N. Dean, P. A. M. Graa, 
E. A. Knapp, E. R. Martin, D. E. Nagle, P. B. 
Perkins, w. J . Schlaer, H. A. Thlessen, and E. 
D. Therlot, Phys. Rev. D. 6, 3085 (1972). 

4. T. Kaaae and T. Fujita, Phys. Rev. Lett. 38, 
471 (1977). — 

5. T. Kaaae, I . Arai, T. Fu j i i , H. Ikeda. N. 
Kajiura, S. Kawabata, K. Nakaaura, I . Ogawa, T. 
Takada, and T. Watase, Phys. Rev. Lett. 38, 468 
(1977). — 

LOW-ENERGY PION PRODUCTION M HIGH-ENERGY NUCLEUS-NUCLEUS COLLISIONS' 

K. Nakai. < J. Chiba.' I. Tanihau.' M. Sasao,' H. Bowman. S. Nsoamiva. and J. O. Rasmussan 
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F1g. 1 . Contour plots of Lorentz-invariant cross sections fn p {trans
verse mnentua) and y (rapidity) plane for (a) p + p at 730 HeV3, (b) 
20He + NaF at 400 MeV/N, (c) ^He + NaF at 800 MeV/M, (d) p • Pb at 
730 MeV 3 , ( e ) 2 < * e • Pb a t 400 HeY/N, ( f ) ^Ht * Pb a t 800 MeY/H. 
The nunbers written along contour lines are the Lorentz-invariant cross 
sections In units of nb sr ' 1 CeV~zc. The dots Indicate observed 
points. 
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CALCULATION OF MUON FMALSTATEPMOBAMUTMES 
AFTER MUON-MDUCEO FISSION* 

Z. Y. Ma,* X. Z. Wu,t G- S- Zhang.* V. C. Cho.' 
Y. S. Wang. 1 J . H. Chiou,' S. T. San." F. C. Yang.* and J. O. 

Following some muon-1nduced f ission 
processes, the u" survives in f ina l states 
bound to one of the f ission fragments. Because 
the u~ l i fet ime depends Inversely on the MSS 
of the binding nucleus, I t 1s possible to 
determine the probability of u" being bound to 
the heavy fragment, the l igh t fragment, or 
ejected into the continuum. 

The f inal -state probabil i t ies for the muon 
are associated with f ission dynamics. I f the 
motion of the nuclear system past the saddle 
point Is In f in i te l y slow, that I s , by very 
viscous flow, the muon would always stay at the 
lowest energy level up to the scission point. 
Past the scission point the nuclear system is 
accelerated by the Coulomb force Modified by the 
nuclear force and shape distort ion at f i r s t , and 
the muon can be excited to the higher orbi tal 
and have a non-vanishing probability of ending 
up bound to the l i gh t fragment. On the other 
hand, i f the motion of the nuclear system is not 
slow from saddle point to scission, that I s , the 
motion is not so viscous, there should be 
already some fraction of muon excited-state 
population, even before scission. Thus, for 
non-viscous flow the greater percentage of won 
binding to the l igh t fragment should be obtained. 

Me f e l t i t worthwhile to make new theoret
ical calculat ions 1 , going beyond Ref. 2 in 
that we would examine extended charge 
distr ibutions as well as point charges, study 
alternative forms of variational wave functions, 
and run a few cases with di f ferent conditions 
for f ission asymmetry and nuclear viscosity form 
saddle to scission. 

We use the method of perturbed stationary 
states (PSS) for the problem of the u" in the 
f i e ld of moving nuclear charges. We neglect the 
muon mass compared to the nuclear masses; that 
i s , the separation motion of the nuclear centers 
is assumed not to be influenced by the muon 
motion. 

In our two-state case we get two coupled 
time-dependent Schrodinger equations 

Using the modified Euler method we have 
Integrated these equations on the NOVA 840 com
puter of the Atomic Energy Research Inst i tu te in 
Bei j ing. 

To match the f inal f ission kinetic energy of 
170 NeV wc choose the scission point of 17.6 fm 
as the start ing distance. As for the excita
t ion probabil i ty during the penetration of the 
f ission barr ier , we investigated two cases. 

>aui 2 - 0 and >aui 2 t 0. For the la t te r 
case we assumed that from the saddle point to 
the scission point the separation speed of the 
two parts of the f issioning nucleus Is uniform 
with {a} v * 10 9 cm/s or (b) v - 3 x 10 s 

cm/s. At the scission point of 18 fm the 
excitation probabil i ty i s about 0.0015 for case 
(a), 0.00017 for case (b) and the kinet ic energy 
at 18 fm Is - 29.8 MeV for the former, -
2.68 HeV for the la t te r . The influence on the 
f inal excitation probabil i ty for case (b) can be 
neglected. 

Fig. 1 shows the f inal excitation probabil
i t y is - 0.06 for the case with ' a u

 ? = 0, 
E 0 * 1 BeV at 17.6 fm and - 0.08 for the 
case with a u i 2 = 0.0015, E 0 = 29.8 MeV at 
18 fm. These results *re close to the experi
mental estimate-

He wish to represent our foregoing calcula
tions in a simple functional dependence on 
fission-charge asymmetry. Thus, for uranium 
(2, = 92) we have tested and found to be 
accurate the following expression: 

PuU) - {l * exp[-b(Z2 - (92 - Z) 2 }])- 1 

- { l + exp[b'(46 - Z ) j J _ 1 (2} 

S u ( t ) - - a g ( t ) < * u ( t ) | ^ | * g ( t )> 

""U / t [ v t , > - v t , , ] d t ' 
I o ' 

tyO = - a u ( t ) < * g ( t ) l i t ' ^ ( t ) > 

e x p l l / ' [ E g U ' J - y t ' ) ] " ' 

(la) 

(lb) 

The weighted sum over the f ission y ie ld 
curve is so nearly equal to the result for Zj_ 
= 40, ZH = 52 that we may use Z L = 40, Z H 

= 52 calculations to be representative of the 
f u l l folded d is t r ibut ion. 

I t is satisfying to see that these simple 
calculations are In qual i tat ive agreement with 
the experimental result of - 0.08 fractional 
attachment 3 to the l i gh t fragment and 0.92 to 
the heavy. 
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Fi^. I. Probability curves for more realistic viscous descent 
from saddle to scission point for fissioning system. 

(XBL 799-7UZ) 
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P10N PRODUCTION WITH HEAVY IONS* 

Rubtn H. Landau' and John C Rssmussen 

This paper1 gives an inform 1 review of 
pion production by heavy ions under the follow
ing headings: Introduction, Experimental Over
view, Multiplicities. Single-particle Spectra, 
Cascade Calculations and Pion Interferoaetry in 
Relativist ic Heavy-ton Coll isions. 

The promise and complexities of pions as 
probes of heavy ion co l l i s ion dynamics are 
discussed for th is new and developing f ie ld. 

Footnotes anf Reference 

•Condensed frov Ref. 1. 

•Oregon State University, Corral l i s , Oregon. 

1. R. H. Landau and J. 0. Rasaussen, CoMents 
Nucl. Part. Phys. 9, pp. 1-14 (1979). 
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EVBEMCE FOB NONTHEHUL HON HtODUCTION M THE 
CENTUM. MTEIIACTIONS Of Ar ON KCI AT 1.« OmV/A 

R. E. RanhMt. ' J . W. H O T * . - J. f>. fcamnman. J- V F i i | i . H- »«mh. 
L. J RoMnbva. A SandtoraVLS. "khraadar.R Sloe*' a r t * . . I , Won 1 

The pions have In the participant-spectator 
models fn contrast to other reaction products an 
unambiguous origin, namely the participants. 
The ruction dynamics are sensitive to the 
number of energies of the produced plons. which 
can significantly reduce the total available 
energy. I t Is necessary for Models predicting 
single particle inclusive nucleon spectra to 
describe the pion production correctly. In die 
fireball-l ike models they arise fron themal 
production and the decay of isobars in thermal 
and chemical equilibrium with t - ' s . nucleons 
and nuclear frag*. :..*, giving an isotropic and 
thermal distribution in the center of mass for 
equa1 projectile and target mass systems. 

As part of our streamer chancer study of the 
energy dependence of nultipion production,' we 
have measured and reconstructed »"s produced 

In Fig. 2 the total energy flux in the c.a. 
system going into r~ production is shown. The 
rather linear relationship with the i~ multi
plicity can be reproduced by assuming an average 
kinetic energy of 140 HeV per •" in the cm. 

in the central Interactions of Ar on «C1 at 1.8 
Se»/». 

Preliminary results of the reconstruction of 
MOO I T ' S show • nonlsotroplc distribution 
with forward-backward peaking in the c m . frame, 
possibly a it—ant of the 4(3.3) decay pattern 
(Fig. 1) . The cross section In the forward-
backward cone Is 39* higher than around 90* in 
the cm- In order to extract a temperature of 
the region, where the • " $ are produced, a 
thermal distribution <£ • ejpf-E/Tl) has been 
fitted to the data, separate), for »"s 
enitted in a forward-backward cone and a cone 
» s J 90*. The result Is: Ts 92 HeV summed 
over al l emission angles. Ts 94 Mef for the 
forward-backward cone and Ts N Re* for 90* 
emission. The assumed thermal distribution f i ts 
the data quite well. 

frame. Further calculation? will show whether 
this is compatible with an independent particle 
model or whether coherent processes in the 
highly pressurized ascter must be assumed. 

2 -

Q ^ 

- | . | l | I | l f-

1.8 GeV/A •*°Ar-»*- K CJ -**ir~ 
Central trigger 

JL _J 

Fig. 1. Rapi-iity plot of •* produced in 2600 central interactions or 
Ar on KC1 at 1.8 GeV/A. (XBL 808-1713) 
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Fig. 2. . - -ailtiplicity vs. total center-of-
mass energy gofng Into -~ 's . The lower line 
corresponds to zero kinetic energy, the upper 
line to 187 MeV/i- In the c.a.-fraae. 

(XM. 808-1714) 

ENERGY OEPENDBKE OF MULiTFtON PnOOUCTlOfi 
IN HK3H-ENBM3Y K.iCUIItVNUClEUS COUJCMNS 

R. Stock." A. Samtoval.* R. E. Ranfordt." H. E. Staltar.* J . W. Harm. J. P. Branngan 
J. V. Gaaga. L. J. Roaanberg. L s. Schraadar. and K. L Wolf* 

There Is considerable Interest in studying 
plon production and its energy detsndence in A-A 
collisions. For exaaple, pion tul t ipl ic l ty 
distributions provide essential intonation to 
test and constrain thenaal and cascade aodel 
calculations. Recent hydrodynaaic awlels 
predict an Increase in the pion yield at the 
onset of phase transition in the dense Inter
action region.1 

Using the LBL streaaer chaaber faci l i ty , *e 
have systematically studied >" production and 
accompanying nuclear disintegration in the 
Interaction of *°Ar and KC1 for bo-barding 
energies from 0.4-1.8 GeV/A. Data Here taken in 
both the Inelastic and a central trigger •odes-

Figure 1 shows a contour plot of the reac
tion cross section as a function of the •" 
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aultiplictty In, - ) end the total aaltlpliciSy 
'" tat ' f o r * * i"«l«stfc trtgaer a»de at l . t 
GeV/A. The reaction products ere ceaflMd to a 
saocth distribution alonf * ridfe with M 
discernible signature of aaaMlaus plan aralar-
tlon. For high aultipllctt les, the interaction 
approaches the total disintegration I M t cor
respond! no to the aaxlava nuabfr of observable 
charges- These features trt also observed for 
lower bonbarding energies. 

The excitation function for the central 
trigger Is shown in Fig. 2. The M »' 
aultipliclty Increases linearly once the tm-
carding energy is reasonably above (Ion •redac
tion threshold. No narked discontinuities are 

- 1 1 1 1 i • i T - T — r - i i 
In " (0) ~_ 
12 -
10 _ 

l>~Sa ~ > 8 

/)/// 
b //w <s\^ / S S^M 

- *s^^s^_s ^ / J ( \ —1 
2 wm£? i 

•̂ Complain -
fosMagranon -
• i i i 

Fig. 1. Topology of reaction products for Ar 
and KC1 in the Inelastic trigger node at 1.8 
GeV/A. Solid lines are contours of constant 
cross section lab). Dash-dotted line corres
ponds to the <nT-> as a function of the total 
aultlpliclty- UBL 804-703A) 

• h u m * la this arpaadence. Theiaal B M V I S ere 
found t» owrpredtct tke ebsenee pion yields by 
about a facter af t. 

E L o b (6eW/A) 
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Fig. 2. Center of BOSS energy dependence of the 
oeen i" aultiplicity for central collisions. 

OOU 804-701) 
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INCLUSIVE KAON PHOOUCTION Hi MGH-ENEHGY NUCLEAR COLLISIONS* 

S. Schnauar. G. Shapiro, H. Staimr. I. Tarihata.* 
M. C. Umaire.' R. Lombard. • E. Moaiar.l and S. Nagamiva 

Inclusive K* production coss sections 
have been Measured at angles f ro* 15' to 80" In 
col l is ions of p (3.1 GeV/nucieon) + (HaF and 
Pb), d [2.1 GeV/nucleon) * (MaF and Pb), and Ke 
12.1 GeV/nucleon) + tC, HaF KC1. CM. and W>). 

The motivation of the experiment case from 
the fact th?c the K* meson has a re lat ively 
swall cross section for scattering on nucleons 
(about 10 nb), and that i t is very s l igh t ly 
absorbed by nucleons because of i t s • strange
ness. Therefore, we expect the observed kao>: 
spectra to ref lect more direct ly the i n i t i a l 
stage of *.he interaction, whereas the pi-meson 
production ref lects both i n i t i a l and f ina l 
stages. 

He usel a ragne^c spectrometer. I t MIS 
triggered by a Pb glass Cerenfcov counter behind 
the spectrometer in which the Cerekov l igh t was 
produced by the auon from K* decay. Since the 
y ie ld of K* was about 10"^ of those of pro
tons and pions. a lucite Cereknov counter was 
installed to veto jJorts. In addit ion, an 
on-line computer cut (we cal l i t the HBD cut l 
was applied to reduce proton events from the 
main tr igger. 

A typical example of the spectrum is shown 
in Fig. 1 where invariant cross sections, 
(Up2) (d z?/d.Mp), are plotted as a function 
of laboratory momentum. Using such data we 
studied the target-mass dependence of the y i e l d . 
At forward angles the y ie ld is roughly propor
tional to A^ t where AT is the target mass 
and a =: 0.8. Whereas at large angles a was -
1.2. 

The main concern is whether or not the K+ 

production is enhanced from what i s normally 
expected. Here the word "normal" means the 
production cross sections calculated from non-
exotic theories with reasonably convincing 
assumptions. A calculation by Rcidrup and 
Ko, 1 which is one such theory, predicts within 
a factor of 2-3 the forward y ie lds, while the 
data at large angles (80*) are signi f icant ly 
smaller than th is calculat ion. Randrup2 

recently modified his calculation by allowing 
the kaon to be scattered once ( for He + NaF 
system) before detection. This modified 
calculation predicts reasonably well the slopes 
of the data. The absolute y ie lds , howv^cr, are 
under predicted by a factor of - 2. Likewise 
a thermal model * predicts well the slopes but 
gives too much y ie ld by a factor of - 40. 

lOOtr 

{ 1 ^ 

- 1 i 1 1 1 i 

Ne + NaF - K"1 + X : 
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.A , , • • O •15 ' -.A , , • • O 
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STRANGE PARTICLE HWOUCTION M CteaTML COUJSMNS 
Of Ar ON KCIat 1.» OmV/A 

A. SandovJ.- J. P. fcmnifn. A. Dae*.' J. O I I I J , J. W. Henia.-
H. G. Pugh. R. E. fhnhadl. > L S. Schreedor. R. Stock.- H. H i * * ' and K. 

The threshold for strange particle produc-
tlon ( A . 2 , K) lies below the 1.8 Se»/A bomkard-
ing energy i t which we tuve studied the centre! 
collisions of Ar on KCI. The study of the 
strange particle production is a unique probe of 
the high-energy nucleus-nucleus interactions. 
The high production threshold due to associated 
production ( A * K) and 1 2 • K) leads, at teniae 
energies, to their production apst probably only 
in the f i rst stage of the collision, before a 
large energy degradation has set in. In con
trast to pions and isobars, they cannot be 
reabsorbed, due to strangeness conservation, 
•eking them a more primordial probe. Their 
production free NN interactions Involves the 
strage quark-antiquarfc production from the 
vac-aim. I t is conceivable that this vertex is 
modified in a high-density high-temperature 
nuclear Medium, making i t very Interesting to 
compare their production cross sections in 
different systems. 

In our strxuer chamber study of central 
collision!, of equal mass systems, we are sensi
tive to the charged decay of neutral Strang 
particle; K -— . * . - , A p." as well as to 
T conversions, T—e*e" , all of which pro
duce secondary vertices tvees) in the fiducial 
volume. In order to study the strange particle 
production with relativistlc heavy ions, a 
special scan of the central collision run of 
*°Ar on KCI at 1.8 GeV/A M S done to Identify 
all the vees. The tracks were measured and 
reconstructed In three views; using the TV6P 
program, momentum vectors were obtained which 
were used to do a 3-constraint f i t to the decay 
kinematics In order to identify the decaying 
particles. In the majority of the cases there 
was only one possible mass assignment that gave 
a smillX ». He found that 73%of the vees 
were gammas which converted mostly on the high-2 
material of the central electrode; 4%were 
identified as kaons and 23%asAs. In Fig. 1 
the resul t i ng Invariant masses of the strange 
particle decays are shown for the assumption 
that the vee Corresponds to a p»" or a 
•*»" pair. The arrows show the lines along 
which the A s and K*s should l i e . For the events 
corresponding to aAmass, the momenta obtained 
are shown In Fig. 2 as a scatter plot in the 
center of mass p vs p plane. Surprisingly the 
As l ie outside the region of maximum momentum in 
the h • u—N • A • K reaction, which corres-

IX) 1.2 1.4 1.6 
"V- (GeV) 

Fig. 1. Scatter plot of the reconstructed 
invariant masses of the charged decay of neutral 
strange particles produced in the central 
collisions of *°»* + KCI at 1.8 GeV/A 
bombarding energy. For each event invariant 
masses are obtained assuming i t is a pi* (A) 
or a »*»"(K") pair. The labeled arrows 
correspond to the lines along whichAs and K*s 
would l i e . Identified TS and events that con
verted In the central wire mesh are excluded. 

{Ml 804-753) 

ponds to a circle with p - 300 NeV/c radius 
around the cm. Effects of ferml-motion might 
boost them out by 200 HeV/c more but not enougii 
to explain the high cm. momenta we observe. 
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Fig. 2 Center of mass p„ vs Pi scatter plot of 
theAs produced in the central collisions of 
'0*r on KC1 at 1.8 GeV/A. (XN. 804-754) 

NEUTRON EMISSION m W1ATIVISTIC NUCLEAR COLLISIONS* 

J. D. Stavanaont 

Charged particle ealsslon In relatlvlstlc 
heavy Ion collisions has been extensively 
studied in the last few years. Measurements of 
neutron emission have, however, only recently 
been made.1 These measurements show that 
neutron and proton energy spectra for - 400 
MeV/nucleon 2°He + l) are substantially 
dffferent 1 . The neutron to proton ratio, R, 

d2c(p) 
K ajar-

decreases with increasing fragment energy. I t 
varies fro* R X 4 at 20 He» to R = 0.3 at 600 
MeV at all laboratory angles. 

Recently I presented a cascade model of 
relativistic heavy ion collisions that accounts 
successfully for charged particle measure
ments.* I have found that tills sate model 
accounts for the fragment energy dependence of 
R. My model, which is parameter-free, assumes 
that the heavy ion collision proceeds in two 
steps. 2 First there is a cascade treated as a 
succession of free nucleon-nucleon elastic scat
terings. Then in the final state some of the 
scattered nucleons coalesce to form light 
nuclei. This second stage uses the coalescence 
model3 of Gutbrod et a l . Using the coales
cence model the proton and neutron spectra can 

be corrected to the time before coalescence took 
place. The precoalescence neutron spectrum is 
given by 

The sum is over all isotopes, but only H and He 
Isotopes contribute significantly. I t is 
important to note that Eq. 2 involves experi
mentally determined quantities only, no para
meters. Using Eq. 2 and an analogous equation 
for protons i t Is possible to calculate the ' 
neutron to proton ratio before coalescence takes 
place. R". Figure 1 compares the experimentally 
determined values of R' with those calculated 
from my cascade model. My cascade reproduces 
fairly well the fragment energy dependence of R'. 

Much of the predicted energy dependence of 
R' is due to the -15% lower beam energy of the 
neutron measurement. However, my cascade 
predicts that I f both measurement* were at 
exactly E b „ . * 400 HeV/nucleon R' would fall 
from R' = ITS at 300 MeV to R' * 1.2 at 400 
HeY. This Is due to Incomplete equilibration of 
the projectile-target system. Thus refined 
measurements of the neutron to proton ratio R' 
may provide a sensitive test of equilibration in 
heavy ion collisions. 
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Fig. 1. Neutron to proton ratio before coales
cence, R', versus energy. Triangles are based 
on proton data of Ref. 4. Squares an based on 
proton data af Ref. 5. The solid line is 
calculated from the cascade model discussed In 
the text. (XBL 807-1682) 

MEAN FREE PATH OF PROTONS MSHJE THE NUCLEUS AT E, = 8 0 0 MeV 
DETERMINED FROM TWO-PROTON CORRELATIONS N DA COLLISIONS* 

I. Tanihata.' S. Naoamiva. S. Schnatzar. and H. Stainer 

Inclusive proton spectra and two-proton 
correlations have been measured in collisions of 
800 MeV protons on C, NaF, KC1. Cu, and Pb 
targets. A magnetic spectrometer was used to 
measure the inclusive spectra at laboratory 
angles from 10* to 60* for proton momenta 
between 0.5 and 2.0 GeV/C. Mien the spectro
meter was set at e = 40*, two-proton coinci
dences were measured with one proton detected by 
the spectrometer and the other proton detected 
by one of two plastic counter telescopes placed 
at (e. t) = (40*. 180*) and (40*. 90*), where 
the spectrometer was located at i = 0". 

In inclusive proton spectra, strong peaks 
associated with pp or pn quasi-elastic 
scatterings (QES) were observed at small angles 

(15* and 30°), whereas at large angles (40* and 
60*) no structures were seen In the momentum 
spectra. In two-proton coincidences, a peak due 
to pp QES clearly appeared in the proton 
•omentum spectrum at 40* when the other proton 
was detected with the telescope at i - 180* 
(in-plane two-proton coincidence); however, no 
structures were s t i l l seen in the spectrum when 
the coincidence was taken with the 6 = 90* 
telescope (out-of-plane coincidence). 

Figure 1 shows the target-mass dependences 
of the yields at the peak regions of QEJ. 
Inclusive yields, shown at the top, increase 
monotonically as a function of the target mass, 
while the in-plane coincidence yields, shown at 
the bottom, have a maximum value at the target 
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•a-is around 40-50. As we increase the target 
•ass. the probability of having pp QES 
Increases, but at the sane tine, the probability 
of rescatterings after the pp QES also 
increases. In the present •etsureaents the 
spectrometer and the In-plane telescope covered 
very Halted klrvenatical regions, such that, i f 
either proton from pp OES was ^scattered Inside 
the target nucleus, i t would not be detected. 
The probability of detecting In-plane coinci
dence could, therefore, be lower for heavter-
•ass targets, due to such rescatterlng effects. 

By parameterizing the rescattering effect 
before and after the pp QES by the wean free 
path », we fitted the observed target aass 
dependence. When we take » - 2.4 ± O.S fa for 
protons at 800 HeV, then the data are very well 
reproduced, as seen In the figure. This value 
is about 1.6 tines larger than the value 
expected froa the free nucleon-nucle=n 
collisions. 

Footnotes 

•Abstract submitted to International Nucl. 
Physics Conference, Berkeley. 1980. 

tOn leave froa) INS, University of Tokyo, 
Tanashl-shl, Tokyo, Japan. 

10 100 
Target mass 

Fig, 1. Target-mass dependence of the single-
proton QES cross section (a) and the two-proton 
QES cross section (b). Best ?its are obtained 
for the mean free path x = 2.4 f« . 
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THE CORRELATION OF TWO PHOTONS AT SMALL NELATIVE MOMENTA 
FROM COLLISIONS OF 40Ar ANP KCI AT 1 .S GaV/A 

J. B. CmaH.' K. Ganezar.' G. lop.* Y. Miake, T. A. Mutera. J. OotNM,' A. L Sagle. 
V. Parez-Mandai.I.Tanihala. O. Woodard.' and F. ZatbaUah 

We have Measured the correlation between two 
protons that are emitted at snail relative 
•omenta from collisions of 1.8 GeV/nucleon 
4 0 Ar projectiles on a KCI target. Me mere 
motivated in part by the theoretical work of S. 
Koonln1 who suggested that the correlation 
function Is sensitive to the spatial (r ) and 
temporal ( T ) extent of the Interaction region in 
relativistlc heavy ion collisions. Our imme
diate goal i t to experimentally test the feasi
bi l i ty of using the correlation function as a 
technique for measuring sizes and lifetimes. He 
then wish to employ this technique in conjunc
tion with a high multiplicity trigger to measure 
the size and lifetime of the compound system or 
"f ireball" 2 that may be formed in the Ar-KCl 
center of mass. 

Measurements have been made when the average 
momentum of Lie two protons corresponds to the 
beam rapidity YB(P/Z « 2.4 GeV/c and a. , b -
6") and the mid-rapidity YB/2(P/Z « 1.0 GeV/c 
and e = 13.45*). Protons travelling at YQ are 
thought to come from the projectile remnant 
while protons travelling at Yg/2 are associ
ated with the "fireball*. By studying the 
correlation function, R, in these two rapidity 
regions, we hope to measure the relative sizes 
of the fireball and the projectile remnant. 

The two protons are detected In a magnetic 
spectrometer which Is instrumented with plastic 
scintillation counters (S), multiwire propor
tional chambers OWC} and a 24-element scint i l 
lator hodoscope (H). We have also sampled the 
multiplicity of high P t fragments with an 
array of multiplicity counters (HI) that sur
round the taroet. 

The correlation function R is formally 
defined from the relation 

*ft 
1 <n(n-l)> do do (1 • R) 

°T <n>< <**1 "**2 
where ^ ° is the two particle inclusive dif-

* 1 * 2 * . 
ferential cross-section, i £ Is the single part-

on 
icle inclusive differential cross-section, <rr 
is the total Inclusive cross-section for observ
ing a proton, and <n> and <n(n - 1)> are the 
f i rs t and second moments of the proton multipli
city distribution. 

Preliminary results for the correlation 
function using single proton mixing are shown In 
Fig. 1. The symbols (ol represent data at Ye/2 

1 1 1 | 1 | < | i | I | . | • | I | i I ' 

1) P /Z= I .OGeV/c 0 L = I 3 4 5 * M > 4 
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Fig. 1. (XBL 8011-2409) 



for which a multiplicity of five or more was 
required In the trigger for both the two proton 
and single proton data. The symbols (X) repre
sent data at Yn/2 with no multiplicity 
requirement. The symbols (•) represent data 
near YB with no aultlpHclty requirement. The 
curves are S. Koonln's calculations of It for r 
equal to 2 and 3 fa when t - o. 

Even at this early stage In the analysis, I t 
1s possible to draw some tentative conclusions. 
The agreement between the shape of the data and 
Koonin's predictions sens quite good. The 
sizes obtained by comparing our data to Koonln's 
t ' 0 calculations represent upper H i l t s 
because a finite lifetime reduces the peak In 
the correlation function. The sizes we extract 
for the three different settings shown in Figure 
1 are 2.2, 2.9, and 3.S fa for data at Y./2 (M 
> 4) , TB/2 (H i 0 ) , and YB I" * 0 ) . respec
tively. Since Koonln used Gaussian distribu
tions i t Is necessary to Multiply these sizes by 
1.5 to compare the* to the RMS values of sharp 
sphere distributions. 

The upper Uni t for the size of projectile 
remnant is S . 5 f i which Is larger than 4.1 fa, 
the radius of *°Ar. This larger apparent size 
could be caused by a finite l i fet iae ( i s 7 x 
1 0 - « ) . On the other hand, this type of 
experiment is sensitive to the region of the 
final hadronic interaction between the protons 
and the rest of the nuclear aedliat. I f the 
projectile remnant is expanding and these last 
interactions occur when the density is lower 

Inclusive distributions of protons produced 
at 160" have been measured in the momentum range 
0.3 4 p 4 1.0 GeV/c. Proton, alpha, carbon, and 
argon beams in the range of kinetic energies 0.4 
4 T 4 2.1 GeV/n (4.89 GeY for protons) were 
incident on C, Al, Cu, Sn, and Pb targets. 

The energy dependence of the proton-induced 
cross sections is shown in Fig. 1. Results froa 
other measurements at 90 HeV, 600 MeV, 7.72 GeV, 
and 400 GeV have been included. The data 
indicate limiting behavior of the distributions 
in the range of momenta 0.4 4 p < 1.0 GeY/c 
starting between 1.0 and 2.0 GeY. Results with 
other targets and also w'th heavier projectiles 
are similar. 

The dependence of the proton production 
cross sections on projectile mass for a carbon 
target at an incident energy of 1.05 GeV/n Is 
shown in Fig. 2. The shapes of the proton 

than normal nuclear density, one might expect to 
measure a size that Is larger than that of the 
original projectile. 

The size of the source at Y«/2 appears to 
be satller than at Y,. I t Is possible that at 
so high a bombarding energy only a small portion 
of the participant region (the geometrical over
lap between the projectile and the target) are 
actually stopped in the center of aass. This 
can be checked by aeesuring k at lower bombard
ing energies. 

In the near future we hope to extract Hfe -
tlaes as well as sizes by f i t t ing our data to 
the predictions of Koonln's model. We also plan 
to see whether cascade calculations3 suggest 
any correlation between relative aoaantua and 
the size of the interaction region which might 
explain the smell size we measure at Yj/2. 

Footnotes and References 

•Physics Department, university of California, 
Los Angeles, CA 

ICalifornla State University, Hayward, CA 

1. S. Koonin, Phys. Lett. 706 (1977) 43. 

2. J . Cosset et a l . , Phys. Rev. C16 (1977) 629. 

3. J . Cugnon, T. Mizutani, and J . Vanderaealen, 
Cal. Tech. preprint MAP10 (Feb. 1980). 

spectra in the momentum range 0.4 p 1.0 
GeY/c are seen to be roughly independent of 
projectile mass. Plotted on the same figure (In 
the projectile rest fraae) are data froa Papp* 
for C • C—p(2.S*) at 1.05 GeY/n. Recent 
theoretical investigations2 show that the 
internal aoaentua distributions In nuclei can be 
approxiaated by two overlapping Saussians when 
short-range correlations are included. The low 
aoaentua Gaussian is dominated by the single 
particle characteristics of the momentum 
distributions and the second Gaussian emerges 
when short-range correlations are considered. 
Specifically, these investigations propose that 
the higher aumentuu components in nuclei arise 
predominantly from short-range correlations. 
The solid line shown in Fig. 2 Is a double 
Gaussian paraaetrlzation of the C + C— p data. 
I f the internal aoaentua distributions are 
indeed correctly specified by the models, then 
one is led to conjecture that the shapes of the 

OBSERVATION OF HrGH MOMENTUM PHOTONS FROM 
LIMITING TARGET FRAGMENTATION* 

J. V. Geaga. S. A. Chrain. J. Y. Grosdonl.' J . W. Hand. 
D. L. Hendrie. L. S. Schroeder. R. N. Trauhaft. and K. Van Biooar' 
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measured distr ibutions in the momentum region 
0.4 5 p < 1.0 GeV/c are a consquence of the 
presence of nuclear correlations. 

In conclusion, we f ind that the data span a 
transit ion region wherein the inclusive d i s t r i 
butions of protons in the momentum range 0.4 cp 
S1.0 GeV/c are found to exhibit limiting 
behavior. Recent theoretical workJ also 
indicates that at higher energies, backward 
spectra in the same momentum region are mainly 
composed of spectator nucleons from the breakup 
of correlated pairs in the nucleus. The data, 
together with recent theoretical descriptions of 
internal momentum distributions in nuclei and 
reaction mechanisms involving correlated 
nucleons, strongly suggest that the l imi t ing 
shapes of the measured spectra are related to 
the presence of correlations in the nucleus. 
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THE AGE OF THE COSMIC RAYS* 

D. E. Greinar and M. E. Wajd*nbKk> 

The age of the cosmic rays is one of the key 
parameters required fn order to Model processes 
of cosmic ray acceleration and propagation. 
This age, combined with the observed cosaic ray 
flux, establishes the power output required fro* 
the cosmic ray sources and influences the e f f i 
ciency required of acceleration mechanisms. I t 
also has direct bearing on the questions of how 
strongly the cosmic rays are confined in the 
propagation volume and of the mean density of 
interstellar gas In that volume. 

Measurements of the abundance of long-lived 
radioactive Isotopes in the galactic cosmic rays 
provide an excellent probe of this lifetime and 
1 0Be (Tj/2 = 1.6 x 10 6 years In the labor
atory) 1s the best candidate for this Measure
ment. The fact that the fraction of the cosmic 
r»y beryllium expected to be '°Be, even in the 
absence of l u Be decay, is small (- 0.1 to 
0.2) makes this measurement diff icult . Even the 
most recent Isotoplc composition experiments 
have had to rely on peak f i t t ing techniques to 
derive the 1 0Be abundance, 1n many cases 
without even the benefit of an accelerator 
calibration of the peak shapes. Balloon-borne 
experiments have suffered from the additional 
difficulty that 1 0Be produced In the overlying 
atmosphere \j fragmentation of heavier species 
contaminates the desired signal from galactic 
1 0 8 e , contributing as much as half of the 
observed abundance. 

We have made a measurement of the Isotoplc 
composition of galactic cosmic ray beryllium 
which overcomes these problems. Our measure
ment, made with the U.C. Berkeley HKH experi
ment' aboard the ISEE-3 spacecraft, has for 
the f irst time achieved complete separation of 
the cosmic ray beryllium isotopes. This 
measurement covers the energy interval - 60 to 
185 Mev/amu. Figure 1 shows a cross-sectional 
view of the detector system. Mass determina
tions are made on an event-by-event basis for 
cosmic rays stopping 1n the detector system 
employing energy loss signals from up to nine 
Si (Li) detectors and a trajectory measurement 
obtained from six drift chambers. 

Figure 1 shows the distribution of masses 
calculated for the 345 beryllium events included 
In this analysis. The three well-resolved peaks 
correspond to 'Be (which decays by electron 
capture in the laboratory but is fully stripped 
and therefore stable at cosmic ray energies), 
9Be and , 0 Be. The average mass resolution 
for these data is OH » 0.15 amu, a factor of 
two better than achieved in any previous 
measurement of cosmic ray beryllium. 

For the Interpretation of our observations 
we have adopted a standard model in which cosmic 
ray propagation is assumed (1) to occur in a 
homogeneous medium subsequent to acceleration, 

and (2) to be characterized by an exponential 
distribution of potential pathlengths. In 
addition, cosaic rays are assumed to underjo 
solar modulation in penetrating to the earth's 
orbit. 

For this analysis we obtain the i 
density of atoms of Intersteller gas In the 
cosmic ray confinement volune as 0.3+ 
0.1/cm3. This density, combined with the 
escape mean-free path of 5.5 g/ca* used in the 
calculation, can be used to calculate the 
"cosaic ray age," that i s , the mean escape tine 
from the confinement volume. For I • 1 
particles we obtain t e $ c - (8.0+J-J) x 10* 
yr . These uncertainties in nj| and T C S C are 
due to measurement errors alone. 

Me thank Fred Bieser, Hank Crawford, Harry 
Heckman and Peter Llndstrom for contributions to 
this experiment. 

100 

£ o 
8 
re 10 

> 

Pi 
H E E - 3 HKH 

L 

8 9 10 
MASS (amu) 

Fig. 1. Histogram of uie masses calculated for 
the 345 beryllium events (60-185 HeV/amu). 
Inset shows cross sectional view of the U.C. 
Berkeley HKH detector system on ISEE-3. 
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DISCOVERY OF NEW NEUTRON RICH ISOTOPES 20Ca and 27F 

J. 0. Stevenson* and P. B. Price* 

Techniques to produce extremely neutron-rich 
isotopes Include proton-induced fragmentation of 
heavy nuclei, deep inelastic heavy Ion reac
t ions, and most recently, fragmentation of 
re la t i v i s t i c heavy ions. 

We present results of a search for new 
neutron-rich isotopes produced by fragmenting 
210 MeV/amu ^Ca nuclei. These results 
include the f i r s t proof of part ic le s tab i l i t y of 
2 0 C and 2 7 F . In addition we have confirmed 
previous reports of part ic le s tab i l i t y of 1 9 C , 

Projecti le fragments are characterized by 
having very snail transverse momenta, O ( P L ) = 
150 HeV/c The longitudinal momentum is 
strongly peaked at the beam momentum-per-nucleon 
with o(P n)% 150 HeV/c. Thus in the laboratory 
the fragments form a beam diverging only - 1* 
from the beam direct ion. 

Our experimental procedure* involved 
deflecting the "beam" of fragments with the 
Bevalac Beam-40 0" spectrometer and stopping 
them in a stack of Lexan plastic track detec
tors. Later the detectors were processed and 
- 104 tracks were located. The end of range 
of each part ic le was determined In three dimen
sions. This provided simultaneous measurements 
of range and magnetic deflection of part ic les. 
In addition the charge was measured at the end 

range. Typical beam Intensity was -1Q7 

" ions/sec The target was 0.B9 g/cm2 £«. 

Figure 1 shows the data accumulated over a 
40 hr run for carbon, nitrogen, oxygen, and 
f luorine nuclei. The mass resolution is a-=: 
0.23 for carbon to o m = 0.34 at f luor ine. The 
rat io of peak heights does not re f lect the re la
t ive yields of isotopes. There is clear ev i 
dence for the f i r s t observation of 2"C and 
2 7 F . In addition 2 2 N and 2 6 F , which have 
been observed only once before, 2 are con
firmed. The s ta t i s t i ca l signficance of possible 
peaks at 2 1 C , 2 3 N , and 2 5 0 is being 
considered. 

footnote and References 

*Also at Space Sciences Laboratory 

«c n 

100 

A (V A 10 

' \ V 
1 % / \ 

# IOO 

Moss 
F1g. 1. Mass histograms for carbon, nitrogen, 
oxygen, and fluorine fragments froa 210 MeV/ 

m ^ a projectiles. The isotopes ^ C nucleon __ r 

and 2'F are c lear ly observed 
(XBL 807-1390) 

1. J . D. Stevenson, P. B. Price, and M. P. 
Budlansky, Nucl. Inst r . and Meth. 171, 93 (1980). 

2. G. D. Westfal l . T. J . M. Sywns, D. E. 
Greiner, H. H. Heckaan, P. J . Undstroa, J . 
Mahoney, A. C. Shotter, and D. K. Scott, Phys. 
Rev. Lett . 43, 1859 (1979). 



128 

FROM H6AW ION COLLISIONS AT mSMLAC EfJEHaES* 

E. M. Fnadlandaf. R. W. Gimpn. H. H. Hachman. Y. J. Kannt. B. Judak.* and E Gam-jug*' 

Evidence for anomalously short reaction Kan 
free paths (mfp) of projectile fragments (PFI 
from high energy heavy 1on collisions has been 
persistently reported In cosmic ray studies 
since 1954; however, because of Halted statis
tics, these results have not gained recogni
tion. To overcoat this limitation, we have 
performed two independent similar experiments 
with beams from the LBL Bevalac-

Two stacks of I I ford G5 nuclear research 
emulsion pellicles were exposed to relativlstic 
heavy ion beams parallel to the emulsion sur
faces (2,1 GeV/nucleon 1 6 0 and 1.88 GeV/ 
nucleon ^ F e l . 

Interactions, defined as events showing 
emission of at least one target- or projectile-
related track, were collected by scanning along 
the tracks of beam nuclei. Relativistic tracks 
of charge 2 ' 3, with velocity approximately 
equal to the beam, emitted from all generations 
of the extra-nuclear cascade within a 100 mr 
forward cone were followed until they either 
interacted or left the stack. 

Our results, based upon 1470 events, can be 
summarized as follows: 

1) Over the f irst few cm after emerging from 
a nuclear interaction I - lOg/cm2 of matter 
traversed or - 10*" s proper time) the PF's 
exhibit significantly shorter mfp's than those 
derived from "normal" beams of the same charge Z; 

2) at larger distances from the emission 
point, the mfp's revert to "normality" in the 
above sense; 

3) the data are incy^t ib le with a homo
geneous lowering of the mfp and require the 

presence among PF's of at least one component 
with an unexpectedly high reaction cross section. 

In the energy range 0.2-2.1 GeV/nucleon, the 
•can free path » of beam nuclei, 2 5 Z < 26, can 
be parameterized as i(Z) • \ Z - ° , where \ • 
\beam " (30.4 t 1.6) cm and b - 0.44 T 0.02. 
we Tnvestigated the dependence of \ on distance 
0 after emission of a projectile fragment and 
obtain for D < 2.5 and > 2.5 cm estimates for \ 
1 displayed at the bottom of Table I I which dif
fer by 1.4 S. 0. 

Me display In Table 1 charge-grouped est i 
mates for x which illustrate that this effect Is 
present In al l charges of PF's. The probability 
Pnl<Fo) where F 0 - i*(0 < 2.5 cm)/i'(0 > 
2.5 cm) should be uniformly distributed between 
0 and 1 for all charges Z. He obtain the mean 
P D > 0.323 t 0.053, which is 3.4 S.O. from 
the expected value of 1/2. This result is Inde
pendent of any assumption about the functional 
dependence of x upon Z, and Indicates that 
within the f i rs t few cm after PF emission, > is 
significantly less than at larger distances. 

Let us assume as a f irst approximation that, 
in addition to normal nuclei, tnere is a frac
tion a of "anomalous" PF's with a constant 
"shorf* mfp i , « i , leaving a fraction 1-a that 
behaves "normally" as confirmed by ovr observa
tions at larger distances after emis'iio-i. We 
have meat estimates of a and i a by*-? minimiza
tion from . ir data and obtain a^ ~ 6 -, ij**= 
2.5 cm. Asiuming (sic!) that >(2) can be 
extrapolated to x a ~2.5 cm, this corresponds 
to a preposterous Z~ 300. 

We are not aware of explanations within the 
framework of conventional nuclear physics for 
the results of this experiment. 

Table 1. Weighted estimates for the mean free path > and the parameterA 
at different distances 0 from the origins of PF's for grouped charges. 
Expected values assuming i(Z) = AZ"D are given in the last column. 

z 
x*(D4 

1 
: 2.5 cm) 
[cm) 

>*(0 > 2.5 cm) 
(cm) 

(x) 
(cm) 

3-8 12.4 ± 0.7 14.0 t 0.5 14.6 

9-16 8.3 ± 0 . 7 11.6 ± 1.0 10.6 

17-26 6.0 ± 0 6 8 . 0 ± 0.8 8.4 

A*(D 
( 

2.5 cm) 
cm) 

A*(0 > 2.5 cm) 
(cm) 

(A) 
(cm) 

3-26 30.0 1.0 

file:///beam
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TARGET FRAGMENT EKROES AMD MOMENTA M THE REACTION Of 
4.8 GaV 12C and B.OOaV 20N* WITH 2MU 

w Lovdand.* Chang LMO.' P. L McGaughav. D J M B I M I I W C T IwWina 

The study of the fragmentation of a 238(j 
target nucU"; by relativfstic heavy Ion ( M I ) 
projectiles his revealed many new and i terest-
fng phenomena particularly fn regard to the 
yields of the survivors of deep spallation 
processes (with A f r a a B e n { > ISO). To better 
understand these phenomena, we Measured the 
target fragment energies and momenta for two 
such reactions (4.8 GeV "C • 2 3 8 U and 5.0 
GeV 20He • " 8 M ) using the thick target-
thick catcher recoil technique. Details of the 
experimental techniques and data analysts have 
been described previously.' 

A portion of the results of these studies 
for the reaction of 4.8 CeV 1 2 C « «*U is 
shown I * Fig. 1 . Here the fraction of target 
fragments recoiling foncrd from the target 
relative to the fraction recoiling backward 
(F/a) along with the target fragment energies is 
shown as a function of the product aass nunber A 
and the displacement (Z - ZA of the fragnent 
atonic nunber, 1, froa the non-Integral Z 
corresponding to the center of the valley of 
• -stabi l i ty . Za,. In this figure one sees 
evidence of the occurrence of several different 
processes. 
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Fig. 1. A contour plot of the fragment kinetic energies <E> and F/B 
ratios as a function of the fragment mass nunber A and the position of 
the fragnent relative to the center of the valley of B-stability, Z-Z*. 

(XB1 809-1869) 

The lightest fragments (A < 40) are charac
terized by high kinetic energies and large 
values of F/B which is consistent with their 
production in a "fragmentation" mechanism. The 
heaviest fragments (A > 150) are neutron-
deficient, show very large values of F/B and 
very low fragnent kinetic energies. Undoubt
edly, these products are the result of deep 
spallation of " 8 U nuclei. The intermediate 
mass products (80t A t 140) are a complex 
mixture of fission and deep spallation pro
ducts. The most n-rich products (90 4 A <= 110) 

are mostly fission fragments (F/B - 1, high 
kinetic energies). The aass and atomic numbers 
of t!,ese products and their kinetic energies are 
consistent with their formation in the fission 
of a species with A - 210, Z - 85 with some 
slight admixture of deep spallation products. 
Their kinetic energies are too low to be consis
tent with the fission of uranium-like species, a 
phenomenon similar to that observed in such high 
energy induced reactions as photon-induced 
fission where fission occurs primarily at the 
end of the evaporation chains involved in 
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de-exaltation of the primary target fragments. 

The group of fragments with 40 £ A t 70 
represents an interesting class of events. 
Their kinetic energies trt relatively high and 
the values of F/B are also larger (2 < F/»< 
3). One possible explanation of the origin cf 
these events is that they represent the products 
of the fission of a species Kith A - 120-130. 
Their kinetic energies are completely consistent 
with this idea and their F/« .ratios would indi
cate their formation in a non-peripheral col
lision. The other part of tfcis scenario would 
be the large grour ° f neutron-deficient products 
with 12<H A < MO which represent the non-
fissioning survivors of the precursors of the 40 
< A ; 60 events. 

in Fig, 2, we show a coaparison between 
measured and calculated values of the longi
tudinal velocity 8. 1« v,/c) imparted te the 
fragment in the f irst step of the projectile-
target interaction for the 4.8 GeV "C • 
" S U reaction. The calculations of e,, were 
made using tht intranuclear cascade model of 
Variv and Fraenkel3 and the firestreak 
model.4 The measured values of an selected 
for use in Fig. 2 are for neutron deficient 
species. This selection was made to emphasize 
deep spallation reactions and to de-emphasize 
fission, i .e . , to select products from col l i 
sions with significant projectile-target 
overlap. As one can see from examining Fig. 2, 
the cascade model grossly overestimates the 
values of Br, for all fragments with A < 209 with 
the firestreak model predictions also in gross 
disagreement with the experimental data. This 
situation may be analogous to the overestimates 
of the deep spallation product aomenta in 
proton-nucleus collisions by cascade calcula
tions. 5 Crespo, Cunning, and Alexander5 

speculated that the primary spallation products 
might emit fragments such as "Ma thus 
reducing the spallation product momenta and 
providing a natural mechanism for producing the 
high momenta associated with these light frag
ments. The mechanism is reasonable given the 
calculated excitation energies (firestreak 
model) of the precursors of the A =° 160-190 
fragments which range in energy from 595 to 360 
MeV, respectively. 

Footnotes and References 

•Permanent address: Dept. of Chemistry, Oregon 
State University, Corvallis, OR 97331. 

•?>» 

<a.io-

T 1 1 
»•«•- *• - m - J ? - " * 

riWlmjf. - OtTtCpBIn 

.V 

Fwestrtok 

so no iso zoo 
Product moss number A 

250 

Fig. 2. A comparison of the calculated and 
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TAIIOETWSIOUCKCOaPflOfBITKSMTHEMrBIAC.10N 
OF t.O QmV M M - fjrHh 1«1T«* 

W. Lovntand.' D. J. MMtifMv. K. Mafclttt.' G. T. S N b v g . 
S. B. Kautinan.i E. P. St«nlMrg.»B. O. W A i m . t j . B CumfnogJ P. E. Hauttain.1 and H C Hwuhl 

We report the results of an Interlaboratory 
study of the target fragment momenta and ener
gies fro* the reaction of 8.0 GeV 2 0Me with 
i«Ta . We 

iita am 
» * e i 

found that the fragment kinetic 
properties are considerably different than those 
found In the reaction of 25 GeV 1 ZC • 1 8 1 Ta 
and. furthermore, the specific product forward 
nunenta observed in the reaction of 8 GeV *°Me 
+ 1 8 1 Ta exceed those in relativistfc proton 
induced reactions with heavy targets. 

The experimental technique used to Measure 
the target fragment recoil properties was the 
thick target-thick catcher technique. Indepen
dent foil stacks from each of the participating 
laboratories were irradiated simultaneously and 
the product radioactivities assayed by off-line 
T-ray spectroscopy. The results of these mea
surements are presented as the fractions of each 
radionuclide which recoiled out of a target Into 
the forward and backward directions, P and B, 
respectively. The forward to backward ratios, 
F/B, for various target fragments are shown In 
Fig 1 along with data from similar proton 
Induced reactions. (All data are the weighted 
averages of the measurements of the different 
laboratories which, In general, agreed within 
experimental uncertainty.) The results were 
transformed into kinematic quantities using the 
simple two step vector model of high energy 
nuclear reactions. In this model, each targe': 
fragment kinematic property is decomposed into 
two components, one resulting from an in i t ia l 
fast projectile, target Interaction (the 
"abrasion step" of the abrasion-ablation model) 
and another resulting from the slow 
de-excitation of the excited primary fragment 
(the ablation step). 

The general variation of F/B values with 
product mass shown in Fig. I is similar to that 
observed in +he interaction of relativistic 
protons (1 < E p < 300 GeV) with heavy tar
gets. However, a detailed comparison of the F/B 
values measured in this work for the reaction of 
8 GeV 2 0Ne with similar values from proton-
induced reactions reveals that, while the trend 
of F/B with product mass A is siailar for all 
systems, the product F/B values for the 8 GeV 
2°Ne + 1 8 1 Ta reaction exceed any equivalent 
values for the other reactions. From thess F/B 
values (and the forward velocity or angular 
distributions they represent) we can conclude 
that limiting fragmentation (with respect to 
kinetic properties) has not been attained in the 
interaction of 8 GeV ^ e with l ° l T a . T M s 

conclusion 1s based upon the non-equivalence of 

3««V>+ ""a* 

— zaeavy | * "• 
ma » t *v , «c* , , , T« 

Fig. 1 . Comparison of target fragment F/B 
ratios for various relativistic proton and heavy 
inn rmrttniK. irfth 181T- » H 197- I . ion reactions with 1 B 1 T a and *''Au. 

(XBL 801-71) 

the F/B values for the reaction of 8 GeV 20*e 
with " iTa (this work). 25 GeV l 2 C with 
!S.Tal and 25 GeV 12c with « 7Au-2 

I t is instructive to compare the momenta 
Imparted to selected target fragments In the 
ablation phase (or second step) of the reaction 
since variation of this property with changes of 
projectile type and energy can reveal the extent 
to which the ablation phase of the reaction 
mechanism is Influenced by the abrasion process 
which occurs during the Ini t ia l projectile-
target interaction. Figure 2 shows a plot of 
<P>, the component of the target fragment 
momenta due to the ablation phase of the reac
tion versus A for the spallation of Ta by 8 GeV 
2 0Ne and by protons of 0.45, 0.58, and 19 GeV. 

For the 8 GeV 2°Me induced reaction a 
steady increase In <P> is observed as one moves 
from near-target products to those that have 
resulted from the removal of - 50 nucIcons 
from * 8 1 Ta . This increase in <P> goes 
approximately asv&A~ and is indicative of 
sequential, step-wise momentum "kicks" being 
imparted, in a random walk fashion, to the 
ablating target fragment. The general pattern 
based on these results for Ta and those for Au 
targets is that the ablation phase of reactions 
leading to products with AA£. 50 is essentially 
energy and projectile invariant. 
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Fig. ?. Dependence of fragment aoaentua on pro
duct mas: Ti/i the interaction of '"lie ions and 
protons with la. uata points are for: 8 G*'V 
? 0 Ne, the present work; 0.»S GeV ' H , D. re.'. 
7; 0.58 GeV 'Ha, ref. 10: and 19 GeV >H, «, 
a, also ref. 10. The solid curve through the 
f ined circles for A > 130 is given by P » 5.15 
\cA"where aA = 181 - A. The uppermost curve is 
a parabola through the open circles-

(X6l W5-9701 
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THE ENERGY DEKNOENCE OF ZOSM FMOMEMTATION 
IM RELATIV1STIC NUCLEAR COUJCMNS 

K Alekletl. * O J Matiissev. W loveland. * P L McGauQhev. and G T Seabwg 

An ambiguous point in the description of 
rolativistic heavy ion [RHI) reactions is the 
amount of excitation energy deposited in the 
spectator fragments by the interaction. Various 
models of the fast interaction generate primary 
fragments with varying amounts of excitation 
which after de-excitation reproduce the 
experimental results for light nuclei. Although 
direct measurements of this excitation energy 
are dif f icult , one can follow the trend of 
primary fragment excitation through soae 
relatively simple experiments. Excitation 
energy in a high mass {but relatively 
non-fissionable) nucleus at low angular moaentiai 
is can ied off mostly ty evaporated neutrons. 
Thus, i f the primary fragment cross section 
distributions are governed by geometry, then 
differences in the N/7 ratio of final residues 
of RHI reactions as a function of bombarding 
energy (same projectile and high aass target) 
will represent differences in the excitation 
energy. 

Following this idea, we report the variation 
of the production of gold isotopes from three 
RHI reactions with 2 0 9 B i . In these experi
ments, bismuth metal foils surrounded with Hylar 
catcher* were irradiated with beams of 4.8 GeV 

10.40 GeV /A ) 1 2 C. 8 . 0 GeV [ 0 . 4 0 GeV/A) 2<>He, 
and 25.2 GeV (2.1 GeV/A) 1 ?C ions from the IBL 
Bevalac faci l i ty. The target fragmentation pro
ducts stopped in the target or catcher foi ls, 
and the induced radioactivities were measured by 
direct gaaaa ray spectroscopy and by gaaaa riy 
spectroscopy of a chemically separated gold 
fraction. 1 The gimai ray emitting nuclei were 
identified using standard techniques2 and the 
production cross sections were calculated for 
those activities observed in the unseparated 
foils. 

The measured cumulative yield cross sections 
(which include contributions froa nuclei pro
duced by radioactive decay) were corrected for 
this decay feeding by an iterative f i t t ing of 
Gaussian distributions to the decay-corrected 
(an<* independent yield) cross sections. The 
resulting calculated and measured independent 
yield cross sections o(Z/A) are shown in Fig. 
I . The yield of 1 9*Au is depressed relative 
to the other nuclidic yields in all the reac
tions for reasons that are not clear. 

Cursory Inspection of Fig. 1 shows that the 
distributions of Au fragments are very similar 
for the three reactions studied in this work. A 
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more detailed examination of the data shorn that 
there is a slight ( 1 1 M i l shift of the distr i 
bution centroids toward larger A values as the 
projectile energy increases. Thus, although the 
incident projectile energy changes by oyer ZD 
ttev. the excitation energy imparted to target 
fragments cnanges by less than 10 ne¥. 

8.0 GeVzoN,i 

j 1 i i i i S i i i i I 
190 195 200 

PRODUCT MASS NUMBER A 

Tig. 1. The Isotopic production cross sections 
for gold products from the reaction of 4.8 and 
25.2 GeV "C and 8.0 GeV. *>He with a^Bi 
arz shown. The lines represent the best Gaus
sian f i t to each distribution with the arrows 
showing the distribution centroids. 

(XBL 807-10700) 

He are left vith the question of whether 
this apparent saturation in energy transfer is 
predicted by current models of fragmentation 
reactions. One highly developed model of such 

collision which mates predictions about the 
fragmentation products i." the Intranuclear cas
cade model of Yarlv and Frecnkel. 3 The 
results of the calculation, of the position of 
the centrotd of the gold isotopic distributions 
using this model are in approximate agreement 
with the results of our study but predict values 
of the distribution centroids which are syste
matically more neutron deficient (- 1-2 aau) 
than our data. Thus, the experimentally 
observed limiting fragmentation behavior of high 
•ass nuclei Is predicted by this model of rela-
ttvistic nucleus-nucleus collisions-

what universal feature of RHI reactions is 
responsible for this behavior7 In this case 
involving very peripheral collisions (Impact 
parameter b - 9 fm > « • (= 7.0 fa ) , f t Is 
s Imply a matter that the predicted changes In — 
experimental distributions are very small com
pared to the sensitivity of the experimental 
measurement. Unfortunately, selection of events 
involving more central events suffer from the 
fact that such events integrate more fully the 
primary reaction processes through the subse
quent '>-exc1tatton of the primary fragments. 
Ve ccclude that the observation of limiting 
fragmentation behavior In yield distributions 
can be produced by a variety of effects, none of 
which are connected to the central Issue of 
transfer of projectile kinetic energy into 
interna! excitation. 
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EMISStON PATTEPMS M CENTHAL AND FOIaTICHAl 
RSLATIVISTtC H6AVY-I0N COLLISIONS* 

R. Stock. H. K. Gutbrod. W. G. Meyer. A. M. Poikanzor. A. Sandoval. J. Cosset. C. H. King. 
G. King. Ch. lukner. Nguyen Van Sen. G. 0. WeatM. and K. L Woil 

Proton emission In relatfvistic nuclear 
collisions 1s examined for events of lov and 
high multiplicity, corresponding to large and 
snail Impact parameters. Presented here are the 
f i rs t results on the miltipUclty-selected 
proton spectra (12 5 E5 210 MeV) as measured in 
a sol Id-state detector telescope. The data are 
selected for both high and low associated 
s impl ic i ty as recorded in an array of plastic 
scintillator detectors located with approximate 
aztnuthal symnetry for 10* < *\tb* s o • T h e 

array Is sensitive to charged particles above * 
lower energy cutoff corresponding to 15 MeV for 
plons and 25 MeV for protons. The details of 
the experimental arrangement have been described 
elsewhere.* 

The overall effect of high versus low multi
plicity selection on the proton emission pattern 
is illustrated in Fig. 1 showing contour dia
grams of the invariant cross section in the 
plane of transverse momentum anc* rapidity. The 
contour lines are constructed by a smooth inter
polation of multiplicity selected spectra 
obtained at 30* (20' for some cases) to 150" in 
steps of 20*. They are superimposed for high 
and low multiplicity selections. 

The typical cases chosen here to illustrate 
the effects found 1n the data are z 0 Ke • U at 
393 HeV/u and 4°Ar + Ca at 1.04 GeV/u. The 
most important observations from a comparison of 
these pattens are as follows: 

( i ) For the heavy-target cases f 2 0 * * and 
4 0 Ar on Ag to U) central collisions exhibit a 
universal trend of the contour lines centering 
approximately near zero (target) rapidity. The 
shape of the contour line is roughly semicircu
lar about rapidities ranging from 0 to about 
0.2, the case illustrated here, indicating a 
continuous shift in apparent longitudinal source 
velocities as shown by the dashed line. This 
implies that there is no unique source for 
proton emission. The bulk of the proton cross 
section appears '.either at fireball rapidities, 
which are at y = 0.33 for impact parameters 
smaller than O.Sbmax in this case, nor tit the 
correSDonding nucleon-nucleon center-of-mass 
rapidity l /2fy p + y t ) = 0.45. 

( i i ) The peripheral-collision contour lines 
are primarily determined by the incident 
energy. Their shapes are almost insensitive to 
the choice of target and projectile, with source 
velocities rapidly shifting from the target 
domain to the mid-rapidity domain for increasing 
PL-

U H I Unlike the heavy-target cases, the 
central collisions of equal-size nuclei, such as 

**Ar • Ca and *"•> + 2 7 A 1 , exhibit contour 
lines dominated by the decay of m1d-repd1ty 
source for the bulk of the observed cross sec
tion. Note that the contours for high multipli
city In *»Ar • Ca shift towards high rapidi
ties [(1/2 (y p + y t> ' 0.67 in this case] 
even faster than the corresponding low-
multiplicity contours, contrary to the trend 
exhibited by Me • U. 

_ i . — i . 1 — . — i . . i . . 1-
-<u MU o « M i l w 

*» 'VYr / , 

— I i i t 1 > 1 . 1 1 k -

•OA .02 0 02 01 Ofi 
\ * a 

Fig. 1. Contour diagrams of invariant proton 
cross section for peripheral (thin line) and 
central (thick lines) collisions, in the plane 
of transverse momentum (in units of pi/auc] 
and rapidity y = 1/2 In [(£ + p )/(E - p ' ) ] . 
Five lines are drawn for each decade of invari-
?nt cross section. The cases illustrated are 
°Ne + U at 393 MeV/A (top) and *«Ar + 

*°Ca at 1.04 GeY/A (bottom). (XBL 808-10889) 
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COULOMB DISSOCIATION OF 1*0 
1 F>. L. Barman.' O. E. Grainer. H. H. Hacfcman. P. J. Undslrom. 

G. D. WailfaH. and H. J. Crawfon)' 

Measurement of fragmentation cross sections 
have been made with J.7 GeV/nucleon 1 8 0 pro
jectiles Incident upon targets of Be, C, Al , T1, 
Cu, Sn, W, Pt, and U at the Bevalac. The dif
ferential cross sections i*n momentum) were 
measured for fragments with rigidity 4.795 R< 
6.28 GV. These cross sections were fitted with 
a Gaussian form in parallel momentum to give 
total cross sections in fifteen fragment*'iion 
channels from 6Lf to 1 8 F . 

The Coulomb dissocation process can be des
cribed as the interaction between the projectile 
nucleus and the nuclear-Coulomb field of the 
target . 1 - ' Given the theoretical form of the 
virtual photon spectrum and the measured ohoto-
dissociatlon cross sections for l 8 0 ( Y . n ) l 7 0 , 
I 8 0 ( , , 2 n ) 1 6 0 and 1 8 0 ( T , p ) 1 7 N 3 the calculated 
Coulomb idssodatlon cross sections for these 
reactions are of the form 

c c(T,F) = Z T

2 S(F ,b B n n ) , ( I I 

where T and F denote target and fragment, res
pectively- and bgrin is the minimum impact 
parame*:r for the process. 

In this experiment we measured cross 
sections in which both nuclear and Coulomb 
processes contribute. Our analysis has taken 
the observed cross sections to be 

o(T,F) * c n u c(T,F> + oc(T,F) , (2) 

where o n uc ' T - F ' i s assumed to satisfy factori
zation according to 

<WT,n - V F 

the factors T-J- and * F dependirvj on, respec
tively, the target and fragment only. The for* 
of Eq. 2 neglects interference between nuclear 
and Coulomb processes which is expected to be 
less than 10%. 

A large set of the cross sections with no 
Coulomb component were analyzed for factora-
b i l i tv . This proti :ed the individual ij 
and •? factors a:.'J .howed the factorization 
hypo- thesis to be valid to + 5*. 

Figure 1 shows the dependence of the target 

f3) 

factor, v T , c i target BISS. AT. The curve 
Is froa f i t t ing the indicated fora of T T »*we 
the value -0.9 Is derived froa the f i t . The 
points plotted for 1 7 0 , " 0 , and I 7 N *re 
the ratio 

-,T-.s!2£l 
which would have followed the line i f there had 
been no Coulomb contribution. The departure 
from the line indicates the strong dependence on 
'target- T n * scale Is proportional to the 
cross section for each fragment and comparison 
of the open points to the line shows the 
relative sizes of Coulomb and nuclear cross 
sections. 
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Fig. 1. Target factor vs. target mass. 
T T = « 2 J T p E l v for 1 7 0 , 1 6 0 . 1 7 K, the 

T 
effective target factor is " T T " * o(T,F) T . 

T F -
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Table 1. Coutoab dissociation cross sections. 

Fragment Target oc(«b) 
Calculated cross sections 

jre* m 

( a ) 

" 0 

1C 0 

»H 

(b ) 

1 6 N 

"C 

»3c 

Ti 
Pb 
U 

8.66* 2.74 
136.04 ± 2.90 
140.83 ± 4.11 

Ti 
Cu 
Sn 
W 
Pb 
U 

6.34+ 2.54 
9.0 + 3.5 

27.5 + 4.0 
50.0 + 4.3 
65.16 + 2.32 
74.27 ± 1.74 

Ti 
Pb 
U 

-.45 l 1.01 
20.23+ 1.82 
25.10+ 1.55 

Ti 
Pb 
U 

3.0 r 2.2 
8.0 + 4.5 

10.8 t 5.1 

Ti 
Pb 
U 

8.8 + 1.1 
33.7 + 4.0 
35.1 1 2.7 

Ti 
Pb 
u 

-1.6 ^ 1.5 
21.9 r 2.4 
17.6 ± 2.6 

13.4 12.5 
132.0 135.0 
162.0 167.0 

5.78 5.41 
9.42 8.97 

24.0 23.7 
46.1 46.8 
53.9 55.2 
66.1 68.1 

2.87 2.41 
23.3 23.8 
28.5 29.2 

The experimental values of c c , using Eq. 
2, are shown in Table 1. Part (?) shows the 
fragments for which theoretical predictions can 
be calculated. The column JPE1 is calculated 
with El virtual photon spectrum of Jackie and 
Pillcuhn with the parameter b^n being 1/2 fm 
larger than the sum of the 50** charge density 
radii of the target and projectile. The column 
WW is calculated with the virtual photon spec
trum of Weiszacker-Williams in Ref. 2 but with 
bffljn that is 3 fm larger than that used for 
JPE1 values. Part (bj shows the cross sections 
in fragmentation channels for which the 
appropriate photodissociation cross sections 
have not been measured and calculated predic
tions are impossible. The cross sections in 
these channels are reasonable, however. 

In this experiment we can't distinguish 
between the two photon theories in a fashion 
that is independent of bmin- The theory of 
Jackie and P l̂kuhn yields a value of b^n that 
appears to be physically more reasonable. 
Because the calculated Coulomb dissociation 
cross section increases for decreasing burin> 
the observation that the I 6 0 cross sections 
ar? relatively larger than for either l,0 or 
A 'N when compared to the theory, suggests that 
the nuclear two-neutron loss process occurs at a 

smaller impact parameter than the one-nucleon 
loss process. By f i t t ing b^n to these three 
channels individually, we find the 1°0 channel 
to have an impact parameter that is 2 fm smaller 
than either the 1 7 0 or " N channels. 

Overall, the principal conclusion of this 
experiment is that the enhancement of the frag
mentation cross sections, appropriate to the 
photonuclear reaction channels of " 0 , for 
high-charge targets, is well described by the 
process of Coulomb dissociation. 

Footnotes and References 

*Lawrence Livermore Laboratory, Liver-more, CA 
94550 

tSpace Sciences Laboratory, Berkeley, CA 94720 

1. T. Jackie and H. Pilkuhn, Nucl. Phys. A247, 
521 (1P75). 

2. J. D. Jackson, Classical Electrodynamics, 
Wiley, NY, second edition, p. 7t9 (1975). 

3. J . G. Woodwortb, K. G. Hclte.il, J. W. Jury, 
R. A. Alvarez, B. L. Berman, D. D. Faul, and P. 
Meyer, Phys. Rev. C19, 1667 (1979). 

http://Hclte.il


137 

2. Cemtral CoMatwK 

STREAMER CHAMBER RESULTS ON THE MECHANISM FOR PRODUCTION OF 
HIGH MOMENTUM PARTICLES IN THE BACKWARD DIRECTION 

IN RELATIVISTIC NUCLEAR COLLISIONS 

J. W. Harts.* A. Sandoval." H. E. Stelzer." R. Stock.' J . Brannigan. J. V. Geaga. 
L. S. Ecnfoeder, and R. N. Treuhaft 

There exists considerable long-standing 
controversy on the origin of particles with high 
momentum In the backward direction. Since pro
duction of nucleons beyond 90* in the l;-oratory 
is kinematically forbidden In free nucleon-
nucleon interactions, particle emission in this 
region is of particular interest. Single hard-
scattering combined with internal Fenti wotion, 
multiple scattering cascades, and intranuclear 
correlations are a few of the most notable 
backward particle production mechanises that 
have been proposed. Inclusive proton momentum 
density distributions accumulated fro* recent 
projectile and target fragmentation experiments 
in conjunction with theoretical predictions 
suggest the presence of short-range correlations 
ir, the nucleus as an important Mechanism.* 

In the interest of obtaining more-complete 
event information on the production mechanisms 
associated with backward particle emission, the 
exclusive charge-particle production accompany
ing backward particle emission was studied in 
the streamer chamber at the Bevalac. The 
streamer chamber was triggered on a charged-
particle with p £ 250 MeV/c at «Lab > 9 0 \ 
Approximately 10,000 events were photographed in 
the bombardment of C, KC1, and Sal? targets 
with 2.1 GeV protons. The mean positively-
charged particle mul tiplicites associated with a 
backward trigger particle from these targets 
were observed to be <M+> = 4.7 ± 0 . 1 , 6.7 i. 
0.2, and 8.0 ± 0.2 respectively. Particle tra
jectories were measured and reconstructed using 
the Three View Geometry Program (TVGP). 

A kinematic analysis of two-prong events (an 
8.7?fsubset of all events) in p + 1 2 C inter
actions was initiated to determine the contri
bution of two specific mechanisms to the back
ward particle spectrum: (1] single hard scatter
ing with coherent recoil of the residual nucleus 
[p + 12c—*~p + p + "B]2.3 and (2) scat
tering from two correlated nucleons in the 
nucleus Cp + (pn)—»-p + p + n]. The fraction of 
two-prong event; that l ie within one standard 
deviation of satisfying the kinematics for the 
hard scattering mechanism is 0.015 ± 0.015. The 
fraction of events satii Fving the kinematics for 
scattering from a pair of nucleons is consider
ably higher: 0.275 ± 0.063. These results are 
not sufficient to determine the reaction mecha
nism uniquely since the kinematics are not 
unique to these processes. However, they are 
highly suggestive of the presence of correla
tions in the nucleus and their importance in 
backward particle production-

The production of the A ( 3 , 3 ) Isobar in the 
reaction (• + p—n + A** (1232) accounts for a 
major fraction of the pp total cross section at 
energies from 1-2 GeV.4 Therefore, the 
effects of the subsequent decay U±t-p + » + ] 
and/or absorption [&*+ + n—p + p] of isobars 
on the backward particle spectra must be con
sidered. I f isobar production Is an important 
mechanism, a back-to-back (180*) correlation 
between the proton and •+ in the a** decay 
frame and between the two protons in the (a 4 * 
+ n) absorption frame is expected as illustrated 
in Fig. 1 . This correlation may be preserved in 
the laboratory system due to the dominance of 
low momentum transfer in the production cross 

ISOBAR PRODUCTION MECHANISM 

£t*Formation ondDecoy p+p—n«A**(C32J 

(Schematic momentum vectof oagrom > 

A**Formation ond Reobsofplion- p+p—n* A**(1232) 
Scr+n-^p+p 

(Schematic momentum vector d 

Fig. 1. pp— nA**["1232) Isobar production 
mechanism: (top) diagram for A ( 3 , 3 ) isobar 
formation and decay; (bottom) diagram for i(3,3) 
isobar formation and reabsorption. Associated 
schematic momentum vector diagrams in the 
laboratory system are also displayed for each 
case. (XBL 809-2017) 
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1 1 1 
2.1 6fA/p+'^C-» positive choiges, 

pair correlation analysis 

P, .P 2 >50MeV/c 

p + d-«-p | + p 2 + n 
( pure phase space) 

section of t in »** Isobar. As displayed In 
Fig. 2, a 180* correlation between the angles of 
positively-charged particles Is observed in the 
analysis of all n •• "C events providing evi
dence for a(3,3) Isobar production as an Impor
tant mechanism for production of high amentia 
particles in the backward direction. However, 
such a correlation is also predicted by a [p • d 
—p • p + n] pure phase space calculation 
represented by the curve in Fig. 2. These 
results any reflect the concept that the A** 
production and reabsorption process schematized 
in Fig. 1 and the p + d—p • p • n process are 
in fact intimately related and are important to 
the production of I, nh momentum particles in the 
backward direction. 

Footnote and References 

*Gesellschaft fur Schwerlonenforschung, Darm
stadt, If. Germany. 

1. J . V. Geaga, S. A. Chessln, J . V. Grosslord, 
J . V. Harris, 0. L. iiendrfe, L. S. Schroeder. R. 
T. Treuhaft and K. Van Bibber, Phys. Rev. Lett. 
45 [19801 1993. 

Fig. 2. Correlation between all pairs of 
positively-charged particles in each event as a 
function of the cosine of the angle between the 
particles (histogram) where one particle of each 
pair is emitted at ei db > 90". The curve 
represents results of a phase space calculation 
for 2 .1 GeV p + d — p + p + n. (XBL 809-205*1 

2. R. D. Amado and R. H. Itoloshyn, Phys. Rev. 
Lett. 36 (19761 1435. 

3. S. Frankel, Phys. Rev. Lett. 38 (1977) 1338. 

4. 0. Senary. L. R. Price and G. Alexander, 
University of California Radiation Laboratory 
Report No. LBL-2O0O0 Mi (August 1970). 

CORRELATIONS OF CHARGED PARTICLE MULTIPLICITY PATTERNS 
AND HEAVY FRAGMENTS FROM RELATIVtSTIC NUCLEAR COLLISIONS" 

A. Baden, M. Freedman, H. H. Gutbfod, I. J. Henderson, S. Kaufman. K. Karadjev.' M. R. Maier, 
V. Manko,T J. Peter,' H. G. Ritter, E. P. Steinberg. H. Stelzer. A. I. Warwick, 

F. Weik. H. Wieman. B 3. Wilkrns § 

In a recent Bevelac experiment completed in 
May l - j^ , a rather comprehensive measurement of 
. ie properties of emitted charged fragments and 
the associated spray of fast charged particles 
has been achieved. The purpose of the experi
ment 1s to investigate effects seen (a) In an 
earlier Bevelac experiment1 where correlations 
were measured between light fragments and their 
associated fast charged spray, and (b) in a 
previous series of measurements with proton 
projectiles made at the ZGS,2 where coincident 
fragements were observed. 

we have measured mil t i particle correla
tions. Heavy slow fragments are identified as 
to their mass and energy in a double-arm TOF 
apparatus consisting of two position-sensitive 
avalanche detectors3 and two arrays of silicon 
detectors. Light fragments were Identified by Z 
in four lE-E ionization chamber telescopes. The 
layout of these detectors is shown In Fig. 1. 
In addition fast charged particles were detected 
1n a multiplicity array of 80 scintillator 

paddles,1 each of which provided a pulse-
height spectrum. The forward angles between 2* 
and 9" are covered by the Plastic Wall. 4 This 
provides pattern Information, momentum measure
ment and Z Identification of the fast charged 
particles in this forward cone. 

The experiment examines specifically (a) the 
collisions leading to binary emission of frag
ments, (b) the light fragment production in very 
violent collisions which seems to be dependent 
only on the total Incident energy rather than on 
the velocity or the mass of the projectile, and 
(c) the observed perpendicular momentum, 'side
kick," 1 of heavy target residues (probab'y in 
semiperipheral collisions) and the possible 
deflection of the projectile matter. 

Recent experiments at the ZGS2 have pro
vided evidence of an exciting new phenomenon. 
The experiments measured the energies, masses 
(by time of f l ight) , and correlation angles of 
coincident heavy fragments emitted near 90" to 



the bean in 2.2 to LI.5 GeV proton bombardment 
of uranium. The analysis of the results has 
established that the fragment-fragment corre

lation 1s very nearly colli.Tear and that binary 
breakup frequently occurs when the total frag
ment mass is as low as one-quarter that of the 

TARGET \ 

3mm AL VACUUM 
CHAMBER 

TWO SILICON ARRAYS 

FOUR DETECTOR TELESCOPES 
TWO AVALANCHE DETECTORS 

TARGET FRAME 

SCINTILLATOR 
PADDLE ARRAY 

Fig. 1. Exploded view of the layout of the detectors within the chamber. 
UflL 808-1691a) 

target. The missing mass is probably emitted as 
a large number of l i gh t nuclei or part ic les. In 
addit ion, the total kinetic energy for such 
events is higher than predicted for a s ta t is 
t ical f ission process. 

In this work the binary events have been 
observed from reactions induced by both proton 
of associated fast charged particles has been 
measured. An investigation of th is mu l t ip l i c i t y 
pattern wi l l be of great value in characterizing 
the nature of the reaction mechanism. 

Information on the momentum of the l i gh t 
charged particles detected in the Plastic Hal! 
w i l l y ie ld momentum correlations between the 
fragments and the spray, and momentum recon
struction w i l l be possible for selected events. 
These data w i l l y ie ld the transverse momentum 
transfer and elucidate the mechanism by which 
the kinetic energy dissipation in the co l l i s ion 
is diverted from thermalization into the collec
tive sidekick observed in the previous 
studies. 1 
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D. JSOTOPES PROJECT 

ISOTOPES-

Ordinary matter consists of the 286 isotopes 
of 83 elements that are stable or long-lived 
compared to the age of the earth. For most 
polyisotopic elements, the relative abundances 
of the isotopes are rema^ably constant. Iso
topes are usually assayed by mass spectrometry. 

Of many isotope-separation methods that have 
been develped, two (electromagnetic and thermal 
diffusion) are used commonly to produce s i l l ! 
quantities of many isotopes for research pur
poses, and two others (the GS chemical-exchange 
process for hydrogen, gaseous diffusion for 
uranium) are used on an industrial scale. The 
large-scale use of gas centrifuges for uranium 
is imminent, and laser separation methods appear 
promising for uranium, deuterium, and expanded-
scale production of research materials. 

In addition to the applications of 2 3 5U 
and deuterium in nuclear energy, separated iso-

The seventh edition of the Table of Iso
topes^ contains evaluated radioactive decay 
and nuclear reaction data for all known nuclides 
as of 1977. This data exists in an LBL computer 
f i l e that was designed for the production of 
level-scheme plots and was not suitable as a 
database for horizontal compilations and sys
tematic studies of nuclear properties. We have 
restructured this f i l e by removing the refer
ences and non-data plotting instructions. The 
new f i l e has been modified to greatly improve 
the ease and speed of data searches and repre
sents the most complete and up-to-date collec
tion of nuclear data currently available. 

topes serve as chemical tracers and as targets 
or beam particles in radioisotope production and 
nuclear research. Isotope effects on chemical 
equilibria and reaction rates are well under
stood; kinetic effects provide a useful tool for 
the study of reaction mechanisms. Isotopic sub
stitution in living systems has yielded new 
knowledge in the biological sciences, as has the 
study of natural isotopic abundance variations 
In the geosciences. 

Footnote 

'Abstract of a review article to be published 1n 
Encyclopedia of Chemical Technology, 3rd ed., 
edited by David Eckroth, John Wiley and Sons, 
New York (1981). The article includes 6 tables, 
5 figures, and 95 references. A longer version, 
from which the published article was condensed, 
is contained in LBL-10124. 

An init ial search of the database was per
formed to create a f i le of all levels with 
measured half-lives and their associated de-
excitations. This f i le was then utilized to 
extract the known Weisskopf enhancements for the 
lowest lying 2 + —-0 + transitions in even-
even nuclei. These results are presented in 
Table 1 where the systematic trends of small 
enhancements near closed shells and large col
lective enhancements (of order A) in the de
formed regions are clearly demonstrated. We 
intend to use the database for a systematic 
study of T-ray transition selection rules, and, 
in the future, to expand the content of this 
database and promote its general use-

NUCLEAR STRUCTURE DATABASE" 

R. B. Firestone and E. Browne 
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Table 1. E2 Uefsskopf enchancements for the 2t—-Of transitions In even-
even nuclei, 2 * 2-50. Closed shells are indicated by ***• 

10 12 K 16 1* 20 22 24 26 28 4» iS W Z 

lb IS JO 

Table 1, continued. Z = 52-100. 
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Footnote and Reference 

•Condensed Fro* LBL-11089 

1. Table of Isotopes, 7th edition: C. H. 
Lederer and V. S. Shirley, editors: E. Brown, 

J . N. Dalr lki , and R. E. Doebler, principal 
authors; A. A. Shihab-Eldin, L. J . Jardine, J . 
K. Tul i . and A. B. Buyrn, authors, „>hn Wiley 
and Sons, Inc.. New York 11978). 

THE FEASIBILITY OF PRODUCING " C . " N . " O and ••FWTTH HEAVY ION-BEAMS* 

R. B. Firestone. M. R. Betlach.' J. M T«dte. 'M K Firestone' 

The short-lived tracer 13N has proven 
uniquely useful in our studies of biological 
nitrogen transformations.1'2 With the closing 
of the Michigan State University cyclotron t b * r e 

ts no longer a suitable facility for these " » 
experiments. We therefore investigated the 
possibility of producing 1 3 N with heavy-ion 
beans such as those available at the LBL SB Inch 
Cyclotron. Useful sources of U C , 1 5 0 , and 
">F could also be produced with these beams. 

We performed ALICE particle-evaporation code 
calculations3 to predict the various isotope 
yields from 15-MeV p. 75-MeV ^He, and 300-HeV 
1?C beams incident on natural H2O targets. 
These calculations, summarized in Table I , 
indicate that substantial quantities of 1 J C , 
I 3 N , 1 5 0 , and 1 8 p a r c produced with heavier 
beams. We previously used the 15-KeV p beam 
because i t produces nearly pure sources of 1 3 N 
containing only small *°F impurities. The 
experimental yields of both * 3H and "*F were 
predicted well with the ALICE calculations. To 
test the heavy-ion calculations we bombarded a 
natural H2O sample with a 75-HeV 3He beam. 

The resultant activity was analyzed by half - l i fe 
and by high pressure Ijguid chromatography 
(HPLC). The yield of , J N and 1 8 F again 
agreed well with the ALICE calculations; the 
1 5 0 yiel d was too low; and no "C was 
observed. This disparity in the " 0 and U C 
results may arise because these species are 
produced largely in the gaseous state* while t^e 
experimental systea was not gas tight. To 
purify a 13H source we acidified i t , evapo
rated i t to dryness, reconstituted the source 
with 0.001 N NaOH, again evaporated i t to dry
ness and finally reconstituted i t with H 20. 
An HPLC analysis of the raw and purified sources 
is shown in Fig. I . After this treatment only 
13M0X remained (plus 1 8 F which was not detectable 

should by HPLC) suggesting that heavy-ion beaa 
be useful for " N production. 

A wide variety of bean at the LBL 88 Inch 
Cyclotron should be useful for tracer produc
tion. Since natural H2O is a target of 
choice, sources can be p-oduced in the beaa 
duaps without interfering with siaultaneous 
nuclear physics experiments. 

Table 1. Calculated and experinentaT isotope yields for various beaas 
on H2O targets. 

t 1/2 <m> EB 

Yield (mCi/uA | >er 10 mini* 3 

Isotope t 1/2 <m> EB 

15-Hev 
Experiment Theory" 

75-HeV 
Experiment 

3He 
Theory0 

300-MeVl2C 
Tlieo ry D 

Wh 9.96 1.20 20 j l 96 81 26 

i le 20.4 0.% 0 0 < ic 51 8.2 

150 2.03 1.73 0 0 67 384 109 

18F '09.8 0.63 0.2 0.1 12 5.5 4.2 

aAssuraing beam stops in the target-

^Calculated using the ALICE conpound nuclear particle evaporation code fRefercnce 3). 

cNone observed. 
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Fig. 1. (XBL 804-9287) 



II. THEORY OF NUCLEAR COLLISIONS 
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A. NONRELATIVISTIC 

THEDYNAMIC80fNUCUAIICOA«»CCNCEO«»0»»AMTIO»J« 

W.J.Swi*McU 

A quantitative theory of the macroscopic 
dynamics of sub-sonic nucleus-nucleus collisions 
Is presented. Attention Is focused on three 
degrees of freedom: asymmetry, fragment 
separation, and neck size. The physical 
ingredients are a macroscopic (liquid-drop) 
potential energy, a macroscopic dissipation (in 
the fon» of the wall- and wall-plus-window 
foraulae) and a simplified treatment of the 
inertial force. These Ingredients are distil led 
Into algebraic equations of motion that can 
often be solved In closed form. The 
applications Include the calculation of the 
normal modes of motion around the saddle-point 
shapes, and the division of nuclear reactions 
into: a) dinucleus (deep-Inelastic) reactions, 
b) mononucleus or composite nucleus (quasl-
fission) reactions, and c) compound-nucleus 
reactions. Static and dynamic scaling rules are 
deduced for comparing different reactions in a 
systematic way. an example being the following: 
"For two dinuclear systems with the same value 
of the effective f lssi l l ty defined by 

(A. • , l /3 , l /3 ( / ( l /3 ' •AFT "1 ? 1 2 
the dynamical time evolutions resulting from 

head-on collisions should be approximately 
similar, provided lengths i re manure* In units 
of the reduced radius I ( = Ki«2/<*1 • * 2 » 
and times In malts of i W f t . 1 (Here p Is the 
mass density of nuclei, V is the mean mcleonic 
speed and Y Is the nuclear surface emery 
coefficient.) 

Estimates i re given for the critical curve 
in the space of target and projectile miss above 
which deep-Inelastic reactions ought to make 
their appearance. The extra push over the 
interaction barrier needed to make two nuclei 
form a composite nucleus or else to fuse Into a 
compound nucleus Is also estimated (Fig. 1) . 

The dynamics of dozens of (head-on) 
collisions have bam followed In the three-
dimensional configuration space of asymmetry. 
fragment-separation and neck-opening. The 
predictions of the theory. In the ful l range of 
asymmetries and Injection velocites. i re being 
compared with experiment. Extension to 
noncentral collisions is under way. 

Footnote 
•Condensation of 181-10911, to be published In 
Physica Script*. 1981. 
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Fig. 1. The extra push over the Interacton barrier (In a head-on 
collision) needed for fusion Into a composite nucleus (lines and dashed 
lines) and Into a conpound nucleus (circled numbers). (XBL 806-1201) 



EFFECT OF PAUU BIOCKING ON EXCHANGE AND DtSSMTON MECHAMSM* OPEftATNtG 
IN HEAVY-ION REACTIONS* 

W. U. Schroder'. J . R. Birkakind.' J . R. Huizanga. * W. W Wife**, and J . Randrup 

Although considerable progress has been made 
during recent years in understanding the mecha
nisms operating in damped nu *f*r reactions, 
several of the most character:;tic features of 
these processes have so far escaped a consistent 
theoretical description. This is particularly 
true of the experimental well-established 
correlations,' between energy dissipation and 
nucleon exchange. Experimental evidence is In 
accord with the assumption of successive 
exchange of single nucleons proceeding simul
taneously with dissipation of relative kinetic 
energy in many small steps. We have examined 
available data in order to expose the systematic 
properties of dissipation and exchange mecha
nisms associated with damped nuclear reactions. 
I t is shown that these features cannot be under
stood on purely classical ground but find a 
natural explanation when the fernion nature of 
the exchanged nucleons 1s taken into account. 

A quantal model2 1s applied attributing 
energy dissipation to the stochastic exchange 
of nucleons between two Fermi-Dfrac gases In 
relative motion, a description expected to be 
relevant for the modest excitations attained in 
the damped reactions under consideration. The 
model expresses the rate of change of the 
projectile mass number A and the energy 
dissipation rate as 

dA/dt = F A N ' ( ' F ) , d E l o s s / d t = <J>fH'(if). 

contributing to exchange processes. In the 
limit u< « T , i t approaches the nuclear 
temperature T . whereas in the case u » * r , T * 
=: 1/2 < <u >F m«y be considerably larger than 
T , because of a larger relative displacement of 
the two Feral spheres. In any case* the 
appearance o f f * In Eq. (2) ensures that proper 
account Is taken of the quantum statistics at 
all temperatures. 

I t Is possible to make simple Idealized 
estimates of the correlation between the energy 
loss and the number dispersion. Quantitative; 
results have been obtained from dynamical cal
culations of collisions trajectories in a coor
dinate space Including the fragment-mass and 
-charge asymmetries. 

Typical results of the calculations (ful l 
ci>rves) are compared to experiment in Fig. 1 . 
The dashed curves represent the dynamical 
calculations in the classical limit- The Paull 
principle Is essential to the good agreement 
between data and the quantal model. 

In summary, the good agreement between data 
and model predictions fount* in general demon
strates that energy dissipation in damped 
reactions can be consistently understood in 
terms of the nucleon exchange mechanism in which 
the Paull exclusion principle plays a crucial 
role. 

Here N'{ E

F ) = aNfpl/aj.. 1 S t n e differential 
current of nucleons exchanged between the gases 
calculated with neglect of the Pauli blocking 
effect. This form factor governs the overall 
intensity of the interaction and depends 
delicately on the details of the interaction 
zone. The quantity u is the amount of intrinsic 
excitation proceed by the exchange of a nucleon 
and the brackets denote an average over the 
orbitals in the Fermi surface, the only ones 
participating. The two quantites in Eq. ( I ) can 
both be represented in terms of one-body 
operators and may, therefore, be calculated 
without taking explicit account of the Pauli 
exclusion principle. 

This, however, is not true for the 
particle-number dispersion a£, a quantity 
depending explicitly on the correlations 
present, such as those imposed by the 
Fermi-Dirac statistics of the nucleons. The 
r- te of growth of o| is , in this model, 

equal to the total rate of actual exchanges, as 
long as the system has not evolved too far 
towards equilibrium. I t is given by 

do|/dt = 2T*N'(eF>' (2) 
Here.r* = W 2 coth (u/2*rj>p is a measure of 
the energy interval around the Fermi level 

Fig. 1. Comparison of model predictions for the 
correlation E-| o s s(o|) with data for the 
reactions 2 0 9 B i + « 6 xe ( le f t ) and 2 0 9 B i 
+ - 6Fe (right). The dashed curves represent 
the classical limits of the full calculations 
( f u l l curves). (XBL 808-11029) 
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QUANTALDVNAMKt OF CHAME EQUNJMATION IN DAMPED 
NUCLEAR COUJSKW** 

E. S. Hernandez,' W. O. MyMS. J. Randrap. wdB. Raniaud' 

In quasi-elastic and deep-inelastic nuclear 
reactions charge equilibration appears to occur 
quite rapidly. This rapid movement of protons 
in one direction and neutrons in the other can 
be viewed as a collective mode associated with 
isovector-type hydrodynamlcal flow fn the 
dinucleus analogous to the Steinwedel-Jensen 
description of the giant dipole resonance (GDR) 
in ordinary nuclei. Since we find that the 
characteristic energy of such a mode is 
typically much larger than the nuclear 
temperatures encountered, the fluctuations In 
the charge asymmetry degree of freedom are 
expected to come mainly from zero-point Motion. 

Such a description of the charge asymmetry 
mode has already been applied with some success 
by Swiateck< and Blann to charge and mass 
distributions seen in fission,' and more 
recently to heavy-ion reactions hy nuretto, 2 

by Berlanger et a l . , 3 and by Hofmann, 
Gregoire, Lucas and Ngo.4»* However, as 
pointed out by Nifenecker et a l . , 6 I t is 
essential to consider the time dependence of the 
shape of the system in order to correctly 
establish the connection between the GDR-like 
collective motion and the width of the charge 
distibutlo.i which is experimentally observed. 

Roughly speaking, the Inertia associated 
with the charge asymmetry degree of freedom Is 
inversely proportional to the size of the neck 
connecting the two colliding nuclei. Trajectory 
calculations predict that the pinch-off takes 
place sufficiently rapidly that the width of the 
charge distribution Is "frozen in" by the 
increasing Inertia. 

In order to describe the division of charge 
between the two partners, for a given mass 
asymmetry, we use the isospln component of the 
projectile-like nucleus T « (N-Zl/2. The 
potential-energy surface of the dinucleus varies 
rather gently in the A-dlrection while the 
strong symmetry energy makes i t much steeper in 
the T-d1rect1on. Furthermore, the dynamical 
evolution along the mass asymmetry proceeds 
relatively slowly and can often be entirely 
neglected. 

In Fig. 1 the calculated results are 
compared with the experimental data of Ref. 3. 

The upper- portion of the figure shows the mean 
charge <Z> and the lower portion shows the width 
I'of the final charge distribution at a fixed 

mass partition; both qvantltes are plotted as 
functions of the total center-of-mass kinetic 
energy loss E* wh'-h is approximately the same 
as the induced intrinsic excitation in the 
fragments. 
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The primary experimental data *re shewn as 
the open dots on the upper portion of the figure 
and the dashed curve results after correction 
for neutron evaporation has been Made. The 
calculated values are given by a solid curve. 

The present calculations give a quick rise 
of I" with E*, followed by a broad maximum. The 
maximum occurs at around E* * 35 MeV In agree
ment with the data but i t is not as pronounced. 
The overall magnitude of the calculated curve is 
seen to fall somewhat below the experimental 
data. He are encouraged by the fact that these 
predictions are consistent with the observa
tions. This is especially significant since all 
the coefficients entering in the various form
ulas are either fundamental nuclear constants or 
have been otherwise fixed beforehand so that 
there are no adjustable parameters. 

Footnotes and References 

•Condensed from LBL-976I, Nucl- Phys. A (in 
press J 

^Permanent address: Departmento de Fislca, 
Facultad de Ciencias Exactas y Naturales, 1428 
Buenos Aires, Argentina. 

In studies of the charge equilibration pro
cess in strongly damped nuclear collisions, we 
have found that the width of the charge distribu
tion of the projectile-like fragment is 'frozen 
in" when the neck between the two nascent frag
ments decreases rapidly just before separation.1 

Our approach was to view the charge equili
bration process as one aspect of the collective 
motion of neutrons against protons in the compo
site system formed by the colliding nuclei. 
Thus, we were mainly concerned with the ground 
state motion in the giant dipole resonance (GDP.) 
degree of freedom for the dinuclear complex. To 
determine the width of the charge distibution we 
resorted to a numerical calculation that fo l 
lowed the time-dependent GDR as the collision 
took place. The results of the calculations 
corresponded closely with the observed values. 

In order to eliminate the need for numerical 
calculations and make the approach more gener
ally available we are developing an empirical 
method for calculating the dispersion in a 
collective coordinate that i's frozen in" when 
the inertial aiass Increases rapidly. For the 
systems of interest (nuclear collisions and 
fission) the mass is inversely proportional to 
the size of the opening between the two halves 

(Permanent address: institue de Physique, 
Universite de Nantes, 2 rue de la Koussintere. 
44072 Nantes, France. 
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of the system. Consequently we can focus our 
attention on a collective coordinate whose 
associated mass m * b~'(t) where b decreases 
linearly with time. The equation of motion for 
the width of the distribution o is 

5 - (6/b)6 • Urn * (1 i2/4)bV 3 (1) 

where k is the stiffness parameter for the GDR. 
This parameter changes very l i t t l e during the 
collision so i t can be fixed at its scission 
value. Examination of Eq. (1) suggests that the 
quantity 

is critical for determining whether the system 
is able to adiabaticly follow the time variation of 
b or whether the process becomes nonadiabatic. 
The figure shows how this quantity can be used 
in practice to avoid the need for numerical 
calculations. 

In the upper part of Fig. 1 we have plotted 
(as heavy straight lines) the adiabatic value of 
the fourth power of the full width at half 
maximum I'* (where r = 2.355c) for four 
different values of 6 1-0.002, -0.0O8, -0.014, 

AN ADIABATICrTY CRITERION FOR COLLECTIVE M O W N * 

G. Mantzouranis. W. D. Myers and J. Randnjp 
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-0.020) t in t bracket the rage of physically 
interesting valves. The heavy dashed lines are 
numerically calculated valves of l ' * l t ) 
obtained from solving Eq. (1) with k • 4 HeV. 
when the final "freeze-out" value of l"*(t) Is 
projected back to the adtabatlc curves, one can 
deteraine the tine at which the adiabatlc value 
of r was the sane as the final valve. I f th is 
tine Is projected down to the lower part of the 
figure, we find that the crit ical quantity C has 
approximately the sane valve in each case of 
1.108. This result allows us to es t iu te 
•"final S , B C e * * k n 0 W * * * * 

(2.355)' K' (3) 
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< Time in units I 0 " z e sec 

Fig. 1 . Curves used to deteraine the value of 
the c r i t i ca l quantity C which can then be use<' 
to estimate the f inal value of the width r . 

IXBL 807-1637) 

ANGULAR DISTRIBUTIONS OF SEQUENTIALLY EMITTED PARTICLES 
AND GAMMA RAYS FROM NEARLY ALIGNED NUCLEI FROM 

DEEP INELASTIC COLLISIONS 

L. G. Moreno. S. BIBU. and A. Pacheco 

Thermal fluctuations in deep inelastic 
col l is ions can produce an angular momentum 
misalignment in the resulting fragments. * 
s ta t is t ica l analysis of the problem leads to the 
following distr ibut ion in the three angular 
momentum components for asymmetric system': 

P(I) o exp 

where oz2 = 0 ^2 * 6 j T , o x

2 ' _ « 
ature of the Intermediate couples and <f Is the 
moment of inert ia of one of the two fragments. 

is the temper-

I f one of the fragments either fissions or 
under-goes part ic le decay, the a-gular d i s t r i 
bution of the emitted particles Is 

w(ee) 
1_ 

^ . "» ' - W - icr «»<- W "max 

" h e r e Amwfatn) " W m i n ) 

"fe'Tl] 
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$2<M) - *l * <°|cos2d + oZs1n2«sin2« + o|cos^»; - 3 f * {acos 4 . + |s1n 4 « - 12sfnZ» cos 2 . } f l - D(«)H 

Kj . 1 L i - . 2-1 

and ••/„, // L, .1„ are the parallel and perpendi
cular moments of inert ia of the c r i t i ca l shape 
(saddle point) and of the residual nucleus after 
neutron emission respectively. 

Similarly for the stretched emission of 
gamma rays we have the following angular 
distr ibut ion (we set »; « o£ » o%): 

k(e) r 
• | [ 1 + cos'e + e ' ( l - D ( B ) ) ( 1 - 3cos'e)] 

W(e) E ? - | [1 - cos'e 

-2e Z |3s1n2i 

2 2 2 ) 
(sin e - 4cos elsin e> 

2 4 3 
e cos o - 2cos e - -JO(e) 

where B = - and D(e) =V2"BF(l/vgp) and F<x) is 

the Dawson integral : 

F(x) = e " x * e t 2 d t 
0 

These fortulae provide a aost direct tool to 
extract information on the fragrant spin 
n i salignaent froa angular d is t r ibut ion. 

1. L. fi. Horetto and R. P. Scharitt, Ph>s. Rev. 
C 21. 204, 1960. LBL-10805. 

EFFECTS OF PARTICLE EVAPORATION ON THE ANGULAR MOMENTUM OF THE 
EMITTING NUCLEUS FOR DEEP INELASTIC AND COMPOUND NUCLEAR REACTIONS* 

S. K. Blau and L. G- Moreno 

Gamma mul t ip l i c i ty measurements1 and 
angular distr ibutions of photons, l i gh t 
particles and f ission fragments2 provide 
information about the magnitude and alignment of 
the angular momentum transferred during deep 
inelastic processes. None of these data, 
though, many be interpreted properly without 
including a correction for the effects of 
part ic le emission on the angular momentum of the 
residual nucleus. He endeavor to provide 
analytical formulae to show how such corrections 
can be made. 

Vie assume that the evaporation process is 
controlled by a c r i t i ca l shape^ (emitter/ 
e jec t i le complex) consisting of residual nucleus 
and emitted part ic le in contact with each 
other. In our model the e ject i le removes 
angular momentum equal to the orbital angular 
momentum of the eject i le /emit ter complex, i . e . , 
i t carries no in t r ins ic spin. We assume that 
the probabil i ty of emission at a given 
colat i tude, e, is proportional to the Bolt^mann 
factor exp ( -E r o t (e ) /T ) . We f ind that the 
average angular momentum removed by an e jec t i le 
i s : 

<Iejct> = I d - F - f l 

+ (1 - F*)2 h(Z)/8F 3 , 

F?)g(Z)/2F 

fl) 

F = J/(J + gR2), 

Z = I/V?K0 

g(Z) = (erf(Z>/<2 -

Zexp(-z2)/vr)/Z lxp<Z>>, and 

h(Z) - f3v?erf(Z)/,4 - 3Zexp(-Z2)i2 -

-3Zexp(-Z2))/(v ' iZ| r f(Z)). 

The functions g(Z) and h(Z) may be expanded in 
powers of Z. Their expansion to second order in 
Z y ie lds: 

g(Z} = 1/3 - 4Z2/45 
h(Z) = 1/5 - 4Z2/45. 

Substitution of these approximations for the 
analytical expressions in Eq. 1 and the formulae 
that follow introduces an error of £ 3%. 

In order to calculate the dispersion in the 
angular momention of the residual nucleus due to 
emission of an e jec t i le , we may assume that for 
a given colatitude, e, eject i les are emitted 
isotropical ly. I f we estimate <p2> = 3mT 
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where in 1s the e jec t i le 's mass and T is the 
nuclear temperature t.% f ind : 

2 - 1 n 

(1 + g(Z)>. 

-^-[(g(z) - h(2]j+H^ 

(2) 

<h(Z> - g2(2)) *mr2T 

essentially Identical with those of the 
Isotropic "Oriel given In equations 2 and 3. 

For non-fisstoning compound nuclei we choose 
the x' axis to be the beam axis. The y' and z' 
axes are orthogonal axes perpendicular to the 
beam axis. The components of the dispersion of 
the angular momentum of the compound nucleus 
after evaporation of an ejectlle may be 
expressed in terns of o . 2 , o« z and 

(4) 

( l - g ( z > ) , (3) 
2

2 > / 2 . (5) 

where x and y are two orthogonal directions In 
the reaction plane and the z direction 1s 
perpendicular to the reaction plane. 

We also calculate the dispersion in the 
angular momentum of the residual nucleus with a 
model in which the velocity of emitted eject l les 
follows the Maxwell velocity distr ibut ion 
weighted by a factor, vj_, the velocity of the 
e ject i le perpendicular to the surface at the 
point of evaporation. The results are 
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HIGH-MULTIPOLE ISOVECTOR MODES AND CHARGE FLUCTUATIONS IN 
HEAVY ION REACTIONS* 

L. G. Moretto, C. R. Albiston and G. Mantzouranis 

The isobaric charge distr ibut ion of frag
ments in deep-inelastic scattering provides 
information regarding the thermal and quantal 
fluctuations of axial component of the El mode 
associated with the intermediate complex.1 

There have been allegedly contradictory f ind
ings of small and large charge fluctuations at 
large and small mass asymmetries, respectively. 

To elucidate the role played by mass asym
metry and the higher-order isovector modes, we 
propose a simple model in which the intermediate 
complex is approximated by a cylinder sp l i t into 
two parts, and study i t s axial modes. 

Using the Steinwedel-Jense hydrodynamical 
model, we obtain the mode frequencies u n = 
k n u, where u is the isospin sound velocity and 
k n = (Tr/2a)n, the wavenumber of the nth mode, ° 
is given by te boundary conditions of the mode 
wave functions on the cylinder. The potential 
energy as a function of the charge excess of one 
of the fragments yields the stiffness constant 

where X is the l iqu id drop symmetry energy 
coeff ic ient and 0 is the degree of symmetry. 

In the l i m i t of low temperature, the part ial 
charge widths are given by 

° n 2 * hun/ Z c n 

= oi2fsymmetry) sin 2 [n*Q]/n 

and are plotted in Fig. 1 . The contribution of 
the higher modes is comparable to that of the 
lowest one, and the part ial widths of a l l the 
modes depend strongly on Q. At complete 
asymmetry (Q = 0) , a l l widths vanish. 

The total charge width 

u = c. (symmetry) ^ s i n tnrQj 

^ \ — i 
'.i sin tnitQ] 

diverges logarithmically; however, the finite 
size of the nucleon sets an upper limit on n-
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Fig. 1. The square of the normalized part ial 
width is plotted (a) against the degree of 
symmetry at fixed n, and (b) against n at a 
fixed degree of symmetry. (XBL 7910-4421) 

MANIFESTATIONS OF EXCITATION ENERGY FLUCTUATIONS 
IN DEEP INELASTIC COLLISIONS 

D. J . Morrissey and L. G. Moretto 

The equil ibration of excitation energy 
hetween the partners in deep inelastic c o l l i 
sions has to occur on a very short t ine scale. 
This fast equil ibrat ion Is required by observa
tions that the mean number of evaporated neu
trons from reaction products is indicative of a 
sp l i t t i ng of the total dissipated energy in 
proportion to the fragment masses1»z over the 
whole range of dissipated energy, even for very 
small energy loss ( i . e . , the shortest col l is ion 
times). Thus, the thermalization time mist be 
shorter than the shortest interaction times so 
that the fragments always remain in themal 
equil ibrium. A further check of s ta t is t ica l 
equilibrium can be made by observing f luctu
ations in the sharing of the excitation energy 
between the two fragments. This distr ibut ion of 
excitation energy, E, is proportational to the 
level densities^: 

P(x)dx* P I (X )P2 (E - x)dx (1) 

For small excursions about the mean, L J , the 
distr ibutions is approximately Gaussian: 

P(x)dx« e'iE*o - x i / 2 a dx (2) 
where o 2 is a function of the temperature and 
the level density parameters; 

a l a 2 (3) 

For the symmetric system Aj * A? * 100 with 
E - 100 HeV we obtain (a = A/8), Ej = 50 
MeV, and o = 10 HeV. 

We have explored two avenues through which 
the fluctuations could manifest themselves* 
neutron energy spectra and evaporated neutron 
number. We have found these two observables 
complementary in that fluctuations have a large 
effect on the neutron energy spectra only when 
the mass asymmetry is large and fluctuations 
introduce a covariance in the number of evap
orated neutrons that is prominent for equal mass 
fragments. 

Figure 1 shows the neutron energy spectrum 
expected from the light partner (20:180 mass 
split). The constant temperature neutron spec
trum was calculated as: 

P(E ,T) =-
*/T (4) 

The neutron spectrum for a f luctuating excita
t ion energy was calculated by numerical folding 
of £q. 1 with Eq. 4. The increase in the proba
b i l i t y of emitting a high-energy neutron is very 
dramatic. 

The covariance of the number of emitted 
neutrons from reaction partners was investigated 
with a simple Monte Carlo code. The division of 
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Fig. 1. The calculated neutron energy spectra 
from the l igh t partner with and without f luc tu 
ations are shown. (XBL 808-1551) 

Fig. 2. The correlation of the number of neu
trons emitted from symmetric fragments is shown 
for discrete excitation energy division in (A) 
and with fluctuations in (B). {XBL 808-1552} 

the excitation energy was either f ixed or picked 
at random in proportion to Eq. 1. Then the two 
fragments were allowed to emit neutrons unt i l 
the nuclei had cooled to less than (B y + 2T 1 ) , 
where Bv is the l iqu id drop neutron binding 
energy and T' is the temperature after emission 
of the previous neutron. The probability 
contours for emission of v\ neutrons from 
fragment 1 and v? neutrons from fragment 2 are 
shown in Figs. 2(A) and (B). Again, a dramatic 
change can be seen when we turn on the f luc tu
ations (Fig. 2 (B)). Experiments along these 
lines should therefore be very useful in 

establishing i f thermal equilibrium is real ly 
at ta i ned. 
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ANGULAR MOMENTUM FRACTIONATION PRODUCED BY AN l-DEPENDENT 
POTENTIAL ENERGY* 

C. R. Albiston and L. G. Moreno 

The gamma-ray multiplicity associated with 
deep-inelastic collisions provides information 
about the spin of the product fragments. For 
nonequllibrated systems* the variation of the 
multiplicity with mass asymmetry nay shed light 
on the time dependence of the angular momentun 
transfer. 

We present experimental evidence for angular 
momentum fractionation caused by an /-dependent 
potential energy, and we explain i t using a 
simple model. The gamma-ray multiplicity for 
340-MeV ™Ar + 159 T b at 50" in the lab 1 

(Fig. 1) drops sharply with decreasing fragment 
charge, or increasing mass asymmetry, in con
trast to the multiplicity measured for He + Ag, 
Ar + Y, Kr + Ag, and Kr + Ho. 

A possible explanation is suggested by Fig. 
2. For low & waves, the potential at the injec
tion point slopes downward with increasing mass 

' 11 111 i 111 11 T rrrr 1111 n 11 m i | ITTTI I I I I [ l 

• • 1 o 

• 
0 

- • Theoretical 

i 
o Experimental 

1 tat 50°) 

340 MeV "°Ar + l 5 9 Tb 

20 
z 

Fig. 1. Gamma-ray multiplicities as a function 
of fragment charge with representative error 
bars on the experimental results. (XBL 804-4135) 

asyaaetry, whereas i t slopes upward for high I 
waves, barring their diffusion. Consequently, 
the fragments of lower charge are preferentially 
populated by lower/ waves and SMller gaaau-ray 
Multiplicities. 

Fig. 2. Potential energy as a function of 
fragment charge for representative/ waves. The 
arrow indicates the entrance-channel asymnetry, 
or injection point, for this reaction. 

(XBL 804-4136) 

A simple diffusion model can describe this 
effect more quantatively. The asymnetry poten
tials are approximated by inverted parabolas, 
each peaking at A = Am*, and whose curvature 
increases w i t h i : y = ( l /2 )w(Z - Z ^ ^ l * . 
In this case, the Fokker-Plaritk equation 
describing the time dependence of the population 
along the asymmetry coordinate has an analytical 
solution: 

li(h,£) » cl/2(2,T[l - exp(-2c^t^/K)]-l/2 
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exp 
(-cg[ h - hoexp(-c^tg/lQT 

2T[1 - e«p(-2cgtg/K)] ) 
where t Is the interaction time, K is the f r i c 
t ion coeff ic ient, and h < hg at the Injection 
point. 

Simple ansatze are made for the dependence 
on^ of the interaction tine and the curvature 
of the potent ial . The mul t ip l ic i ty i s given by 
half of the the f i r s t moment of the fragment 
spin with respect to the distr ibut ion tflh,/); 

the results are shown In Fig. 1 . This calcula
t ion Is not Intended to f i t the data quantita
t i ve ly ; rather, i t serves to demonstrate that 
the aifference in the potential energies of the 
various / waves Bust be accounted for* 
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A TIME-DEPENDENT HARTREE-FOCK STUDY OF HIGH-ENERGY 
RESONANCE INDUCED BY HEAVY-ION COLLISION 

H. Flocard and M. S. Weiss" 

Recent heavy-ion experiments measuring, with 
high-resolution, cross sections as a function of 
excitation energy, have shown that superimposed 
on the previously known quasi-elastic peak and 
deep inelastic broad bump, there existed wel l -
defined structures. 1 The exact nature of 
these structures Is s t i l l far from being e luc i 
dated, but one natural e x r 1 _ nation would be that 
they correspond to high lying resonances. I t 
was therefore tempting to see whether such 
resonances could be predicted by a time-
dependent Hartree-Fock calculation (TDHF). We 
f i r s t chose the start ing point of our calcula
t ion so as to reproduce the experimental 
condition, namely a 4 0Ca + 4 0Ca at an energy 
Elab = 4 0 ° M e V a n d a n impact parameter leading 
to a quasi-grazing co l l i s ion (L = 100 f t ) . Once 
the col l is ion was completed, we stopped each 
fragment so i t did not f l y out of the box in 
which the calculation was performed. We then 
l e t the two outgoing fragments evolve in time in 
their cm . frame, and we recorded the time 
evolution of their multipole moments. 

In d second state we analyze this time 
evolution and try to detect i f i t contains high 
frequency vibrational modes. A f i r s t observa
tion is that the motion of a l l moments i s highly 
dominated by nonlinear phenomena. A direct 
Fourier transform shows the major peaks occuring 
in the 0-3 MeV range which, in view of the total 
time over which the motion i * recorded (2 x 
10~21s), cannot be considered as signif icant 

ta 2-MeV mode performs only one vibration in 2 
x 10~ 2 1 s). However, some structures are 
evident at high energy. Their analysis i s made 
d i f f i c u l t by the background noise generated by 
the Fourier transform performed on a f i n i t e time 
in terva l . In order to study the high energies 
i t is necessary to f i l t e r out the low-energy 
modes and the ensuing high frequency background 
that they a r t i f i c i a l l y generate. Indeed, sub
tract ing from the calculated curve i t s smooth 
part obtained by convolution with a Gaussian 
shows clearly the existence of underlying 
vibrations whose energy can be slowly 
extracted. A more detailed analysis of which 
frequencies are excited, i n which multipole 
moment, i s now needed in order to assign each 
frequency to a specific shape vibrat ion of the 
nuclei. An investigation as to whether the 
rather large number of vibrations seen in our 
calculation corresponds to independent modes or 
whether they can be sorted into families of 
frequencies multiple of a given number, thus 
indicating a nonlinear v ibrat ion, is presently 
underway• 

Footnote and Reference 

*Lawrence Livermore National Labc-atory, Liver-
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APPLICATION OF THE ftMAGMARY TMME STEP METHOD 
TO THE SOLUTION OF THE STATIC HAXTREE-FOCK PROBLEM 

K. T. fl. Davits.* K. Flocanl. S. Kriagarf and M. S. Wai 

The Hartree-Fock (HFJ Method appears over 
the years as one of the aost powerful Methods 
available to study nuclear structure. However, 
I t entails the solution of nonlinear equations 
for which no mathematical analysis is yet 
available. One must therefore rely on 
empiricists to find schemes, necessarily of 
iterative nature, which ensure a convergence 
toward the HF solution. One such scheme was 
developed in the forties and used extensively in 
the sixties by several groups to study nuclear 
structure properties. I t involves the expansion 
of the single particle wave function on a given 
basis followed by a construction of the HF 
Hamiltonian h in the variational space. 
Subsequent diagonalizations of the HF 
Hamiltonian provide the wave functions for the 
next approximations of the HF Haailtonian. With 
minor improvements this method has proven quite 
successful in all the cases in which i t could be 
implemented. The crucial limitation of the 
method is the size N of the variational space 
which must not exceed N - 100 for the 
calculation to remain manageable. For the 
description of complicated shapes like those 
appearing in heavy-ion collisions of fission 
processes this limitation appears too 
restrictive. In addition, the diagonalizatlon 
of the Hamiltonlan matrix at each interation 
provides un-useful information on high lying 
fand very likely unphyslcal) states. The 
imaginary time method that we propose studies 
only those states that contribute to the 
Hartree-Fock solution (unless information on 
specified unoccupied states is also desired). 
I t also allows the handling of large variational 
spaces. For example, calculations have been 
performed for spaces of dimension M * 2000. The 

iterative procedure goes as follows. Starting 
from an in i t ia l guess of the useful single 
particle wave functions* we generate the HF 
Hamiltonian matrix h and the wave functions at 
the next iteration by the transformation 

, h ( n ) (n) 
•,01 + 1) = exp(- ±jj- *, ) - ( i j 

In the proceeding formula f stands for the single 
particle Index, In) labels the iteration, and x 
is * parameter of the method that happens to be 
homogeneous to an imaginary time step. Before 
moving to the next iteration, the (*\ n + *> 
must f i rs t be orthogonal 1«d, since the 
transformation i l l is not unitary. Practically, 
the exponential in formula (1) can be replaced 
by a few terms' expansion so that transformation 
f l ) amounts to successive multiplications by 
hi") , since in many cases the matrix h ( n > 
is sparse, the storage and calculation problem 
is greatly reduced. The method has been 
successfully applied for sever*? calculations 
for the study of either fission or nuclear 
molecular states* He plan now to apply I t to 
study the changes In nuclear shapes Induced by 
high values of the angular momentum like those 
achieved by a heavy-ion collision. 

Footnotes 

*0ak Ridge National Laboratory, P.O. Box X, OJt 
Ridge, TM 37t^ 
iDepartment of Physics, University of Illinois 
at Chicago Circle, Box 4348, Chicago IL 60680 
|Lawrence Livermore Laboratory, University of 
California, Livermore, CA 94550 
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B. RELATIVISTIC 

TARGET FHA6MEHTATI0N CALCULATIONS WITH 
THE NUCLEAR FNtESTREAK MODEL 

P. L McGaugtwy. D. J Morrissey. «nd G. T. Scaborg 

Previous calculations of the fragmentation 
of heavy targets. Induced by betas of re la t i 
vist! c heavy-ions, have been performed tinder trie 
formalisms of the nucU-ar fireball model* and 
the intra-nuelear cascade (INC) model.2 These 
model5 represent two limiting views of the 
mechanism of interaction of nuclei colliding at 
relativlstic velocities. The INC model pictures 
the interaction as consisting of the uncorre
cted collisions of individual nucIcons within 
the two nuclei, while the fireball model assumes 
that the Interaction is localized to the overlap 
region, with the non-overlapping regions being 
unaffect*". Both systematlcs require a two step 
reaction: during the f i rst step the struck 
target nucleus fragments into highly exc i td 
remnants, and in the latter step the remnants 
de-excite by statistical emission of particles 
and by fission. 

Unfortunately, the fireball model calcula
tion is much inferior to that of the INC model, 
for i t severely underestimates the excitation 
energy deposited in the fragment during the 
abrasion step and cannot predict angular and 
linear momentum transfer at a l l , both of which 
are calculated by the use of the INC model. In 
order to retan the collective nature of tr? 
interaction aid to eliminate the unreallst • 
clean-cut assumptions cf the fireball model, we 
have extended the firestreak model of Myers3 

to include the calculation of the residual 
masses, excitation energies, and linear and 
angular momenta of the primary target remnants 
that are produced in these reactions. Under 
this newer formalism, the two colliding nuclei 
have diffuse nuclear surfaces that are generated 
by folding a short-range (Yukawa) function into 
the conventional sharp-sphere density distr i 
bution. I t is assumed that during the collision 
the interaction is localized to the overlap 
region, where co-linear tubes of nuclear matter 
from the projectile and target undergo com
pletely inelastic collisions. A transparency 
function, which is based upon the total free 
nucleon-nucleon cross sections, is included to 
prevent collisions from occuring between tubes 
containing an insufficient density of nucleons. 
Once two tubes have collided, they fuse and 
equilibrate their kinetic and thermal ener
gies. I f the resulting kinetic energy of t : e 
fused tubes is less than its binding energy to 
the target, then i t is captured and contributes 
directly to the t.r-get fragment's excitation 
energy, mass, and momenta, which are all expli
citly conserved during the interaction. The 
de-excitation step of the -saction is handled in 
identical fashion to that of the other models. 

In Fig. 1 , the results of some of the calcu
lations of the fast collision step are given for 
the reaction of 400 MeV/A Z0Ht * n8U. as 
calculated by the three models. The IMC com
puter code MS executed using an eight step 
density distribution for the two nuclei, with 
the Inclusion of Fermi motion of the nucleons, 
and the allowance of meson production. The 
fireball code used took neutron skin effects 
Into account for the target nucleus. The 
firestreak calculation was performed Including 
Pauli-prfnciple blocking fn the target. The 
latter two computations both used a giant dipoie 
resonance model to obtain the init ial charge 
distributions of the residual nuclei. The 
de-excitation phase of each calculation was 
performed using a standard Monte Carlj statis
tical evaporation code, which *iad bt-en modified 
to include fission competition for al l target 
fragments. The three final mass dfstibutfons, 

180 " 200 220" 240 

Ma<,s Number, A 

Fig. 1. Excitation energies, recoil undents, 
and masses of target fragments produced dur..ig 
the primary interaction of 8-0 GeV 2vHe + 
2 3 8 U , as calculated by the fireball (11, 
intra-nuclear cascade (2) , and firestreak (3) 
models. (XBL 808-1675) 
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as calculated by this code, are given In Ffg. 2, 
together with the experimentally measured 
distribution.* 

•i i ' ' ! . . i i 

0 4 0 80 120 160 200 240 

Mass Number, A 

Fig. 2. Calculated mass-yield distributions of 
the target residues after de-excitation, labeled 
as in Fig. 1. The dashed line is the experi
mental data, as reported In reference 4. 

(XBL 808-1676) 

Several conclusions are immediately sug
gested by an inspection of Figs. 1 and 2. As 
mentioned previously, the fireball model is 
clearly deficient, in that the predicted exci
tation energy transfer is far too low. This 
results in the generation of mass distributions 
with heavy mass yields which are far in excess 
of those actually observed. The similarity 
between the excitation energies, the momenta, 

We discuss the correlations of two particles 
(proton-proton, proton-pion) in high-energy 
nuclear reactions by means of the linear-cascade 
model (rows on'rows).*»2 I t describes the 
observed cross sections in terms of contribu
tions arising from dynamically independent 
groups of interacting nucleons. In addition to 
a correlated part where both observed particles 
aise from the same group of nucelons, there is 
also a slgnficant background contribution from 
the particles originating from two independent 
groups. The construction of the one and two 
particle spectral functions by means of a Honte 
Carlo simulation method allows the inclusion of 
various dynamical effects, such as the produc
tion of delta Isobars or precritical scattering. 

The presently available data3 express the 
amount of correlation by a ratio R of the In-
plane to out-of-plane coincidence cross sections 

and the mass distributions predicted by the 
firestreat and the INC models is very striking, 
with the INC model predicting generally higher 
energy transfer and less mass removal during the 
fast part of the collision. I t is somewhat 
surprising that two such divergent collision 
mechanisms give nearly the same results. This 
suggests that although the Interaction may well 
be collective In nature, this collectivity does 
not manifest i tself in these experimental 
observables. Indeed, the shape of final mass 
distribution seems to be more sensitive to the 
choice of the statistical evaporation model 
parameters than to the differences between the 
ftrestreak and INC model predictions. Never
theless, the ffrestreak has two apparent 
advantages over the INC model, for overall i t 
produces the better f i t to the experimental miss 
distribution for target residues formed from the 
Interaction of 8 GeV ^We * 2 3 8 U . and 
because i t requires less than one-tenth of the 
computer time to perform the same calculation. 
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registered in a tag counter and spectrometer. 
Our init ial studies indicate that not only the 
height of the quasi-elastic peak, but also its 
position in momentum space may be sensitive to 
the background term and to correlations arising 
fron the sharing of energy and momentum among 
more than two particles. 

For proton induced reactions (p,2pj only one 
participant cluster exists per event. Therefore 
the background term vanishes, thu; enhancing the 
quasi-elastic peak such that i t can be directly 
studied in the coincidence cross section. 

The calculated coincidence spectra are found 
to be in close agreement with the data3 for 
light systems. The observed shadowing effects 
in heavy sustem, however, are beyond the scope 
of this simple model. 

TWO-PARTICLE CORRELATIONS IN HIGH-ENERGY 
NUCLEAR COLLISIONS 

Jtim Knoll* and Jargen Randnjp 
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STATISTICAL MODEL FOR INTERMEDIATE-ENERGy NUCLEAR COLLISIONS-

J. Randnjp and S. E. Koonin* 

Ue have developed a statistical nodel for 
multi-fragment final states in nuclear col l i 
sions with bombarding energies EM < 200 MeV. A 
portion of the system formed with energy per 
nucleon e and isospin polarization I = (N-Zl/A 
is assumed to decay according to the available 
non-relativist1c phase-space. The conservation 
of energy, nucleon number, and charge is most 
conveniently imposed by considering the grand 
canonical ensemble and Introducing appropriate 
Lagrange multipliers. This results In a "frag
ment gas" at nuclear density PQ/X, where p 0 

= 0.17 fm"3 is the nucleon density of ordinary 

nuclei and X Is a parameter of order unity- The 
ground and al l known particle-stable ejcited 
states of fragments with A £ 16 are Included 
explidty in the Internal fragment partition 
functions, while those for A > 16 are 
approximated In a Fermi-gas n d e l . For given 
values of c. I , andx, we calculate the 
temperature and the fragment "t'S and charge 
distributions. 

The figures show some instructive results: 
the temperature? for a given c (Fig. 1) is 
always greater than that of free nucleons (• 
2/3e) because composite fragments effectively 
eliminate some translational degrees of free
dom. The ratio of produced free neutrons to 
free protons (Fig. 2) increases dramatically 

40 60 80 100 
Energy per nucleon e (MeV) 

20 30 40 50 60 70 
Temperature r (MeV) 

F1g. 1. (XBL 803-533) Fig. 2. (XBL 803-534) 
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with I , since all light composite fragments have 
». = Z. 

Although our model has no dynamical assump-
tlons, ft can nevertheless correlate and predict 
many experimental observables 1n terms of only 3 
parameters (e, I , and* ) , which can be deter
mined from experiment. Any dynamical mechanist* 
which may be Invoked to explain intermediate 
energy collisions can therefore be judged 

Recently high-energy nuclear collisions' 
have been studied by means of a statistical 
model.' I t describes the observed cross 
sections in terms of contributions arising from 
dynamically independent groups of Interacting 
nucleons, ascribing highest entropy distribu
tions in line with the conservation laws to each 
group. The model has particularly elucidated 
the role of finite particle number effects in 
inclusive proton spectra.3 In this work the 
model has been extended to include the produc
tion of pions. As in Fermi's statistical 
theory4 the rate of pions produced out of a 
group of nucleons follows from the assumptions 
of complete equilibrium 1n all degrees of 
freedom in the system which is assumed to be 
confined to a given volume. Consequently and 
analogously to other thermo-chemical models5 a 
density parameter governs the production rates. 
This is the only free parameter of the model. 
I t has been chosen such as to reproduce the 
observed pion multiplicities at 800 NeV/A beam 
energy. 

As a consequence of the finite number of 
particles involved in a heavy-ion reaction the 
asymptotic slopes of the one-particle spectra 
(protons or pions) turn out to be steeper than 
those calculated with models using bulk-limit 
distributions' and are in fair agreement with 
experimental data. Especially the dependence of 
the spectra on the mass of the colliding system 
can be explained as an effect of the respective 
difference in the numbers of particles in
volved. Furthermore, some of the scaling 
features of inclusive pion spectra6 can be 
reproduced and seem to reflect the dominance of 
kinematical effects in these cases.7 The 
statistical model in general proves to be 
superior to other models based on the equlibrium 
assumption in all cases where kinemetical limits 
are being approached, e.g. for pion production 

against these 'background* predictions. 
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at forward angles which was recently measured 
up to the kinematical l i t l t . 8 

While the pion production rates s t i l l remain 
to ire understood, the inclusive proton- and 
pion-spectra reflect a great deal of features 
typical for equilibrited but finite systems. 
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FINITE PARTICLE NUMBER EFFECTS IN iNCH-ENERGY NUCLEAR COLLISIONS: 
NMPUCATIONS ON nON-SP-ECTRA* 

SteMen Bohrmon- and JSm KnaU' 



163 

CLUSTER ANALYSIS OF THE INTRA-NUCLEAII CASCADE* 

J . Cugnon.' J . Knoll. * »nd J . Randrup 

We attempt to disentangle the apparently 
complicated results of an Intra-nuclear cascade 
calculation (INC)1 of relatlvlsltlc nuclear 
reactions by analyzing the cluster structure of 
each cascade event. The basic building bricks, 
the clusters, comprise those nucleons that are 
In Intimate interaction contact. In this My we 
achieve a formulation of the collision problea 
close to those used in simplified approaches, 
facilitating a direct comparison with simple 
physical Ideas. 

We distinguish between gentle and violent 
interactions by means of a cut-off in momentum 
transfer, the violent collisions defining the 
clusters. The cut-off chosen of the order of 
the Fermi momentum was found to be of no dynami
cal relevance for each cluster's spectrum. 

The main results are the following. The 
resulting nucleon momentum distributions per
taining to a specific cluster size do not depend 
on the colliding nuclei (universality). The 
spectral shapes in particular are found in close 
agreement with those calculated with the simple 
rows-on-rows model' with the limiting behavior 
for cluster sizes beyond eight nucleons. The 
largest discrepancy with simplified models 
appears 1n the size of the clusters formed. 
While straight-line concepts in the rows-on-rows 
model lead to fairly small clusters, the intra
nuclear cascade links many nucleons into the 
same cluster. The main reason for these large 
sizes produced in the INC was traced to the 
f inite value of the N N interaction radius which 

A current Bevalac experiment measures the 
spectrum of charged kaons produced in re lat i -
vistic nuclear collisions.* Although the 
partial cross section for kaon production is 
relatively small, such an experiment is of great 
interest because of the important new informa
tion i* «ay provide about the nuclear collision 
dynamics. Positive kaons have a relatively 
small interaction cross section (- 9 mb) with 
nucleons so that they are more likely to escape 
unperturbed once created. Since the threshold 
(- 1.6 GeV) for their production is relatively 
high on the scale of presently available beam 
energies, the kaons are predominately produced 
before the init ial kinetic energy is substan-

leads to an Increase in transverse communication 
as the size of the cluster grows. A structural 
analysis of these large clusters would probably 
reveal them as built up of several subclusters 
linked by only one or two Interactions. In such 
a case the subclusters may more directly reflect 
the dynamical information on the process. 

He see the present analysis as an aid to 
Improve the INS. In partlcluar. i t may reduce 
its complexity and hence Increase the practical 
ut i l i ty of the INS for relatively rare events 
such as high momentum components or multi-
particle coincidences. 
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t ia l ly degraded. They are therefore expected to 
be better suited as messengers of the primary, 
violent stage of the collision which might 
otherwise remain quite elusive. 

Our study is based on a conventional 
multiple-collision picture of the nuclear 
reactions. In particular, we employ the 
approximate linear-cascade model developed by 
Kufner and Knoll 2 and later extended by Knoll 
and Randrup.3 This is probably quite adequate 
for our present exploratory study. Two baryonic 
states were included: the nucleon N(940) and 
the delta resonance fit 1232). The baryonic cas
cade then involves the process NNtNasaa. Due to 

K + PRODUCTION IN RELATIVISTIC NUCLEAR COLLISIONS* 

Che Ming Ko and Jutgen Randrup 
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the Lorentz dilation factor, which 1s around 3, 
the deltas are not likely to decay until after 
the cascade Is completed. I t fs therefore 
important to note that the pions, whether 
created during the prlatary cascade or later, are 
expected to have too l i t t l e energy to produce 
any kaons fn their further Interactions with the 
nucleons. We therefore expect that the dominant 
source of kaons Is the primary baryon-baryon 
collisions. Since the partial production cross 
section for kaons is so small we may safely 
employ a perturbative approach in which the 
dynamical feed-back effect of the kaon produc
tion on the further collision process Is Ignored. 

The quantities needed in order to generate 
the kaon spectra In a nucleus-nucleus collision 
are the kacn spectra associated with the various 
types of elementary baryon-baryon collisions. 
Experimentally, the available Information fs 
limited to proton induced reactions at few 
energies. From both the available experimental 
information and the theoretical extrapolations 
based on the one-pion exchange model, we arrive 
at the following conclusions for the kaon spec
tra from the baryon-baryon collisions: 1) the 
angular distribution is Isotropic in the center-
of-mass system. 2) the momentum distribution 
can be parameterized by do/dp « x^(i-x) where 
x * p/Pmax i s the kaon momentum measured in 
units of its maximum value. 3) The energy 
dependence of the isospin-averaged total kaon 
production cross section is approximately given 
by -3NN a 1-33 O N A X 2 s ^ « 1 « ub Pmax/"KC. 
where m̂  is the mass of kaon. 

We have calculated the differential kaon 
cross sections for the experimental cases of p» 
d, and Ne projectiles on t^raets ranging from 
NaF to Pb. The calculation yields kaon distri
bution which are nearly isotrooic and centered 
near the mid-rapidity y c = ybeam/2 = 0.92. 
The total inclusive kaon cross section is pre

dicted to approximately scale as the product of 
the nuclear masses AB. 

The predictions obtained from the multiple-
collision model are significantly different from 
what would result in a thermal model. Such a 
model would predict that kaons are emitted from 
a source which moves with half the beam, rapidity 
for symmetric systems but with a smaller rapid
ity for a light projectile incident on a heavy 
target. Also, the scaling behavior predicted 1n 
the multiple-collision model is not expected to 
hold in the thermal model. The raons should 
therefore be very well suited for discriminating 
between the cascade-type picture and the thermal 
picture. 

The init ial Fermi motion of the nucleus is 
Instrumental in broadening the kaon distribution 
over a wide domain in rapidity space and thus 
leads to kaons at considerably larger laboratory 
angles than that could result in a proton-proton 
collision. I t is thus conceivable that the 
kaons may be used to probe the intrinsic momen
tum distribution of the nucleons; this might be 
a particularly powerful method at beam energies 
below the nucleon-nucleon kaon production 
threshold where the kaons would be produced 
exclusively due to the Fermi motion. 
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A MODEL FOR PION ABSORPTION IN NUCLEI* 

Che Ming Ko and Steffen Bohmtann 1 

Recently, detailed experimental studies of 
the pion absorption process in nuclei for pion 
energies in the region of the a resonance have 
been carried out. 1 The general features of 
these data suggest that the energy and the 
momentum brought in by the pion are equally 
shared among several nucleons the number of 
which ranges between 3 and 6 depending on the 
target mass. The inclusive spectra of these 
nucleons are structureless and monotonically 
decreasing with increasing nucleon energy. In 
analogy to the statistical model of high-energy 
nuclear reactions* we suggest that the 
nucleons sharing the pion-energy and momentum 
are these lined up in a "row" extending in beam 
direction at the impact parameter of the pion. 

Energy and momentum are completely randomized 
among these nucleons, i .e . , their available 
phase space is occupied uniformly. The 
resulting proton spectra agree very well with 
the measured data (see Fig. 1; data are from 
Ref. 1) . 

The mê n number of nucleons in a row is 
governed by thp c:\iss section given to this 
row. I t can be adjusted to give the observed 
value for a fixed target. This same value of 
the cross section (40 mb) reproduces the ob
served mean number of participating nucleons for 
any target (Fig. 2 (c ) ) . Taking into account 
the slightly varying probability for absorbing a 
pion with the number of nucleons In a row gives 

file://c:/iss
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almost exactly the observed integrated proton 
yields except for the lightest target, which my 
be due to completely neglecting the two-nucleon-
absorption process in our aodel (Fig. 2 (a ) ) . 
Finally, the ratio of the integrated proton 
yield following the absorption of a »* to the 
yield after the absorption of a «~ is as well 
reproduced (Tig. 2 (b) ) . 

The success of our simple model supports the 
assumption that energy and momentum of the in
coming plon are equally shared among the nucle-
ons in a row. The model, however, does not deal 
with the dynamical details of the process, which 
may be very involved because of the large num
ber of participating particles. Further 
research perhaps may clarify this question. 
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Fig. 1. Inclusive proton spectra after plon 
absorption. Data are from Ref. 1. 
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Fig. 2. Data are from Ref. 1: (a) Tota1 proton 
yield after theabsorption of a » + on various 
targets ( I 2 C , » A 1 , 5«H1, 1 8 1 T a ) . ( b ) 
Ratio of the proton yield after »+-absorpt1on 
to the yieid after T"-absorption as a function 
of the ta:aget mass, (c) Mean number of nucleons 
sharing the energy and momentum of the pion as a 
function of the target mass. (XBL 806-1323) 
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RELATIVISTIC NUCLEAR COLLISIONS: THEORY* 

Miklos Gyulassy 

Recent theoretical developments in r e l a t i -
v ls t ic (0.5-2-0 GeV/nucleon) nuclear col l is ions 
are reviewed. The s ta t is t ica l Model, hydro-
dynamic model, classical equation of Motion 
calculations, b i l l i a r d ball dynamics, and 
Intranuclear cascade models are discussed in 
deta i l . 

He have learned a tremendous amount about 
the basic reaction mechanism. The roles of 
geometry, phase space, and kinematics have been 
Shown to dominate many of the gross features of 
the data. However, i n i t i a l state interactions 
(Fermi motion) and f inal state interactions 
(composite production, Coulomb f ie lds , and 
nuclear shadowing) often lead to complicated 
distortions of the part ic le spectra. He have 
learned that f i n i t e mean free path effects 
cannot be ignored in any reaction studied so 
far. The spectra show clear non-equilibrium 
effects. 

The signif icant non-equilibrium component 
even in near central Ne + U col l is ions v i r tua l ly 
rules out a 1-fluid hydrodynamic description of 
such data. Since hydrodynamics is the only 
direct l ink between data and the nuclear 
equation of state H(p,T), the prospects of 

determining W from data do not seem promising. 
The problem is not that we are looking at the 
wrong observable (central triggered proton 
inclusive cross sections), but rather that 
hydrodynamics does not take into account f i n i t e 
mean free paths and binding that seen essential 
from the data. 

On the other hand, we saw that the high 
momentum components of inclusive spectra are 
very Insensitive to dynamical details of the 
compression phase. Thus, we cannot hope to learn 
about high density nuclear matter from such data 
either. 

I t must be emphasized though that we do not 
have a complete understanding of the reaction 
mechanism. Many detailed features of the data 
such as the * + bump at y * y C B , pj_~C.5 
m, ars only par t ia l ly understood. The low 
energy E < 50 HeV, Ne + U-* p data are also not 
well understood. In these cases, we s t i l l have 
to sort out the complex interplay of the many 
elements of the reaction mec^tJilsn. 

Footnote 

•Condensed from LBL-11040. 

TEST OF SQUARE LAW FOR DEUTERON 
FORMATION IN RELATIVISTIC NUCLEAR COLLISIONS* 

C- C. Noack,' M. Gyulassy. and S. K. Kauffmann 

One of the st r ik ing features of nuclear 
col l is ions in the 0.2-2.0 GeV/nucleon range is 
the copious production of l i gh t composite 
fraqments. The f i r s t attempt at understanding 
l igh t composite production was in terms of the 
coalescence model of Ref. 1 . Since the 
probabil i ty that a nucleon 1s found in a 
coalescence volume is proportional to the 
invariant proton inclusive cross section: 
o\lp\ = uda|/dp|, a simple power law is 
predicted for the inclusive cross section of a 
fragment with A nucleons, 

A3 

fl<P); (o.(p)r (1) 

' "A 
where u^ and p^ are the energy-momentum per 
nucleon of fragment A. For deuterons, Eq. (1) 
just states that the deutron y ie ld should be 
proportional to the square of the proton y ie ld . 

Since extensive new data for a large variety 
of project i le and target combinations at various 

energies have become available,2 i t is now 
possible to test the square law over a much 
broader domain of reactions. These data^ test 
the square law in high density regions of momen
tum space, where in terms of the coalescence 
model,* the probability of f inding two or more 
nucleons in a coalescence volume approaches 
unity. 

To generalize the coalescence model to make 
i t more appropriate for the high density region, 
we suggest the modification 

*A(P> * °lfP> ( o c h ( P » A _ I . (2) 

where o c n (p } is the "primordial" proton dis
t r ibu t ion , "which we obtain by summary over 
proton, deuteron, t r i t on , etc . , data. 

He have calculated a certain type of "best 
f i t " to the proportionality constants in Eqs. 1 
and 2 for the special case of deuterons 
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R : - od(p)/<,j2(p) (3) 

R': - o d (p ) / (o T (p ) „ c h {p ) ) (4) 

with R and R1 forced to be independent of p 
("best" constants) but not of the type of 
co l l is ion partners or beam energy. 

The straight l ines In Fig. 1(a) correspond 

Footnotes and References 
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(3) to a proton square law, (Eq. 1) . The straight 
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cross section! 
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F1g. 1. (a) Plot of R Ipl o | vs iplo. Typical experimental error bars 
are indicated. The data have been shifted by factors of 10" to sepa
rate the reactions. The straight l ines correspond to the "square law." 
(b) Plot of lpiR'opo c n vs p od for the same reactions as in (a). 
Straight line's correspond to the generalized square law of Eq. 2. 
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COULOMB EFFECTS Ml RELATIVISTIC NUCLEAR COLLISIONS* 

M. Gvulmv and S. K. Kauffmann 

Recent data on nuclear collisions in the 1 
GeV/nucleon range have revealed unusual angular 
and momentum magnitude distributions1 of sin
gle particle fragments such as T ± , p, n. While 
i t is tempting to attribute those unusual fea
tures to nuclear compression effects, i t has 
become increasingly clear? that Coulomb final 
state interactions In nuclear collisions are 
complex and have to be understood before any 
conclusions on the role of nuclear compressions 
can be reached. We have derived simple analyt
ical formulas to calculate Coulomb distortions, 
and we apply them to the analysis of recent data. 

We aim to supplement and extend previous 
works by deriving analytical formulas that 
clearly reveal the structure and form of Coulomb 
distortions in nuclear collisions. Our basic 
approach Is to use f i rst order relatlvistic 
perturbation theory which readily yields an 
expression for Coulomb distortions for an 
arbitrary space-time dependent charge current. 
In particular, effects due to f inite nuclear 
sizes, expanding fireballs and multiple charged 
fragments, are easily calculated. To overcame 
some of the limitations of perturbation theory, 
we recast our results in a non-perturb"ative 
(Gamow factor) form. 

We found i t noteworthy that a simple classi
cal calculation already reveals the essential 
qualitative features of Coulomb final state 
interactions. I t shows the single particle 
inclusive cross sections for ± charged particles 
to be of the form 

o+(JO - •><,(£* «p(kH D(IO, (1) 
where a 0(k) 1s the corresponding single parti
cle neutral inclusive cross section. Dik) is a 
Coulomb phase space distortion factor, wliich 
tends to suppress positively charged particles 
relative to neutrals, and is important for" 
momenta £ close to those of any surviving 
nuclear fragments having sizeable charges,1 

while o£(k) is a Coulomb Impulse that acts to 
enhance positively charged particles relative to 
neutrals, and 1s Important for momenta k where 
(j 0(kl 1s falling steeply with increasing 
IJtl. ' We have kept the form of Eq. 1 , but, 
using perturbation theory, the Gamow factors, 
and thermal averages as guides, we have modified 
the classical analytical results for D(k) and 
opU) to approximately Incorporate relativity, 
quantum effects, and the thermal expansion of 
the nuclear f i rebal l . For our f i rs t calcula
tions with Eq. 1 , we have chosen to ktiep the 
formulas entirely analytical by using the f ire
ball model for o 0 (k) . 

in Fig. 1. Note that the projectile and target 
spectators differ < b i t in rapidity from the 
beam and target, due to the friction of the 
collision. This friction also slightly heats 
the spectators, preventing infinitely high 
Coulomb peaks. In Fig. 1(a) the data apparently 
reveal the projectile spectator Coulomb peak.1 

In Fig. K b ) , the data show the • ' / * * ratio 
going perceptibility below unity at high pion 
rapidities—apparently confirming the Coulomb 
impulse effect. 

For the »"/» + at ei»b = °. t h e Coulomb 
phase space distortion factor D(k) produces 
sharp peaks at pion rapidities equal to those of 
the projectile and target spectators, as shown 

Fig. 1. The n"/ i + ratio at ei ab = 0" as a 
function of rapidity y i a B . The reaction1 is 
Ne + NaF-~»±at (a) 383 MeV/nucleon (square 
points) and (b) 164 MeV/nucleons (solid dots). 
Solid curve shows Coulomb distorted fireball 
model results. Dotted segment 1n (a) shows 
sensitivity of results to 20%reduction of 
init ial radi i . (XBL 802-8094) 



169 

Me have obtained similar results to Ref. 2 
on pion focusing for v* yields at «c.n. * 
90° using our analytic formulas. The role of 
Coulomb effects on the n/p rat io were also 
calculated. 

Footnote and References 
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QUARK CONFINEMENT IN A CYCUC SYMMETRIC FIELD THEORY MODEL 

Herbert M. Ruck 

When the production of a single quark is 
impossible due to confinement, one thinks about 
studying quark matter that might be simpler. 
However producing quark matter in equilibrium 
w i l l be experimentally even harder than pro
ducing nuclear fusion at a steady rate. There
fore the curiosity to study the properties of 
quark matter has to wait for some time. So we 
study the region in-between, but as usual the 
middle is more d i f f i c u l t than the extremes and 
so the investigation of the structure of the 
nucleons and their resonances, as well as the 
interaction between them — from the point of 
view of quarks — is faced with the formidable 
complexity of QCD (SU|3)) calculations. For 
example the f i e ld equations describing the 
proton in terms of three quarks and one gluon 
f i e ld contain as many degrees of freedom as the 
f i e ld equations for a carbon nucleus made of 13 
nucleons and a pion and p-meson f i e l d . 

I seek an alternative theory of strong 
interactions that w i l l have al l essential prop
ert ies of QCD and be simpler. This is a Z(3)-
symmetric f ie ld theory of scalar particles and 
fermions. Z(3) i s a discrete abelian group, 
that takes a special place between continuous 
abelian groups l i ke U(l) and nonabelian groups 
l i ke SU(3). The model is defined in physical 
Minkowsky space but the results presented are 
obtained in the 1 + 1 dimension space-time 
continuum only, where closed form solutions are 
possible. 

The action for the model i s : 

S(*i.tf2,*i,d2> - / d t d x Cl/2l3j ,*i i 2 + 1 / 2 I 3 ^ 2 I 2 

-x Ctif + i\\2 + *U\ ~ 3(SJ4) + u « i + 4* + Y 

+ f ^ l V ^ i - mfrfo + ifyy^ife - m^2 

+ J l ^ l -fzfaWl - 9(^l(t2 + ^20l)«irf U) 

Firs t I f ind soliton solutions that tunnel 
between the three vacuum states of the scalar 
f i e ld system.1 Then the wave equations of the 
fermions coupled to the solitons have a solution 
that is equivalent in effect to confined 
individual f ields in a color singlet state 

(Ep = l/2g*v):2 

tfttt.x) = H( i \ exp(- iE F t - H(xJ) {2) 
W1 Vexp(-i5«/6) / h 

tf2(t,x) = i c 3 ^ ( t , x ) , 

where 03 is the th i rd Pauli matrix and H(x) a 
positive def ini te function: 

H[x) = 

g U x ) - 1 ' 2 ln [cosht(3 i /2) l /2^vU - t 0 ) ) ] . (3) 

An example of the energy spectrum of the model 
is shown in Fig. 2. 

Fig. 1. Equipotential l ines for the se l f -
interaction potential of the scalar f i e lds . The 
three minima vacuum states are clearly seen. 



170 

50 

40 

30 

20 

10 

M -Resonance mass 
M-Particle mass 

E-Soliton 

Parameters 
a = l v = Z p.= 9 
X=-54 0=3 g = 4 

— E- Vacuum excitation 

E - Vacuum 

References 

1 . H. K. Ruck, Hurt. Phys. B167, 320 (I960). 

2. H. H. Ruck, Proceedings of the IX Inter
national Colloquium on Group Theoretical Methods 
in Physics, Cocoyoc, Mexico, I960, Springer 
Verlag, Oct.-Hov. i960. 

Fig. 2. Energy spectrum {arbitrary units) for 
the same set of coupling constants that give 
Fig. 1. 

HYPER-STRANGE HADRONIC MATTER 

Norman K. Gl;ndenning 

In a recent le t te r , Chin and Kerman1 have 
suggested the possible production of long-lived 
hyper-strange multi-quark object in high-energy 
nuclear co l l is ions. They studied the s tab i l i t y 
of quark matter as a function of the fraction of 
strange quarks. Based on the currently popular 
values of the MIT bag constants they found that 
the energy per baryon of i n f i n i t e matter becomes 
a minimum for a rat io of strangeness to baryon 
number of approximately 2. This minimum l ies 
above the energy of free nucleons so that an 
object made of this matter is only metastable, 
i t s decay s t i l l characterized by the weak decay 
l i fet ime of strange baryons. 

In th is note, we investigate whether a 
hyperstrange hadronic object also possess a 
metastable state and would have a lower or 
higher energy than the corresponding quark 
object. We do this by means of a straight-
forward extension of re la t i v i s t i c f i e l d theory 
of matter solved in the mean f i e l d approxima
t i o n . 2 In this theory the nucleons are 
coupled to scalar and vector mesons. The meson 
f ie lds are approximated by their mean values, 
which are .related to the scalar and baryon 
densit ies^ ^and ^ V * The nucleon f i e l d 
then obeys a Dirac-l ike equation in which the 
nucleon mass is shifted by the scalar f i e l d and 
the energy eigenvalues by the vector f i e l d . The 
ratio of coupling constants to masses of the 
mesons are two parameters which are adjusted to 
reproduce the saturation properties of i n f i n i t e 
nuclear matter. To this system we now add the 

A(U16), 2(1193) andS(1318) f ie lds , each of 
which is coupled to the nesons. The strength of 
th is coupling is not well established. Univer
sal coupling is somewhat suggested for the 
coupling of these octet baryons to the mesons. 
On the other hand we can look to hyper-nuclei 
for evidence. A coupling of the A to the f ie lds 
that is 1/3 less than for the nucleon in l i gh t 
nuclei produces the correct binding energy. 
Therefore we consider two poss ib i l i t ies , 11 
universal coupling, or 2) gA ,2 , Z = l /3g H 

for both the scalar and vector coupling. 

In Fig. 1 the binding energy per baryon, 
(e/p-mN), of the two phases, quark and hadron, 
are compared as a Function of strangness frac
t ion . For the hadron phase, results for the two 
hyperon coupling constants are shown. 

We conclude that no metastable state exists 
for hyper-strange objects in the hadronic phase 
in contrast to the quark phase. 

One reservation can be mentioned- Both 
estimates of energy are extrapolations in 
dif ferent models of nature^ The parameters of 
the bag model are optimized with respect to a 
few hadron masses and have no known connection 
to larger objects. The parameters of the had
ronic matter model are determined by properties 
of nuclear matter and A-nuclei, and extrapolated 
away from these conditions. 
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Fig. 1. Binding of hyper-strange matter in the 
hadronic and quark phase are compared as a func
tion of strangeness fraction per baryon. In the 
hadronic phase, results for two hyperon coupling 
constants are shown. (X8L 80B-1663) 

PION CONDENSATION IN A RELATIVISTIC FIELD THEORY 
CONSISTENT WITH BULK PROPERTIES OF NUCLEAR MATTER' 

B. Banerjee.' N. K. Gtendenning, and M. Gyufassy 

Pion condensation has not previously been 
investigated in a theory that accounts for the 
known bulk properties of nuclear matter, i t s 
saturation energy and density and compressi
b i l i t y . We have formulated and solved sel f-
consistently, in the mean f i e ld approximation, a 
re la t i v i s t i c f ie ld theory that possesses a 
condensate solution and reproduces the correct 
bulk properties of nuclear matter. 

Up to moderate density, the internal quark 
structure of the nucleons can be ignored. In 
this case the nuclear forces can be represented 
by the exchange of mesons in the various spin, 
isospin channels. In order of these quantum 
numbers these meson f ie lds are 

0 ( J = 0 + , I = 01, U t l ( l - , 0 ) , 

i r ( 0 - , 1 ) . p u ( l - , 1) . . . 

and they are Yukawa coupled to the 8-component 
nucleon f i e l d through the interaction 
Lagrangian 

£ i n t = 9 o O 0 > - g LuU^ T ( 1^ - gm(ai>,J • ( ^ T 5 T U T ^ ) 

- gppf - ( 1 / 2 ^ T M * ^ + j« x 3„ i ) . . . . 

We show how to incorporate the effects of 
short-range correlations, the 4-resonance, and 
f in i te -s ize form factors into u renonnalized 
coupling constant, g„ , by establishing a 
relationship with the propagator approach at the 
condensation theshold. The coupling is essen
t i a l l y independent of density over the range 
considered. The theory is solved in i t s rela-
t i v i s t i c a l l y covariant form of a general class 
of space-time dependent pion condensates. By 
making a local isospin gauge transformation on 
the nucleon f ie lds , the solution to the Dirac 



equation can be obtained algebraically. Two 
cases are studied, corresponding to parameters 
of the Lagrangian, which 1n both cases yield 
Identical saturation properties and differ only 
in their softness at higher density. This l a t i 
tude was Introduced to represent our ignorance 
of the equation of state away fron the satura
tion point. Only one of these possessed a 
condensate solution for plon-nucleon coupling 
constant at the value of the renormallzed 
coupling. This was the case where the equation 
of state was softer at higher density. Even In 
this case the condensate energy was very snail, 
not exceeding 3 MeV for density up to 3p 0 (see 
Fig, i ) . This is in sharp contrast with other 
studies based on the chiral o-model.* Since 
the nomaT state of the c-model does not possess 
the saturation properties of nuclear nat ter / 
we believe that our estimate is more reliable. 
Thus self-consistency and compatibility with 
bulk nuclear properties are strong constraints 
on the existence, persistence and magnitude of 
the condensate phase. Despite the small conden
sate energy in our theory, the corresponding 
amplitude of the spin-isospin density is very 
significant, being about t>/2, as seen in Fig. 
2. We conclude that a pion condensate is 

T IB/A = 15.96 MeV 
i / / ' / 
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Fig. 1- Showing the "normal" state labeled wc 

= 0 and pion condensed states labeled with 
g„. The vacuum value of g, is 1.40 fm, but 
the renormalized value is 1.0 fin, for which 
condensate energy is very small. 

1XBL 805-837) 

compatible with the known bulk properties of 
nuclear natter, but that I ts contribution to the 
energy is very saall although there say be 
rather large aaplitude sptn-isospin waves. 

. R„. i<*r , r , ' j *> l /<fr , *>_ 
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Fig. 2. In (a) the amplitude R53 of the spin-
isospin density oscillations in units of the 
twryon density. Also indicated are values of 
the condensate field and the condensate energy. 
Part (b) illustrates magnitude of the spin-
isospin oscillations for R53 - 0.5 as a 
function of coordinate parallel to condensate 
nonentun k. pf means proton with spin up. 
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PION COW .NSATION AT FINITE TEMPERATURE 

N. K. Gteodenning and A. Lumtxoso" 

In a related work, pion condensation in zero 
temperature matter was investigated In a r e l a t i 
v i s t s f ie ld theory. 1 Unlike ear l ier work on 
the subject, the theory was constrained to pos
sess the known saturation properties of nuclear 
matter* Here we investigate matter in the saw 
theory at f i n i t e temperature. Of course finite 
temperatures are interesting because pion 
condensation is believed to be an important 
mechanism involved in the cooling of neutron 
stars. Morever, nuclear col l is ions at high 
energy, i f they produce dense natter, certainly 
produce i t at f i n i t e temperature. 

The meson f ie lds considered are the charge-
less scalar and vector mesons o and u and the 
pseudoscalar isovector pion f i e l d . The f i r s t 
two are Yukawa coupled to the 8-component 
nucleon f i e l d , and the pions are vector coupled 
to the axial vector isospin current of the 
nucleons. The f i e ld equations are solved for 
the mean values of the f i e lds , evaluated for 
f i n i t e temperature medium. 

Our results are surprising. Contrary to 
common expectation, the pion condensed state is 
not quenched as the temperature is increased but 
persists to as high a temperature as makes sense 
to consider in this model of nature. (The l im i t 
of va l id i ty is reached when higher baryon reson
ances are appreciably populated,2 o r *he.n. 
matter undergoes a phase transit ion to quark 
matter.3) 

In Fig. 1 we show the normal and pion 
condensed equations of state as a function of 
density for three temperatures. I t is true that 
the c r i t i ca l condensate density increases with 
temperature ; dotted l i ne ) . However, the equa
tion of state is dramatically softened by the 
condensate as the temperature is increased. 
Therefore, the hydrodynamical flow of hot dense 
matter wi l l be strongly influenced by the 
transit ion to a condensate phase. Moreover, a 
subsequent phase transit ion to quark matter may 
be fac i l i ta ted by th is softening of the equation 
of state because, for a given energy and 
density* the temperature of the matter is 
considerably higher in the condensed than in the 
normal state. 

These results are somewhat encouraging as 
concerns the d .ection of a condensed phase in 
re la t iv is t i c nuclear co l l is ions, although the 
l i fet ime of the high-density region is much 
shorter than the disassembly time of the co l 
l is ion complex, which fact may permit f inal 
state interactions to obscure the effects of the 
softened equation of state on the flow. 

However, there is another feature with 
possibly important consequences. As is well 
known, the pion condensate corresponds to a 
specific alignment of spin and isospin, an 

isospin latt ice, having an orientation in space, 
with a wave number k =: 1.5 fir*. What has not 
been noted previously is that In this direction 
the pressure is greater than in the transverse 
directions. This suggests that in unbound 
syseems in which a condensate is induced, the 
matter will disassemble preferentially along the 
direction of the condensate. To detect such 
jets in nuclear co l l i s ions , coincidence experi-
aents on single events would have to be per
formed. In bound systems, such as nuclei in the 
condensed p̂ ase with temperatures up to ~ 15 
HeV (see f igure) , or neutron star* , the d i f fe r 
ential pressure in the condensate direction 
would induce an elongation un t i l the pressure is 
counterbalanced by the surface tension. 
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Fig. 1 . Binding energy per nue'eon as a func
tion of density for two tfmperatures. The 
normal state is labeled "» ^ 0" and the con
densed state of T. The renormalized pions 
nucleon coupling is «., = 1.13 fr<i. The energy 
of the conden-^te is minimized for wave number 
of the spin-isi.-. ,n density osc i l la t ions, k = 
1.5 fm - The c r i t i ca l density as a function 
of temperature is indicated by dotted l i ne . 
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observed by pion interferometry,* i s very 
small- Subsequent analysis (to be published) 
taking into account the multiplicity cf unstable 
pion modes k as well as pion absorption yields a 
larger number of coherently radiated pions per 
nucleon: 

where v/m, = 0.1-0.2 is the average growth 

LBL-10979 (subaftted to Nucl. Phys.). 

2. S. I . A. Garpaan, N. .. Glendemlng and Y. 
i. Kirant, Duel. Phys. i j *2 (1979) 382. 

3. J . I . Kapusta, duel. Phys. 8148 (1979) 461 
and references therein. 

rate of the instability? and A Is the nuaber 
of participating nucleons. For A * 100, v • 0.2 
a , tills gives (n,- /A) c 0 f , = 10"| as 
coapared to experiaental value* of 4 x 10"' 
froa 1 GeV/nuclecn Ar • KC1. The degree of 
coherence in that case would be D = 1/4, Such a 
degree of coherence could he observable3 i f 
Couloab final state distortions are properly 
reaoved froa »"»- correlation data. 

footnote and References 

'Condensed froa IBL-108B3. 

1. B. Banerjee, N. K. Glend'-nning, and H. 
Gyulassy, LBL-10572 (April 1980). 

2. H. Gyulassy, W. Greiner, Ann. Phys. 109 
(1977) 485. 

3. H. Gyulassy, S. K. Kauffaann, and L. W. 
Wilson, Phys. Rev. C20 (19791 2267. 

4. A. Sandoval et a l . , GSI Preprint 80-15, 1980. 

WON CONDENSATION AND MSTAMUTIES: 
CURRENT THEORY AND EXPERIMENT* 

Mifclos Gytilassv 
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•ETA STAMUTV OF NEUTRON MATTE* 

J. Boguta 

The cooling of neutron stars, especially 
since the launch of the Einstein X-Riy Observa
tory, has e l ic i ted a number of suggestions 
explaining the high neutrino luminosity required 
to understand this rapid cooling. A natural 
explanation of th i s , such as the beta decay of 
neutrons i . e . , n—p • e" + v e was ruled 
out, because of the d i f f i cu l t y in conserving 
•omentum near the corresponding Fenri 
surfaces. 1 The Fermi-Dirac factor would 
signi f icant ly surpress such a cooling mechan-
1s». Alternative processes such as pion 
condensation2 and recently proposed beta decay 
of the down quarkJ d—u + e" + \ t have 
been suggested as a way to rapidly cool the 
neutron star. The pion condensate model implies 
that there exists a new col lect ive mode inside 
neutron stars, while the quark model suggests 
that the inter ior? of the neutron stars are 
composed of quarks. In viisw of these inter
esting suggestions to account for the rapid 
neutron star cooling, another look at the beta 
decay of ordinary neutrons in a dense neutron 
start is quite appropriate. Perhaps a conven
tional explantion of neutron star cooling Is 
s t i l l possible. 

I t i s known that one has to pay the price of 
symmetry energy when separating neutrons from 
protons. I t , together with Coulomb energy, 
plays an essential role in determining the l ine 
of beta s tab i l i t y in nuclei. I t stands to 
reason that 1t should be considered In studying 
the proton concentration in beta stable neutron 
stars. For this purpose we study nuclear matter 
in a re la t l y i s t l c quantum f i e l d theory proposed 
by walecka. 4 . 5 

The actual details of this model are unim
portant to support our conclusions, as long as 
the symmetry energy of ordinary, symmetric (M = 
2), nuclear matter i s correctly parametrized. 
Figure 1 shows the proton Fermi momentum in beta 
equilibrium with neutrons for two values of 
symmetry energy. In both cases neutron stars 
can be cooled by beta decay. 
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RELAT3V1STIC QUANTUM FIELD THEORY OF FINITE NUCLEI 

J. Boguta 

A re la t i v i s t i c quanta* f i e l d theory of 
nuclear matter was proposed by Walecka,1 In 
which the dominant properties of nuclear u t t e r 
such as saturation and binding energy per 
part ic le are accounted for by the presence of 
scalar (a) and vector to) meson f ie lds . This 
model, conceptually, is in sharp disagreement 
with conventional nuclear physics approach, 
where a stat ic two body force together with a 
non-relativfst ic Schrodinger equation form the 
basis to describe a many body system such as the 
nucleus. The conventional approach, af ter 15 
years of intense cu l t ivat ion, has reached such a 
point of sophistication that only minor 
modifications are possible.* Nonetheless, i t 
s t i l l f a i l s to provide a rel iable phenomenologi-
cal tool by which normal nuclear properties can 
be t ied together witn higher density and temper
ature phenomena in nculear matter. Furthermore, 
the whole approach might be unduly complicated. 
Ideal ly, one would l i ke to have a complete 
description of nuclear physics, where the bulk 
properties of nuclei are direct ly related to the 
forces derived from low energy nucleon-nucleog 
scattering. I t has been emphasized by Server3 

and Walecka1 and a long time ago by Teller and 
Johnson,4 that nuclear structure can perhaps 
be easier understood by a much simpler, single 
body central force. After a l l , th is is the 
basis of the shell model. I t has been shown by 
M i l l e r 5 that re la t i v i s t i c effects in such a 
mesom'c central f i e ld approach are very impor
tant , in that they affect the single body 
kinetic energy. Thus the investigation of 
alternative nuclear matter models is desirable. 
In this rate we shall explore the phenomenologi-
cal consequeces of the Walecka model. 

Recently Walecka and Serot 6 showed that 
the f i e ld equations of the Walecka model, trun
cated for numerical convenience, give a fa i r 
description of the charge densities in Ca 4" 
and Pb* 0 8 . Serber has shown that a nuclear 
model based on a mesonic f i e l d o, together with 
a hard core repulsion given by an excluded 
volume, gives rather good results for f i n i t e 
nuclei .^ In this work we show that a careful 
analysis of the Walecka model, together with a 
better choice of parameters leads to Charge 
distr ibut ions in Ca 4 0 , Ca 4 8 , N i 5 8 , Zr9**, 
Pb208 that are in rather good agreement with 
experimental data, where i t i s available, and in 
an overall agreement with the more refined 
non-re lat iv is t ic Hartree-Fock calculations. The 
quality of our results in the Thomas-Fermi 
approximation leads us to believe that a r e l a t i 
v i s t i c Hartree approximation to the Walecka 
model w i l l give an excellent description of 
spherical, closed shell nuclei . 

Fig. 1. (XBL 809-1991J 
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PROPERTIES OFT * 0 NUCLEI IN A RELATIVISTIC 
QUANTUM FIELD THEORY 

J. Bogut) 

The knowledge of the equation of state of 
nuclear matter at various densities and tempera
tures is of considerable interest, in that I t 
enters into the calculation of a large timber of 
physically interesting phenomenon. Ideally such 
an equation of state should be calculated fro* a 
theory that Is known to be reliable. Unfortu
nately, this is Impossible to do. The next best 
thing is to use a theory that does reproduce 
known nuclear matter properties and does not 
violate important constraints such as relativity 
and the effects of the mesonlc degrees of free
dom at high densities. The only known way to 
achieve both goals is through a relativistic 
quantum f 1'. < d theory, In which i t is possible, 
in a systematic way to compute the correc
tions. 1 I t has been shown by Chin2 that 
such a theory, in a mean field approximation, 
becomes more accurate with increasing density. 
What has not been appreciated thus far is that 
the mod»1 is a good phenomenological tool in 
studying the properties of finite nuclei.^ 
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Fig. 1. (XBL 809-1985) 

The interest in studying non-zero teapera
ture [T< 5 HeV) has been stimulated by the 
production of highly excited nuclei. To 
describe these aany body systeas, a statistical 
approach seems a natural one. The very high 
teaperature (T > 50 HeV) behavior of the Walecka 
aodel has been studied for neutron Batter* and 
symmetric Batter with a tower of resonances.5 

Teaperature effects for the size and aass of 
neutron star has also been Investigated.6 

There have also been a nuaber of conventional 
nuclear physics calculations for the teaperature 
properties of f inite nuclei. 7 Of particular 
Interest for us in this work wil l be the level 
density parameter a. I f aE Is the theraal 
excitation energy of the nucleus, then AE * 
aT 2, where T is the teaperature. Experimen
tally determined nuclear excitations can be 
fitted by a ~A /8 , where A is the aass num
ber. 8 We find a ZA/9.8. 

In this work we present solutions of the 
Walecka model for f inite nuclei at non-zero 
temperatures. Presently we s t i l l deal within 
the Thomas-Ferai approximation. This approxi
mation 1s, strictly speaking, inconsistent with 
the boundary conditions of the problem. We made 
rather trivial modifications to overcome this 
problem. At this stage of Investigation, this 
will serve our needs to show that the Haleeka 
model does give a good description of the level 
density parameter and a re onable description 
of densities in Ca 4 0 and P b 2 0 8 for 
temperatures up to 5 MeV. A consistent 
calculation, involving the solution of re lat i 
vistic Hartree equations will be reported later. 
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COLOR EXCITATION AND EXOTIC NUCLEI 

Y. J. Karant 

Recent observations of the apparent short 
mean free paths of r e l a t i v i s t s nuclear projec
t i l e fragments in emulsion suggest that these 
fragments are contaminated by a component with 
an anomalously large reaction cross section. I 
suggest that th is effect might be due to the 
formation of an internal ly color-polarized 
multi-baryon state. For this explanation to be 
tenable, i t must: (1) be allowed to ex is t , (2) 
be long-lived ( t > ifl-10 s e c ) t (3) n a v e a 

suitable mass and be produced with a large 
enough probabil i ty to account for several per
cent of the project i le fragment f lux, and (4) 
have a larger cross section than a normal 
nucleus of the same (B,Z). 

By considering the color algebra of QCD, I 
show that (1) is satisf ied and [2) and (4) are 
closely related problems. As contrasted with 
the three-valence quark system (B = 1) which has 
only one color singlet state, the six-valence 
quark system (B = 2) has two: O ) 6 — I « M . and 

O) 6 —*8*8 1, both of which are topological 
invariants. I f one extends the algebra to 
SU(2)fiavpr • S U ( 2 ) s p i n # S U ( 3 ) C 9 l o r _ 
SU(12), there are two states of interest ( N } - 2 ) 2 

(ordinary deuteron-llke state) and ( A ? « ^ * a 

dibaryon of two color 8, isospin 3/2, and spin 1/2 
"baryons"). In a l l orders, the < a J / 2 > 2 / - lH\/2* 
by gluon exchange (due to the f lavor singlet 
nature of g) nor by ordinary qq (meson) ex
change. Only quark tunneling permits the decay 
of such an object. 

To rest r ic t th is tunneling probability to an 
acceptable leve l , one needs a large object with 
an effect ive barrier between the two color octet 
baryons. Since 8*8 is repulsive, one obtains a 
natural model in which both 8's repel but none
theless are confined at some distance of several 
fm. This inner repulsion prevents a fast tun
neling decay. Point (3) i s not addressed by 
th is model. 

COULOMB EFFECTS IN A NUCLEUS-NUCLEUS CASCADE MODEL 

Y. J. Karant and C. C. Noack" 

There has been much interest in the effect 
of the Coulomb interaction on the di f ferent ia l 
cross sections in high energy nucleus-nucleus 
co l l is ions. In p-p col l is ions, one can easily 
neglect such effects, since they are of order 
a. However, in an AA' state, they become of 
order ZZ'a, which in many cases is non-neglible. 

To explore th is , we are working within the 
context of the SIMON code. :".J!H0N is a r e l a t i -
v is t ic nucleus-nucleus inter-lucleon cascade 
model. I t uses experimental lip, pp nn d i f fer
ent ial cross sections, takes part ial account of 
Fermi motion and binding energies, and treats 
the cascade as developing simultaneously in both 
target and project i le nuclei" (that i s , i t has 
moving-moving co l l i s ions) . 

There are two asper'_s of the problem; which 
we ignore at the s t ^ r t : meson (and isobar) pro
duction and complex nuclear ejectHes All 
complex fragme'cs (A = 2 and above) must come 
from de-excf'cation of the target and project i le 
remnants af ter the cascade has stopped. 

We assume that during the cascade, Coulomb 
forces are absent. As soon as a part ic le has 

l e f t the cascade region (defined by having 
reached a point in space where the instantaneous 
local part ic le density i:- insuff ic ient for i t to 
have any further co l l i s ions) , Coulomb forces are 
turned on. Let x be the position vector for the 
j th par t ic le , with velocity CB X, and 
momentum p so that 

p = B, p = eE 
v T - 1 2 

where~E is calculated from a l l other A = 1 
particles as though they were on straight l ine 
trajector ies. However, the target and projec
t i l e remnants are placed on Coulomb trajectories 
under their mutual influence (ignoring the 
effect of the eject i les) and are included in 
calculating E. Thus, we ignore magnetic and 
retardation effects, but do include the rela-
t i v i s t i c relation between "p and~e. Detailed 
comparison with experiments are now under way. 
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A. SUPERHILAC AND 88 INCH CYCLOTRON 

THE SUPERHILAC ON-LINE ISOTOPE SEPARATOR 

J. Michael Nitschke 

The on-line Isotope separator (Fig. 1) as 
described In last year's annual report- has 
undergone a considerable transformation. A new 
plasma ion source and a surface Ionization 
source were developed. The plasma source was 
tested off-line and has produced Kr beans with 
efficiencies of 22%. The transmission through 
the mass spectrometer 1s >90%, and a resolution 
of (JL) FWHH of - 2000 has been obtained (Fig. 2) . 

Am 
The operating temperature of the arc source is 
250O"C so that elements with high boiling points 
can be separated. While the performance of the 
arc source has not yet been optimized, the sur
face Ionization has been tested extensively. 
The operating principle of the source is as 
follows: recoils from a thin target transverse 
two heat shields and pass through an array of 
capillary tubes Into the ionization region where 
they are chopped 1n slanted tantalum strips. 
They diffuse out of these strips and are surface 
fonized on the inner wall of the ionization 
chamber which is made of tungsten operating at 
29no°C. The ion extraction, acceleration and 
mass analysis have been described previ

ously. * . The purpose of the capil 1 *y array 
Is to act as a molecular flow rest .ction that 
prevents the gaseous reaction products from 
back-diffusing towards the target. Thin Ta 
windows, which have beer, tried for the same 
purpose, fal l after short periods. Isotopes of 
the following element have been separated so 
far: Ha, In, Qyt Ho, £r, Tu, Frt Ra and Ac. 
The efficiencies are 12%, for Fr, 3* for Ac and 
a few percent for the rare earth elements. The 
3 * efficiency of Ac was achieved for an isotope 
with 0.8 sec half - l i fe (2"Ac); this serves as 
an Illustration for the obtainable separation 
speed, which is however highly element-
dependent. At present four masses can be 
studied simultaneoulsy in the focal plane I f 
they decay by particle emission, y spectra of 
In isotopes have been obtained by removing 
monoisotopic samples from the separator via a 
vacuum lock and off-line T spectroscopy. Ninty 
percent of all on-line runs were carried out 
with He beams fro* the SuperNILAC operating at 
the rate of 2 pps pa**'.Itically to the Sevalac 
bio-med program. 

Duo! electron bombardment Electrostatic quoaVupole triplet 
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Fig. 1. Principal components of the SuperHILAC 
on-line isotope separator with surface 
Ionization source. (XBL 808-1739) 
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Fig. 2, natx e mass spectrum at the focal 
plane of the on-line isotope separator obtained 
with the plasma ion source (E< o n = 20 KeV, 
resolution: m/ira = 1140 FWHM|. (XBL 808-17541 

IMPROVEMENTS TO THE HeJET FED ON-UNE MASS SEPARATOR RAMA 

R. F. Parry, M. D. Cable, J . M. Wouters, J. Aysto," and J . Cerny 

Efforts to increase the total eff iciency, 
r e l i a b i l i t y , and versat i l i t y of the Recoil Atom 
Mass Analyzer (RAMA) have resulted in several 
improvements. These include a target box 
redesign, a nm version of our standard ion 
source that has been developed to increase the 
overall y ie ld of several nuclides, and f ina l l y 
the addition of a process control computer to 
monitor and adjust various devices c r i t i ca l to a 
stable operational environment for RAMA. 

The target box redesign was centered around 
increasing the r e l i a b i l i t y , servicing ease, and 
operating convenience of o'ir multiple capil lary 
system.1 This was accomplished by adding 
several target/degrader ladders that could be 
set up for varioi. ' .nultiple target-multiple 
capi l lary designs iF ig . 1). Also incorporated 
was a refr igeration system that supplements the 
previous l iqu id nitrogen vapor cooling that 
keeps the target box at a constant temperature 
necessary for optimal cluster formation for the 
He-jet transport system. The redesign has 
eliminated a set of rear isolat ion fo i l s that 
previously separated the Faraday cup U t vacuum) 
from the target box (at - 1.5 atm of He). The 
intention is tc replace the downstream cup with 
one located at the rear of the pressurized 

target box. Further development of the Faraday 
cup is underway because i n i t i a l results produced 
somewhat misleading beam current readings due to 
secondary electron emission. 

Some ion source development was necessary in 
order to proceed with an experiment2 to 
measure the decay of 3 6Ca because the previous 
source did not produce calcium in suff ic ient 
y i e l d . The position of the arc and filament 
were inverted in the new source, result ing in a 
longer and smaller diameter plasma compared to 
the original source. The higher plasma density 
and longer interaction region resulted in a 
substantial increase in the 3*>r,a and "Ca 
y ie lds. 

The instal lat ion of a process control 
computer, a ModComp MODACS I I I , has recently 
been implemented to monitor and adjust various 
sytem elements on RAMA. Presently the system 
monitors the f i e ld strength of our analyzing 
magnet through a l ink with the recently 
developed CERN NHR, various magnet power 
supplies including the Wien f i l t e r and several 
sextupoles, and the extraction voltage of the 
ion source. Our current development efforts 
include monitoring the total RAMA system status 



Fig. 1. The RAMA target box. (BBC 803-3384) 

(valves, diffusion pumps, LN traps, e t c . ) , 
complete closed loop control of the analyzing 
magnet, system control programming for mass 
changes, cal ibrat ions, etc. , interactive RAMA 
control and monitoring, and a CPU to CPU 
l ink with the ModComp IV/25 on-line data 
acquisition computer at the 88 Inch Cyclotron. 
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HALL PROBE CONTROLLED NUCLEAR MAGNETIC RESONANCE MAGNETOMETER 

J . M. Nitschke and A. A. Wydler 

The precise determination of atomic masses 
with the SuperHILAC on-line isotope separator 
depends upon the exact measurement of the ion 
energy and the magnetic f i e l d of the analyzing 
magnet. The ion energy is determined by the 
accelerating potential which is measured with a 
precision voltage divider and a 6-1/2 d ig i t 
d ig i ta l volt meter. The magnetic f i e l d is 
measured with a nuclear magnetic resonance (NMR) 
probe. Like al l NMR probes, i t has to be 
retuned manually whenever the magnetic f i e ld 1s 
changed (except for small variat ions). This is 
quite inconvenient in part icular when the NMR is 
linked to a computer that calculates the mass 
from the NMR frequency and the ion energy. The 
device described here eliminates any tuning and 
affords a completely automatic mass determina
t ion. Figure 1 shows the principal components: 
The Hall probe and the NMR probe are located 
adjacent to each other inside the homogeneous 
magnetic f i e ld section of the anal*yin9 magnet. 
The tuning of the NMR probe is affected by the 
coarse frequency control voltage. This voltage 
is derived from the Hall probe via the Hall 

probe ampli f ier, an active f i l t e r , and the 
summing amplifier Amp. I I . An offset is 
introduced into Amp. I I because the control 
voltage spans a range from 0 to 7 V while the 
magnetic f i e ld varies from 3.5 to 10.5 k<i. This 
primary control c i r cu i t would be suff ic ient for 
tuning the NMR i f i t s frequency were a l inear 
function of the control voltage. But since th is 
i s not the case, a correction signal is 
generated in Amp. I that compares the f i e l d 
measured by the Hall probe with the converted 
NMR frequency. In addition, an error signal 
from the NMR and an offset voltage are added. 
This combined correction signal ensures perfect 
tracking between the f i e l d measured by the Hall 
probe and the NMR frequency, which amounts to an 
automatic tuning procedure. The function of the 
error signal i s to lock the NMR signal to the 
zero crossing of the magnetic f i e l d modulation. 
For an ion energy of 50 keV, as used in the 
SuperHILAC on-line isotope separator, the masses 
that can be determined automatically range from 
45 to 380 amu. Other mass ranges can be 
obtained by changing the Hall probe. 

Magnei 
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Fig. 1. Block diagram of Hall probe controlled NMR magnetometer. 
(XBL 808-1736) 



NON-DESTRUCTIVE BEAM INTENSITY MEASUREMENT 

J. M. Nitschke and J. A. Hinkson 

For most experiments at heavy ion accele
rators i t is mandatory that the instantaneous 
beam intensity, the prof i le of the macroscopic 
beam pulse, and the total integrated bean 
current be measured. The conventional methods 
are to design the target as a Faraday cup that 
also stops the beam, or to le t the beam trans
verse the target and catch i t in a separate 
Faraday cup. In the case of an on-line isotope 
separator neither method is feasible because the 
beam stops in a target-ion source combination 
that is operated at a high voltage potential of 
several tens of k i lovo l ts . We therefore devel
oped the beam measuring system shown in Fig. 1, 
which relies on the charge induced by individual 
microscopic beam bunches as they traverse an 
electrostatic pickup electrode. A microscopic 
beam bunch at the SuperHILAC is typical ly 1 to 3 
cm long and has a repetit ion frequency of 70.289 
MHz. As i t passes thorough the 5-cm long 
pick-up electrode i t induces a voltage (U) that 
is proportional to the charge (0) carried by the 
bunch and inversely proportional to the capacity 

(C) of the electrode, i . e . , L= = Q/C. This 
voltage has a fundamental frequency of 70.289 
KHz and several harmonics depending on the 
degree of bunching or debunching of the beam. 
I t is amplified in a preamplifier of 20 db gain 
and 5 MHz bandwidth and mixed down to an IF of 1 
MHz. The IF amplifier has a bandwidth of about 
100 KHz and a gain of 80 db; i t is followed by a 
detection c i r c u i t , a gated integrator and a 
sample and hold c i r c u i t . The momentary output 
of the sample and hold c i r cu i t is proportional 
to the integrated beam intensity during one 
macropulse. The shape of the macropulse is 
displayed at the output of the detection 
c i r cu i t . An attenuator between the preamplifier 
and the mixer serves as a range switch. This 
device has been used successfully in many 
on-line runs at the SuperHILAC and is generally 
calibrated by comparing i t s output to a 
conventional Faraday cup in order to avoid 
errors due to the varying microstructure of the 
beam. 
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Electrostatic pickup electrode 
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-Delay and reset 

^.Sample and hold 
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Fig. 1. (XBL 8C8-1737) 
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RECENT PROGRESS IN ION SOURCES AND PREACCELERATORS* 

David J. Clark 

Recent progress in ion sources is reviewed. 
The types of sources discussed include positive 
and negative proton and deuteron sources devel
oped for conventional preaccelerators and for 
neutral beam applications. Positive heavy ion 
sources for conventional linacs and for induc
tion Hna.cs are included, negative heavy ion 
sources are used for tandem electrostatic accel
erators. Positive and negative polarized ion 
sources for protons and deuterons in ject cyclo
trons, tandems and linacs. Some recent preac-
celerator designs are summarized. 

Ion source development of many dif ferent 
types of sources has been undertaken by groups 
throughout the world. Groups working on each 
type of source generally have good communication 
with each other, but i t is also valuable to have 
interaction between research groups working on 
dif ferent source types. For example, the 
development of the multiaperture sources in the 
ion engine f i e ld and for neutral beams offers 
useful computer methods and extractor designs 
for high current injectors for part icle physics 
and heavy ion fusion. The techniques developed 
in experimental plasma physics are also valuaD.'e 
for ion sources. The contact ionization sources 
developed in plasma studies and also for ion 
engines are useful for negative heavy ion 
sources and for high current induction linac 
inject ion. Also, the magnetic bucket confine
ment system for plasmas is finding applications 
in high currrent sources for neutral beam 
formation. So we need a healthy interaction 
oetween various source people and with those in 
plasma science. 

The l i s t i ng and description of ion sources 
is such a large f i e ld that i t would take a book 
to do i t just ice, such as the one by Va ly i . 1 

Recent reviews have been given by Osher2^on 
many l igh t and heavy ion sources, by Curtis^ 
on duoplasmatrons for proton l inacs, by Middle-
ton^ on negative heavy ion sources, by Clark-* 
and Seliger 6 on sources for heavy ion fusion, 
by Haeberli"7 and Glavish 8 on polarized ion 
sources, and by Kunkel ^ on neutral beams for 
fusion. The present review w i l l concentrate on 
sources developed for part ic le accelerators and 

sources developed for other f ie lds which may 
have useful applications in part ic le 
accelerators. In such a large f i e l d of 
development, only a few typical examples can be 
chosen to i l l us t ra te recent developments in each 
source area. 

The specific types of sources described 
include duoplasmatrons and duopigatrons for 
proton l inacs, i tu l t i aperture sources for fusion 
plasma heating, PIG, ECR, and EBIS sources for 
heavy ion cyclotrons and l inacs, negative ion 
sources for l inacs, fusion injectors and 
electrostatic accelerators, and polarized 
sources. 
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OPERATION OF A HIGH-CURRENT XENON SOURCE* 

Warren Chupp. Dave Clark. Robert Richier, John Staples, and Emergy Zajac 

The development of heavy ion accelerator 
driver systems for iner t ia l confinement fusion 
w i l l also require the development of high 
current heavy ion sources. High current plasma 
arc sources have already been developed at LBL 
in connection with neutral beam program.* 
This paper reports the results of adapting the 
Ehlers type source to produce singly charged 
xenon ions and subsequently accelerate them to 
500 k i lovol ts . 

A mul ti-aperture Ehlers-type source has been 
constructed and operated to produce a 60 mA 
Xe+* beam. A schematic of the multi-aperture 
xenon source is shown in Fig. 1. The electron 
current is supplied by a circular array of eight 
0.02 inch diameter tungsten filaments connected 
in para l le l . The large hemispherical anode is 
shaped to reduce the arc potent ial , favoring 
Xe1* production. The extraction lens is a 13 
hole accel-decel system with typical operation 
voltages of 25 and 3 kV. 

— Gas 

Fig. 1. The multi-aperture xenon source. 
(XBL 793-8705) 

The low voltage test stand consists of f c i r 
principle components: the xenon source 
including i t s accel-decel lens, the pumping 
system, a 4 inch quadrupole t r i p l e t , and a 50 
degree analyzing magnet. Two Sargent-Welch 
turbomolecular pumps provide a pumping speed of 
3000 l i ters/sec at the ion source, while a 
diffusion pump and an additional turboraolecular 
pump provide 1650 l i ters/sec pumping in the 
transport system. Diagnostic equipment includes 
several Faraday cups, a 32-wire x-y beam prof i le 
monitor, a slotted plate emittance measuring 
device, and two sets of x-y jaws to determine 
the beam size. Extraction and decel lens 
potentials are supplied by two unregulated 
supplies capable of delivering 80 kV at 10 mA dc 
with additional capacity to compensate for beam 
loading effects. The arc supply can deliver 300 
volts at 50 amperes with a pulse length of 500 
usee, and the paralleled source filaments are 
powered by a 10 vo l t 150 ampere dc supply. 
Pulsed gas is supplied to the source by a 
voltage-controlled piezo-electric valve. 
Calculations of beam optics with space charge 
included showed that even 1 mA of uncompensated 
space charge would cause a factor of 2 loss in 
transmission, so the 35 mA beam in the cup was 
at least 97s neutralized. The fact that the 
experimental setting of the quadrupoles were 
within 15-20" of those calculated without space 
charge indicated that the space charge is well 
compensated. For a total acceleration voltage 
of 22.5 kV, the normalized emittance area efj = 
0.027 ir ± lO^cm-mrad, for a current of 29 mA. 

After i n i t i a l tests on the xenon source were 
completed in the low voltage f a c i l i t y , the xenon 
source was instal led in a 500 kV test terminal. 
The normalized emittance area is 0.08-0.11 n cm-
mrad at rjOO keV. The transmitted beam current 
was 35 mA in this run. Currents of up to 60 inA 
have been produced, but the emittance at these 
higher currents has not been measured. The 
Xe*1 charge state was found to be 90s. of the 
total when operating at an arc voltage of 20 V. 
As is to be expected, higher arc voltages lower 
the Xe+* percentage through the production of 
higher charge states. 

Footnote and Reference 

•Condensed from LBL-8859. 
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A FAST ACCESS MODULAR TARGET SYSTEM FOR THE IRRADIATION OF ACTtNlDE 
TARGETS WITH HIGH INTENSITY HEAVY-ION BEAMS 

K. J. Moody, M. J. Nurmia and G. T. Seaborg 

We have designed and bu i l t a target system 
for the irradiat ion of ^ i n actinide targets 
with high intensity heavy-ion beams, for use in 
radiochemical experiments. The system offers 
quick access to short-l ived ac t iv i t ies . The 
modular design allows the target apparatus to be 
quickly disassembled and rebui l t into other 
configurations and used for the irradiation of 
other target types-

Figure 1 is an exploded view of the actinide 
target f a c i l i t y . I t is enclosed in a glove box 
with a f i l t e red exhaust. The beam is collimated 
with a graphite collimator of variable diameter, 
which is clamped to the water-cooled collimator 
housing, This housing is e lectr ica l ly isolated 
front and back by Teflon spacers so the beam 
current str ik ing the collimator can be measured 
separately from the target. The bolts holding 
the system together have a 1-mm clearance a l l -
around in the collimator housing. Rotational 
orientation is maintained with pins. The beam 
next passes through an electron suppressing 
magnet, a 1.8 mg/cm^ Havar vacuum window, and 

the target. The target and the window are both 
cooled with je ts of nitrogen gas with a total 
flow of 1500 standard l i ters/hour. Constant 
pumping on the target chamber with a rotary pump 
keeps the gas pressure below 100 tor r . The beam 
is stopped in the water-cooled end-piece. The 
difference in temperature between the incoming 
and outgoing water is monitored as a measure of 
the beam power. The infra-red radiation from 
the target is monitored through a quartz window 
in the end-piece (not shown in Fig. 1). Infra
red and beam power signals are used to l im i t the 
beam current. The electr ical signal from the 
end-piece and the gas-cooling jacket are summed 
to determine the beam f lux . 

Recoiling products are collected on a 
truncated conical f o i l , which the beam does not 
s t r i ke , shown in Fig. 1. The end-piece is put 
in place by pressing i t against the last Teflon 
spacer and giving i t a clockwise twist to lock 
i t under the restraining bol ts. At the end of 
an experiment, the system is let up to a i r and 
the end-piece is twisted of f . In recent 
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Fig. 1. Target system for the i r radiat ion of actinide targets with high 
intensity heavy-ion beams. (XBL 803-503) 



experiments the catcher fo i l was ready for 
transportaion within 90 seconds of the end of 
the i r radiat ion. 

Two tests of the target system were made 
with a blank target of 0.01 mm thick beryll ium. 
In one test , a beam of 144 HeV 2 0 N e 7 + at 36 
pulses/sec with an average intensity of 3.5 
microamperes was delivered to the target. This 
beam deposits approximately two watts of heat in 
the vacuum window. Ho problems were encoun
tered. Another test was performed with an 
-Intense beam of 100 MeV 1 2 C 6 + at two pulses/ 

sec. The bean current was gradually stepped up 
unt i l the peak current was 80 electr ical oicro-
amperes, at which point the water-cooled bean 
stop was punctured. 

The system has been used in several i r r ad i 
ations of targets of M 8 Cm and 2 4 4 P u with 
beams of , 3 G Xe and **Kr at average intensi
t ies of as much as 500 electr ical nanoamperes on 
the 2 4 8Cm target and as much as 1.4 microam
peres on the 2Wpu target. Ko problem have 
been encountered. 

CALIBRATION OF A HIGH-EFFICIENCY DEUTERON TENSOR POLARIMETER 

E. J. Stephenson.* H. J . Holt. ' J. H. Spechi.' J . D. Moses. 1 B. L. Burman,: 
G. D. Crocker,' J. S. Ftank,» M. J. Leitch, * and R. M. Lasrewski* 

The polarized deuteron beam from the 88 Inch 
Cyclotron was used to calibrate a high-efficiency 
polarimeter sensitive to the deuteron t2o 
moment. This polarimeter was subsequently used 
at LAMPF to measure the t20 polarization of 
deuterons recoil ing from elastic scattering by 
142-MeV positive pions. Both three-body 
(Fadeev) and isobar doorway models in thei -
present form provide a satisfactory description 
of the cross section for r-d elastic scatter
ing* However, the outgoing deuteron polariza
tion is more sensitive to many important details 
in the calculations. The f i r s t measurement of 
such a polarization was conducted with this 
polarimeter and reported in Ref. 1. The f inal 
result of t20 = -^-23 t 0.15 for Jv = 140 
MeV and e n = 180° is in disagreement with a l l 
theories. 

The polarimeter, shown in Fig. 1 , makes use 
of the ^He(d,p)^He reaction below 15 MeV. 
Near 0°, both the ^He(d,p)^He cross section 
and T20 analyzing power are large. To give 
the polarimeter a large eff iciency, a thick 
target of compressed ^He (750 psi) was used. 
The large reaction Q-value fac i l i ta ted the 
detection of outgoing protons, which were 
identi f ied and counted with a pair of plastic 
sc in t i l l a to rs . In addition, the incident 
deuterons were observed in a sc in t i l l a to r as 
they entered the ^He gas. Thus, the polar i 
meter provided a direct measure of the ef
ficiency E, the rat io of proton to deuteron 
count rates. This efficiency is sensitive to 
the deuteron t2Q moment acccording to 

e = e 0 ( l + t2()T20> 

where e 0 is the efficiency for an unpolarized 
deuteron beam and T20 is the polarimeter ana
lyzing power. 

In the if-d elastic scattering experiment, 
the LAMPF Low Energy Pion channel was used to 
celiver an energy analyzed pion beam to *.he 
target, and to separate the recoil deuterons 

from the pion bean and transport then to the 
polarimeter. The emerging deuterons were 
expected tc cover a wide area and contain a 
large range of deuteron energies. So the 
polarimeter was constructed with a large 

DEUTERON 
SCINTILLATORS" 

Fig. 1. Cross sectional view of the deuteron 
polarimeter showing the entrance window and 
part ic le detectors. (XBL 8011-12741) 
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entrance window (81 cm 2 ) and two x-y wire 
chambers in front to locate the incident 
deuteron posit ion and angle. 

To provide enough information t o analyze the 
f u l l d is t r ibu t ion of reco i l deuterons, the c a l i 
bration was carr ied out a t a va r ie ty o f deuteron 
energies, entrance posi t ions, and angles o f 
inc idence . ' The cyclotron provided 47-HeV 
censor polar ized deuterons. The po la r i za t ion 
was monitored upstream with the *Hetd,d)*He 
react ion .^ To reduce the i n t e n s i t y , the bean 
was dispersed by mul t ip le scat ter ing and reco l -
H ma ted ahead of the polar fneter . Rapid spin 
f l i p was used to reduce systematic e r r o r s . 
Aluminum degrade.- f o i l s were used to change the 
deuteron energy. The c a l i b r a t i o n consisted of 
measurements of toth the unpolarized e f f ic iency 
r 0 and the tensor analyzing power Tgn^ I t 
was found that the e f f i c i ency was insenstive to 
the posit ion or angle of incidence of the deu
teron on the po la r ine te r , while T 2 Q rose 
slowly for posit ions near the edge of the 
entrance window. Ko s e n s i t i v i t y was observed to 
other dei^teron moments. The largest s e n s i t i v i t y 
was to the deuteron energy, as shown in F i g . 2. 
The average e f f i c i e n c y and analyzing pewer for 
the d i s t r i b u t i o n of deutergns observed a t UKPF 
was t 0 = 1.52 * 0.C6 x I ( H and T2n. = 
-0.C0 ' 0.C5, making t h i s the most e f f i c i e n t 
deuteron polarimeter a v a i l a b l e . 

In subsequent experiments, a second p o l a r i 
meter o* s imi lar design w i l l be ca l ib ra ted and 
used to obtain ar. angular d i s t r i b u t i o n of the 
recoi l deuteron t?o itfnent. Segmentation nf 
the proton counter should provide addi t ional 
information on 132* This second polar ineter 
w i l l also be used to observe the reco i l polar i 
zat ion from electron-deutercn scat te r ing . This 
experiment should permit the f i r s t separation of 
the deuteron e l e c t r i c mono^ole and quadrupole 
fornfacto. 'S. 

We arc indebted to H. E. Conzett , R. M. 
Larimer, P. von Rossen, H. Ueimen, and :*e tech
nical s ta f f a t Berkeley for t h e i r assistance 
during the c a l i b r a t i o n of the po lar ine ter . This 
work was performed under the auspices of the U. 
S. Department of Energy and p a r t i a l l y supported 
by the National Science Foundation. 
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THE EFFECTIVE SOLID ANGLE OF A RECTANGULAR COUMATOR FOR THE 
PASSAGE OF FRAGMENTS FROM BREAKUP PROJECTILES 

A. C. Shottar.* A. N. Bica and Joeaph Camy 

In certain experimental Investigations the 
outgoing particles frooi a nuclear reaction can 
be excited to energies above particle breakup 
thresholds; these particles can then breakup, 
usually into two fragments- More often thin 
not, the best way to record such events is to 
record the coincidence of breakup fragments in 
separate counters. However I t is sometimes 
experimentally expedient to record the two 
fragments in the sane detector system (e .g . , 
studying °8e production by observing its two 
break-up a's In a single system). I f the 
detectors system fs i lE i E particle telescope 
then these events may be Identified by tfc.ir 
special mass identification signals. I f such a 
procedure 1s followed then 1t is Important for 
cross section estimates to determine the effec
tive solid angle of the collimator. For a 
rectangular collimator a general expression has 
been derived for this effective solid angle. 

The breakup kinematics for the situation 
considered Is shown in Fig. 1. TH center-of-
mass 1s denoted by V c . The velocities of the 
two frag, tnts 1n the center-of-mass frame are 
Vj, Vj, their masses a j , a?- The total 
laboratory energy of the projectile Is denoted 
by E and the center-of-mass energy by c. The 
collimator is assumed to be of dimensions 2a x 
2b and is placed a distance d from the target. 
The radius of the breakup sphere corresponding 
to Vj (2Vj) at the collimator plane Is given 
by 

E L A B -l '2(m l *m 2 )V < ?; c-\/Zm,v,z * X/Zm^* 

r = V j d / V c , 

where r = d(- e , l/2 V 

m, v, • m ,v , 

I f the actual solid angle subtended by the 
collimator is 11 then 

I le f f *nPU,b ) , 

where 

P, a, b, =_L j B ( 1 • B», t a n - i [ ,-T-j^Trj 

M-m.+m 

Fig. 1 . Kinematic breakup cone. (XBL 807-1531) 

• <!-«'-»') 2 .2,1/2 .£& 

-2aB tan 1 [ll-mOl"*} "" 
2.1/2 2*<T 

a sin^a • 2/3J 

where a * ( « / r ) , e • (b / r ) , and provided r2 > 
a * * b2. 

As a check to the accuracy of this expres
sion, numerical calculations were also under
taken. These calculations simulated breakup 
events and tested whether any particular pair of 
breakup fragments passed through the co l l i 
mator. I t was assumed that the breakup 
fragments were Isotropic with respect to the 
rest frame of the decaying projectile. 
Typically, for each P(a,b) calculated - 10 6 

breakup events were sampled. In Fig. 2 a 
comparison between the results from the two 
methods Is shown for different collimator 
configurations. 
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Fig. 2. The analytical function P<a,b) for a 
normalized breakup sphere. (XEL 807-1532) 

TIME-WALK CHARACTERISTICS OF AN IMPROVED 
CONSTANT FRACTION DISCRIMINATOR 

G J Wo/mak. L W Richardson and M R Maier* 

Many interesting aspects of deep-inelastic 
reactions can be investigated by measuring both 
the atomic :iumber and mass of the reaction pro
ducts, ^ery thin s i l icon detectors with excep
tional uniformity UT/T < 1«) are now coner-
c ia l l y available which allow the ident i f icat ion 
of atomic numbers up to Z = 40. Furthermore, 
these detector: have good timing properties such 
that when coupled to fast electronics, signal 
r ise times of < 2 ns and time resolutions of 
< 100 ps have been achieved. In order to retain 
this time resolution over a wide range of input 
signal amplitudes, the contribution form the 
electronics should by made suf f ic ient ly small so 
that o f f - l i ne corrections to the data are not 
necessary. Commercial constant fraction d isc r i 
minators (CFD) are available which have a time 
walk of less than 100 ps for large dynamic 
ranges, however, we would l i ke to report here on 
a simple and much less costly al ternat ive, which 
is the modification of a standard LBL-CFD1 (21 
x 1031 P-1) to make i t competitive with the best 
commercial CFDs. 

To measure the tine walk of a CFD, a fixed 
amplitude signal f t or a pulser with a fast rise 
time (~ 1-0 ns} was fed into a 50 fi sp l i t t e r . 
One of the output signals was kept constant in 
amplitude for a l l the measurements and was con
nected direct ly to a reference CFD. The other 
eutput of the sp l i t te r was connected to a pre
cision attenuator (a Wandel & liol temann type 
RT-1 specially selected for low *alfc, i . e . , < 30 
ps which fed direct ly the second CFD with a 
cl ipping tiae of 1 .... A bias'.-<* tirae-to-
amplitude converter (TAC) was started by the 
reference and stopped with the delayed output 
signal fron the second CFD. The t ine walk of 
the second CFD was measured by varying the 
attenuation factor and measuring the c n t r o i d of 
the TAC peak. The time scale was calibrated 
with a precision delay l ine (0.50- 0.01 ns). 
For such a measurement i t is essential that the 
dif ferent attenuator settings do not change the 
signal r ise time or pulse shape. 

In Fig. I the measured tine walk is plotted 
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versus the input signal amplitude. For the un
modified LBL-CFD, the measured t i e * walk ( t r i 
angles) is 500 ps over an input voltage range of 
0 .1 to 2.5 V. Tor the modified CFD, the t i n e 
walk ( c i r c l e s ) i s substant ia l ly reduced to less 
than 30 ps over the same dynamic range. These 
resul ts indicate tha t by optimizing the leading 
edge (LE) and zero-crossing (ZC) discr iminator 
se t t ings , the e lectronic contr ibut ion to the 
time resolut ion can be made s u f f i c i e n t l y sna i l 
such that in many s i tuat ions t ine-walk correc
tions are unnecessary. Furthermore, t h i s 
modi f icat ion , which consists of replacing two 
integrated c i r c u i t s ( ICs) in the or ig ina l c i r 
c u i t * with fas te r I C ' s , ( i . e . , replace the AM 
685 from AMD2 by an SP 9685 from Plessey 3 ) 
is r e l a t i v e l y easy and less expensive than 
buying a new low walk CFD. 

1 .. . , .-- , 1 1 

CFD (21 x 1031 P-l) 

A Clipping time =I.Ons 

- \ \ & Unmodified 

\ 
o Modified 

i 
\ -

*̂S*6 -̂̂  
0 

Input signal amplitude IvoHs) 

F ig . 1 . Measured time walk versus input signal 
amplitude for the unmodified ( t r i a n g l e s ) and 
modified ( c i r c l e s ) CFD. (XBL 808-2G97) 

In F i g . 2 (a) the dependence of the walk on 
the LE discr iminator threshold i s shown. The 
observed time walfc is a slowly varying function 
of the input signal amplitude above 100 mV. 
Below 100 mV, the time walk increases rap id ly 
with decreasing signal amplitude and is qui te 
sensi t ive to the LE discr iminator s e t t i n g . For 
a LE threshold of 5 mV (so l id curve) , the maxi
mum time walk is * 100 ps for input signals 
/arying from 50 mV to 500 mV. By increasing the 
LE discriminator threshold, the time walk can be 
reduced further i f the low amplitude data can be 
excluded. 

The dependence of the time walk on the ZC 
discriminator set t ing i s shown in F i g . 2 ( b ) . 
S l i g h t l y bet ter walk charac ter is t ics are 
observed (dashed curve) i f the ZC discr iminator 
threshold is o f fse t (< 0 mV) to t r i g g e r in the 
lower ha l f of the noise. Also, shown in F i g . 
2(b) is the FWHM of the TAC peak [dotted curve) 
as a function of the input signal amplitude. 
This FWHM is constant (~ 20 ps) for input 
voltages above 0.3 V. Below 0 .3 V the FWHM 

increases f r o * 20 to 40 ps, as the noise begins 
to dominate the t i a e reso lu t ion . 

I n suaaary, we have shown that an easy and 
inexpensive c o d i f i c a t i o n to a standard LBL-CFD 
substant ia l ly feproved i t s t i r e -wa lk charac
t e r i s t i c s . Furthermore, over the input signal 
amplitude range of 50 aV to 2 V, the t i a e walk 
w i l l be less than ±100 ps regardless of the ZC 
discr iminator se t t ing i f the LE threshold i s 
s u f f i c i e n t l y low M O n V ) . 

5 2CO 

( a ) Modified CFD (21 x 1031 P-l) ; 
Clipping time = I Ons 

LI d ry'l ZC ctlsel (mV) 

5 > 0 
IC > 0 

20 >c 
3C > 0 

( b ) 

I 
LF IrnV) 

5 

ZC oftsel (r-v) 

o 
< 0 

( c ) 

200 4CC 6O0 
Input signal an-plilucie (rrV) 

F i g . 2. Measured time walk (a ) for several LE 
discr iminator set t ings and (b) for several ZC 
discriminator se t t ings . The e lectronic time 
resolut ion (FWKM1 is also shown (dash-dot curve: 
LE . S raV, ZC = 0 mV). 
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STREAMER CHAMBER MEASUREMENTS AT THE BEVALAC 

J. P. Brannigan, A. Dacal." J. Geaga, J. W. Ha"is.» J. Miller, H. G. Pugh. 
. Renfordi,* L. J. Rosenbeig, A. Sandoval.1 L. S. Schroeder, H. E. Stekei. 1 R- Stock.' 

H. Suobele.' and K. L. Wolf* 

In reactions of heavy ions at re la t i v fs t i c 
energies, the mul t ip l i c i ty of secondary pa r t i 
cles can be very large. For example in a co l 
l is ion between Ar + KC1, 60 charged particles 
have been observed, exceeding the number of 
protons in the target and project i le combined. 
In order to extract information about possible 
reaction mechanisms i t is desirable to detect as 
many of these particles as possible. 

A triggered streamer chamber offers the 
possibi l i ty of detecting charged particles with 
100''• efficiency in a An geometry, either for an 
unbiased sample of events or for events selected 
according to some cr i ter ion imposed by the t r i g 
ger conditions. The LBL streamer chamber has a 
sensitive volume of 126 x 59 x 40 cm3 in a 
1.32 tesla f i e l d . The primary ionization fn the 
90'« Ne - 10s He gas mixture at S.T.P. is ampli
f ied by a factor of 108 by a 10 ns 700 kV 
pulse applied across the chamber subsequent to 
detection of an event by the tr igger detectors. 
The streamers produced along each track are 
photographed on high-speed 35 mm f i lm in three-
view geometry. The chamber can be triggered 3 
to 4 times per second, l imited by the f i lm 
advance mechanism and the charging time of the 
Marx generator. The memory time of the streamer 
chamber is about 2 us. 

Basic tr igger nodes for the streamer chamber 
are derived from snail sc in t i l l a to rs placed 
along the bean l i n e , i n part icular an upstream 
sc in t i l l a to r jus t before the target and a down
stream sc in t i l l a to r some distance after the 
target along the beam trajectory. In the 
" inelast ic" t r igger mode the pulse height from 
the downstream sc in t i l l a to r is required to 
d i f fe r from the pulse height for beam particles 
by suff ic ient to indicate that an interaction 
has occurred in the target. In the "central" 
tr igger node the downstream sc in t i l l a to r fs 
required to have essentially no pulse, ind i 
cating that the project i le has been destroyed by 
the interact ion. Studies of stream chamber 
pictures in the two modes indicate that the 
central tr iggers for Ar + KC1 col l is ions corres
pond closely to the selection of head-on nuclear 
co l l is ions. Other tr igger modes are possible 
with the existing set up, and a hodoscope array 
presents the possibi l i ty of tagging each event 
with sc in t i l l a to r pulse heights to provide 
additional information for part ic le i d e n t i f i 
cat ion. 

The pictures are scanned and measured man
ually- Information obtained direct ly from the 
scanning includes results on the number of nega
t ive pions produced per co l l is ion as a function 

Projecti le Target Beam 
(GeV/A) 

Trigger 
Inelastic Cen tra1 

12C 

KC1 0.4 - 1.82 
(8 energies) 

Ba!j 0.8 
Pb 30 4 0.4, 0.8 
KC1 1.0, 1.8 
Bal? J.O, 1.8 
KC1 2.1 
Balj 2.1 
Pb 30 4 2.1 
Bal 2 0.8 

backward 
backward 
backward 
test run 
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verted gammas, or lambda charged decays. A f te r 
measurement and reconstruction o f the events i n 
three dimensions, the p a r t i c l e s ' momenta and 
emission angles are ext racted. The main char
a c t e r i s t i c s of the reconstruction are: 4* so l id 
angle and 100 ' -e f f i c iency for charged p a r t i c l e s , 
lower threshold of less than 1 MeV for protons 
and vertex posit ion resolution of - 1 ran, ap/p 
< 5'A; angular resolut ion < l°and l im i ted charge 
resolut ion. 

The exposures l i s t e d in Table 1 have been 
made and are in the process of analysis: 
of bombarding energy, and on the number of 
"vees" produced corresponding to kaons, con-

The fol lowing experiments have been approved 
for future running: 

• Study of pion and hyperon production i n 
equal mass systems, 

• Inlarmediate energy (100-200 MeV/A) 
heavy ion reaction mechanisms, and 

• Test of the streamer chamber capabi l 
i t i e s for U beams. 

These experiments are col laborat ions between the 

One character is t ic of r e l a t i v i s t i c heavy ion 
co l l i s ions is the high m u l t i p l i c i t y {50-100 
secondary p a r t i c l e s ) of a " t y p i c a l " event. 
Information regarding the m u l t i p l i c i t y , both i t s 
magnitude and any d i rect ional informat ion, i s 
desirable as an indicator of the violence of the 
c o l l i s i o n and in the study of such phenomena as 
j e t formation, hydrodynamic splash or other 
forms of c o l l e c t i v e behavior. He have been 
working to develop and bu i ld a detector capable 
of providing such information for use as a 
target area detector in the Heavy Ion Spectro
meter System (HISS) a t the Bevalac. 

Conventional wire chamber readout techniques 
are plagued by x-y corre la t ion ambiguities when 
more than one p a r t i c l e is registered i n the 
chamber- In f a c t , to completely resolve a l l 
such ambiguities for n p a r t i c l e s requires the 
reading out of n + 1 separate coordinates. 
C l e a r l y , resolut ion of the ambiguities involved 
in an event of m u l t i p l i c i t y , say 50, by t h i s 
method would be p roh ib i t i ve ly expensive. The 
reading out of each separate x-y coordinate in 
the detector v i a , for example, charged coupled 
devices is l ikewise an expensive solution to the 
problem. In our scheme, the x-y ambiguities are 
resolved in an inexpensive fashion by employing 
the detector i t s e l f as a corre la ted event 
memory, a method f i r s t suggested by Neumann and 
Sherrard. l 

The passage of a charged p a r t i c l e through 
our apparatus is used to ign i te a glow discharge 

basic LBL/GSI group and one or more from Argonne 
National Laboratory, Universi ty of Ar izona, Uni 
ve rs i t y o f Marburg, and Univers i ty of Mexico. 
The Univers i ty of Ca l i fo rn ia a t Riverside tR. T. 
Poe e t a l . ) a lso has a program using the 
streamer chamber. 

Sone modifications and improvements to the 
system t h a t are i n progress or under i n v e s t i 
gation are improvements in the gas mixture, 
s t a b i l i z a t i o n o f the Harx generator, use of 
image i n t e n s i f i e s , construction of external 
hodoscope and t r igger a r rays , seniautooatic 
reconstruct ion, and use of CCD cameras and Image 
d i g i t i z a t i o n . 

Footnotes 

• I n s t i t u t o de F i s l c a , UHAH, Mexico 

tGSI, Darmstadt, West Geraany 

lUniversty of Karburg, West Germany 

§Now a t Argonne National Laboratory, Argonne, IL 
60440 

a t the point of passage. This i g n i t i o n may be 
achieved through the use of pulsed spark chamber 
techniques or by sone less cataclysmic avalanche 
method. Once i g n i t e d , the flow discharge may 
maintained by a dc potent ia l of several hundred 
vol ts for an i n d e f i n i t e period of t ime. This 
"menorization* of the posit ion of the event 
allows the x-y cor re la t ion ambiguity to be 
resolved as fo l lows. Each wire of one coordi 
na te , say x , which reg is te rs a h i t i s succes
s ive ly interrogated by the superposition of a 
voltage pulse over the dc glow maintenance vol 
tage. The wires of the y-coordinate are then 
examined for the transmissions of th is pulse 
through the conductive glows. In th is way, the 
x-y posit ions of the glows, and thus of the 
h i t s , are determined in an unambiguous way. 

A large e f f o r t has been expended in studying 
the glow discharge mechanism and in prototyping 
glow discharge memory gaps. A "honeycomb" c e l l 
structure has been developed that gives good 
glow s t a b i l i t y , mul t ip le h i t e f f i c i e n c y , and 
that prevents the ign i t ion of spurious glows in 
c e l l s neighboring the locat ion of the desired 
glow. Development of a readout system to locate 
these glows is being car r ied out w i th the help 
of the Physics Instrument Systems Group. 

Ign i t ion of glow discharges may be achieved 
by placing a conventional spark chamber gap atop 
the glow memory gap. Residual ions and u l t r a 
v i o l e t l i g h t from the spark serve to i g n i t e a 
glow discharge in the c e l l nearest the spark. 

A GLOW MEMORY CHAMBER FOR USE IN THE MEASUREMENT OF 
HIGH MULTIPLICITY E V E N T S * 

M. A. Elola. T. A. Mulera. V Perez-Mencie*. and P E. Wiedenbeck 
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Br;ause of the tradit ional problems of long dead 
times and high radio frequency noise levels 
associated with the use of spark chancers, a l 
ternative ignit ion methods are being invest i 
gated. Two such methods are igni t ion by u l t ra 
violet l i gh t produced in gas sc int l la t ions, and 
igni t ion by the production and mult ipl icat ion of 
electron Ion pairs in an avalanche less cata
clysmic than a spark discharge, i . e . , an 
avalanche taking place in the proportional or 
Geiger regime. 

The final version of the mul t ip l ic i ty detec
tor w i l l surround the HISS target and w i l l have 
an active area subtending as much of 4w 

steradfans as is compatible with construction 
requirements. 

Footnote and Reference 

•Condensed from an LBL report In preparation and 
a paper subnitted to the International 
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RESPONSE OF Nal:TI TO RELATIVISTIC Ne. Ar. AND Fe 

M. H. Satamon and S. P. Ahten* 

An exposure of a 1/2 inch thick commercial 
Harshaw NaI:Tl crystal sc in t i l l a to r to r e l a t i 
v i s t s 2 0 Ne, 4 0 A r , and 5 6Fe ions was 
performed at the Bevalac. The fixed 600 MeV/amu 
beams were nearly continuously degradable in 
energy by an extremely precise, automated Pb 
absorber"! upstream of the crysta l . A s i l icon 
detector midstream of the absorber and crystal 
discriminated against ions that had undergone 
charge reducing nuclear interactions in the 
absorber. The NaI:Tl crystal 's sole transparent 
face emitted into the in ter ior of a l i gh t 
diffusion box, which by randomizing the l i gh t 
direction before PKT (EMI9817Q) detection 
effect ively eliminated variation iri spatial 
response. Calibration between runs was 
maintained by a 241Am-doped NaI:Tl crystal 
permanently affixed to the l i gh t diffusion box; 
temperature control was maintained to minimize 
thermal crystal response variation (< 0.4") . 

The sc in t i l l a t ion eff iciencies dL/de (e = 
total kinetic energy) were determined by 
di f ferent iat ion of a f i t ted function L U ) , the 
l ight output of an ion of energy c entering an 
in f i n i te l y thick crysta l , to the data AL = 
[L (e i n ) - L ( e o u t ) ] versus e i n . The 
resulting f i t is excellent, as seen in the inset 
in Fig. 1 (the cusp corresponds to maximum 
energy deposition in the crysta l , as the ion 
stops jus t at the exit surface). The 
eff iciencies thus determined are shown in the 
f igure, along with the sc in t i l l a t ion efficiency 
of coimic ray secondary (atmospheric) muons 
(mlnially ionizing) measured separately with the 
same crysta l - l ight diffusion box configuration. 
Thirty radiation lengths of Pb eliminated 
contaminating shower electrons, and a widely 
separated, t r i p le detector coincidence 
requirement eliminated both noise and 
non-vertical muons. 

The rough error bars on the ion data, shown 
at both ends of the curves, are based on 
magnitudes of variations resulting in dL/de from 

insertion of a r t i f i c a l noraaHy distr ibuted 
errors on top of the raw data which gives an 
estimate of dL/de inaccuracy, as well as on 
estimated inter-run cal ibrat ion errors- The 
nuon error i s based on the estimated error In 
peak assignment in the Landau dist r ibut ion 
collected during the muon exposure. 

0.40 

100 2 0 0 300 4 0 0 500 6 0 0 
E^ (MeV/amuj 

I 0 U 101 I0 2 I0 3 

dfi/dx (MeV-crr^/g) 

Fig. 1. (XBL 803-1701) 

Compared to organic sc in t i l l a to rs , Nal:T1 
evidences a remarkable lack of dependence on 
track structure (radial variat ion of energy 
deposition), evidenced by the fact that the 
ion's dL/dc nearly fa l l s on a universal 
sc in t i l l a t ion efficiency curve. The gross 
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s t r u c t u r e o f t h i s cu rve i s s i m i l a r t o t h a t 
observed f o r low energy data (e~ , p, a , 2 < Z 
< 1 0 ) . 2 » 3 

An emp i r i ca l curve nay be f i t t o the e f f i 
c iency data t h a t i s based on mixed mono- and 
b l - m o l e c u l a r r eac t i ons o c c u r r i n g between uncor
r e c t e d e l e c t r o n s and holes and between e x c i -
t o n s . P o s t u l a t i n g a c e r t a i n e x c i t o n p roduc t ion 
f r a c t i o n , the k i n e t i c s may assume the form d n / d t 
= - k j n - k2n i : : , where the f i r s t te rm c o n t r i 
butes t o r a d i a t i o n (quenching) f o r e x c i t o n s 
( e l e c t r o n s ) and the second to quenching ( r a d i a 
t i o n ) f o r e x c i t o n s ( e l e c t r o n s ) . The s o l u t i o n 
has the form d L / d c * (1 - x) + * t a / n ( l + * S) -

b / n u ' (1=1) S)3 where S = de/dx (MeV-cm 2 /g) and 
x = exc f ton f r a c t i o n . The f i t shown (dashed l i n e ) 
i s f o r X = 0 .75 , a = 275, b = 1 .0 , w i t h normal 
i z a t i o n constant 0 .433. 

A computer program i s now a v a i l a b l e on PSS 
s t LBL's Computer Center t h a t c a l c u l a t e s s t o p 
p ing power ( d E / d x ) , range, o r energy us ing the 
p r e s c r i p t i o n o f A h l e n - ' * 2 which i s accurate to 
': I'.; i n the regime o f h igh charge Z and 
r e l a t i v i s t i c energ ies -

S t a r t i n g w i t h the we l l known Bethe formula 
f o r s topp ing power, de r i ved quantum mechan ica l l y 
i n the f i r s t Born approx imat ion ( ( Z a / e ) « 1 ) , 
severa l c o r r e c t i o n terms are added which main
t a i n accuracy as Z increases pas t the p o i n t o f 
v a l i d i t y o f the Bethe exp ress ion : 

(1) the Bloch c o r r e c t i o n br idges the gap 
between the quantum (Za/B « 1) Bethe and 
c l a s s i c a l {Za/e » 1) Bohr s topp ing powers, 
g i v i n g the Bethe-Bloch fo rmu la : 

(Z) the Mott c o r r e c t i o n term i s based on 
expansions o f the Mot t c r o s s - s e c t i o n which 
c o n t r i b u t e c lose c o l l i s i o n s topp ing power terms 
up to Z ' ; 

(3 ) the Z 3 low v e l o c i t y p o l a r i z a t i o n 
c o r r e c t i o n terms a d j u s t f o r f a i l u r e o f t h e 
impulse approx imat ion made i n the Bethe-Bloch 
t r e a t m e n t ; 

(4) the s h e l l e f f e c t term c o r r e c t s f o r 
f a i l u r e o f c e r t a i n assumptions i n s topp ing power 
d e r i v a t i o n s when the io. i v e l o c i t y drops below 
any o f the atomic e l e c t r o n i c s h e l l v e l o c i t i e s ; 

A l though t h e phys i ca l s i g n i f i c a n c e o f the 
k i n e t i c equa t ion i s U n i t e d , t h e f i t i t a f f o r d s can 
be o f use t o those needing Nal :T1 response i n f o r 
mat ion i n heavy i on exper iments o r heavy e lenen t 
cosmic r a y exper iments . 

Footnote and References 

* A l s o a t Space Sciences Labo ra to r y . 

1 . Th is automated absorber can be made a v a i l a b l e 
t o o t h e r e x p e r i m e n t a l i s t s a t LBL. Please con tac t 
the a u t h o r s . 

2 . R. B. Hurray and A. Meyer, Phys. Rev. 122, 815 
(1961 ) . 

3 . J . B. B i r k s , The Theory and P r a c t i c e o f 
S c i n t i l l a t i o n Coun t ing , (Pergauo*> P ress , 1964) . 

(5 ) the s tandard exp ress ion f o r the dens i t y 
e f f e c t i s i n c l u d e d ; 

(6) the e f f e c t i v e charge o f the p r o j e c t i l e 
ion i s c a l c u l a t e d t o account f o r e l e c t r o n p i c k u p . 

Above 8 MeV/anu, range-energy t ab l es are 
c a l c u l a t e d by i n t e g r a t i o n f o r dE/dx . For E < 8 
KeY/amu, t h e express ions f o r dE/dx becomes 
u n r e l i a b l e and e m p i r i c a l range-energy r e l a 
t ions-* are r e l i e d on . 

The f u l l r e p o r t d iscusses use o f the p r o 
gram, and the prograo i t s e l f i s an appendix. 
Copies o f the p rogran may be ob ta ined by 
e x e c u t i n g the c o n t r o l ca rd 

LIBCOPY, EXTUSER, X, IHTRO, ROEOX, RRANGE, 
RNERGY. 
and DISPOSE-ing the f i l e X as d e s i r e d . 

Footnote and References 

•Condensed f rom LBL-10446 (1980 ) . 

1 . S. P. Ah len , Phys. Rev. A l ^ . 1236 (1978 ) . 

2 . S. P. Ah len , Rev. Hod. Phys. 52 , 121 (1980) . 

3. W. H. Barkas and H. J . Berger , i n Stud ies o f 
Pene t ra t i on o f Charged P a r t i c l e i n H a t t e r , N a t l . 
Acad. S c i . Pub l . 1133 (1964) . 

A RANGE-ENERGY PROGRAM FOR RELATIVISTIC HEAVY IONS 
IN THE REGION 1 < E < 3 0 0 0 M a V / a m u * 

M. H. Salamon 
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MEASUREMENT OF HIGHER ORDER CORRECTIONS TO STOPPING POWER 
FOR RELATIVISTIC N». Ar, AND F» Burnt* 

M. H. Salamon, S. P. Allien,* K. C. Crebbin. and G. Taile* 

Measurements of range of 600 MeY/anu 20Ne t 
4 0 A r , and 5 6 Fe in absorbers of A l , Cu, and 
Pb have been made to test the accuracy of the 
higher order Mott, Bloch, and polarization 
correction te rns 1 * 2 to the Bethe expression of 
stopping power. 

After extraction from the accelerator and 
passage through a series of accurately known 
upstream materials, the ions were slowed to 
nearly stopping in each of the three primary 
absorbers (AT, Cu, Pb); the residual range was 
traversed in a stack of a few hundred th in (-
0.03 g/cm2) sheets of Lexan polycarbonate 
plast ic. Subsequent chemical etching exposed 
stopping tracks, yielding a mean ion range. By 
integrating dE/dx through the complete l i s t of 
stopping matter, i n i t i a l (extraction) energies 
w?re calculated. These computed energies 
varied, depending upon which correction terms 
mentioned above were or were not included In the 
expression for dE/dx. To be compared to these 
calculated energies are the actual beam 
energies, which were determined by using the 
Bevalac i t se l f as a t ime-of- f l ight device, 3 

providing unparalled bean energy accuracy. 

Figure 1 summarizes the results, where three 
sets of data, one for each absorber, are shown. 
The ordinate gives the percentage deviation of 
the integrated energies from the actual measured 
beam energies which determine the ordinate zero; 
the measured beam energy errors are represented 
by horizontal dashed l ines. Shown are 
Integrated energies calculated using a dE/dx 
expression with no correction terns added (o) , 
with a l l but the Blocb term added (s ) , and with 
a l l the expected correction terms added ( A ) . 
Systematic and random thickness uncertainties in 
the matter l i s t contribute to the error bar. 
The larger c r o r bar also includes a systematic 
uncertainty in the I a ( y of the absorber. 

The fa i lure of the Bethe expression at high 
Z is unequivocal. Although the f u l l y corrected 
dE/dx (A) is within errors, the fact that the 
absence of the Bloch term (n) provides nearly as 
good a f i t suggests that a re la t i v i s t i c 
calculation of the Bloch term (presently a 
non-relat ivi5t ic calculation) might y ie ld a 
correction of smaller magnitude. 

As Z-*-0, one demands that higher order 
corrections in Z vanish with respect to the 
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Fig. 1. Deviations of calculated (integrated) 
energies determined by t i ee -o f - f l i gh t nethods 
versus ion charge, for three absorbers (A l , Cu, 
Pb). (XBL 806*10380) 

Bethe expression, i . e . , a l l the integrated 
energy points should coverge to AE/E = 0.0 
(within errors). Extrapolation confirms th i s , 
reinforcing confidence in the independent 
calculation of the actual bean energies. 

Footnotes and References 

*Condensed from paper submitted to Phys. Rev. 
Let t . 
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BEVALAC DATA ACQUISITION PROJECT 

Chuck P.tcPaittand* 

The Bevalac software e f fo r t i s nearing the 
end of i t s second year. This e f fo r t has 
produced a software system (QDA-1!ULTI) that is 
currently instal led and in use on six OEC 
PDP-11's at the Bevatron. 

Experimental software need;, at the Bevatron 
vary greatly. To be generally cseful, the 
system must be adaptable to experiments ranging 
from a weekend ef for t at an existing experinent 
f ac i l i t y tu a year-long development of a new 
beam l ine or detector system. To this end the 
system attempted to meet several design goals: 

]J To provide a common "core" of data 
acquisition programs for a l l PDP-11 r j chines in 
use at the Bevatron, 

2) To structure the systen to easily 
accommodate user-written, experinent specific 
code, and 

3) To allow ( i . e . , require) experimenters 
to specify CAMAC data sources and FCNA codes to 
be used in read'-ng them. 

The degree to i.n»ch experimenters are 
required to program this systen varies. Many 
experimenters need specify nothing core than the 
commands required to access the proper CAHAC 
modules. The software for experiments of this 
sort can be assembled in a few hours. For these 
experiments, QDA-KULT] j s almost a ready-to-run 
system. 

Most Bevalac experiments, ftcirever, require 
the addition of experiment-specific program. 
These consist of user-written analysis rcuntines 
within MJLTI, special K3D data acquisition code, 
or user-written displays. In one instance, 
experimental needs have required the addition of 
several parallel analysis tasks that display 
their results through Kl'LTI. For the&e 
applications, QDA-WflLTI should be viewed as a 
software structure which has been only p a r f a l l y 
f i l l e d i n . The "empty" routines are there t~-
accept expericent-specific code. 

Experience at the Eevatrun shows this 
philosophy of experimenter-software involvement 
to he a real is t ic cne. Future plans for 1981 
include greater use of disk spooling, 
ethancjoent to KULT1, increased histrogram 
storage, and addition documentation to aid in 
user-written software. 

Footnote 6ntJ Bibjiograf-'hy 

'Space Sciences Laboratory. University of 
Cal i fornia. Be*.eley. CA S4720 

1. Ferciilab KULTI User Gutfe, Ferailab PU77.4, 
Sept. 1 , 1978. 

2. E. Harvey, "Dat* acquisition using PDP-11 
and N3D branch drive at LBL," IEEE Trans, or. 
Kucl. Sci. KS-26. 4633 (1979). 

TRAJECTORY RECONSTRUCTION AT HISS 

Douglas D T j d e 

As part of the HISS f a c i l i t y , we are pro
viding a complete method for trajectory recon
struct ion. This method requires the creation of 
reconstruction software and magnet mapping 
hardware. 

The hardware portion consists of a three-
component magnetic f i e l d mapper, a nicroprocessor-
buCsd control ler and interface to the VAX. The 
mapper w i l l have three Hall probes mounted 
mutually orthogonal to one another, one for eac* 
f i e l d component. Each Hall probe signal w i l l be 
dig i t ized and passed to the VAX via CAHAC and a 
PDP 11/34. The Hall probes w i l l be moved 
sequentially through a suf f ic ient number of 
three-space positions to define the whole 
magnetic f i e l d to an accuracy of - ! - 3 x 
10"* of iB'max' p r °bes and amplif iers of 
this accuracy are readily available. The probes 
w i l l most l i ke ly require some form of temper

ature stabi l izat ion f- " l - l f l "C). Electric 
cotors under control of the ai coprocessor w i l l 
nove the probes to the required positions. The 
probe positions w i l l be continuously sensed by 
l inear encoders and/or a ca=bination of shaft 
and linear encoders, and w i l l be digi t ized and 
read i r to the control ler. Software in the 
controller w i l l enable ceasurer^nt and buffe-ing 
of - ?56 points of data. Software for an 
e.icire f i e ld nap w i l l reside in either the 11/ -
or the VAX. Complete f i e ld raps w i l l reside on 
a VAX disk f i l e . 

Since the HISS f ac i l i t y already has an JIKfi 
system, the d r i f t in the nornalization of th" 
f i e l d can be monitored. Also, because the 
required coordinates ere generated in the con
t r o l l e r , srrors due to kne^n nec^am'cal distor
tions can be corrected for , e .g . , gravitational 
"sag" and thercal expansion and contraction. 
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The f i e l d w i l l be r e a s w c d cm a tcn'forai gr f id 
o f p o i n t s t h a t Me on the su r face e f a r e c t a n g 
u l a r volume. The f i e l d a t i n t e r i o r p o i n t s w i l l 
be obta ined by s o l v i n g Lap lace ' s equa t ion v U h 
the measured boundary c o n d i t i o n s . E x t e r i o r 
p o i n t s w i l l be ob ta ined by T a y ' a r ' s s e r i e s 
e x t r a p o l a t i o n . 

T h e e w i l l be approx imate ly 4O,0©3) f i e l d 
measurements nade, t a k i n g each apprpffmutely I 
second. Thus. 10 hours w i l l i c r e q u i r e d t o 
measure one r a p . I f the e n t i r e volume Merc t o 
be measured [ i n s t e a d o f r e c o n s t r u c t e d ! , n e a r l y a 
week wouM be r e q u i r e d . Thus, reconstructs 
g r e a t l y reduces the capping t f i r e . 

Once the f i e l d i s recor .s t ruc te t l a Barge sam
p le o f t r a j e c t o r i e s ( - 1O.O0P) w i l l h> ffcuind 
by numerical i n t e g r a t i o n . T r a j e c t o r y r e c o n s t r u c 
t i o n w i l l then c o n s i s t , e s s e n t i a l l y , o f 
i n t e r r e l a t i o n between these sa rp l e t r a j e c 
t o r i e s . Our rcetnod o f us ' f .g Chebychev p o l y 
nomials w i l l c l o s e l y p a r a l l e l a f a s t and 

e f i n c f i m i l .netted! ( f t j ^Uc jcd a t CEEINI fcy M, mrt,t. 

To l iatE 1 . ftsttb fffeld £nd t t r j ject tc i ry m;cciv 
stni;E.U'l,'cni is.̂ fTuwjiino a r e ep^raUcffiail &:jiii, DEHM3 
modfi Pft#1tfiianis t * f f a ro tflwjy a rc r tn t fy ffcr gtRprall 
use. Tltei amE. ftEwc*ir, nra£* Heir cwtpHpite 
i j s s t t r t g . fii-rcflL^Ing a aicateMirgj ©IT ttftm e i f t f t c ts ©* 
inccifcifflficaTI dlfistfflirtflarriS «>a ttJhe imj5T*tl lc IT ( C M 
mapper j n d dlHITt cfcintecrs on Ifflinol) tncrncnUmTJi 
e r r o r s . TtlfaH H BEW Erelfrr.g tfiir,?. 

J*1 ti'MliltfiQni t o Wrfi'Sfi1 ef l f fcr t ts. <d gervcral 
IHtarte Cairiir pmajijr.imi wt iH frff jxru-wtidt'i:. Two 
c^pcrt'mcrats,. 5D7 aad 43.aU, nwip a H m r j ^ &crn 
s t e l l a t e d ! wfitfe a preHt'mliffVBT^ * e r s f i c i off t f oH 
program. S&su l l t i were fine Indira iin mfr.sp PA£ 
prcsemttaltiicDt lin fli'sw-IItec f ??9 . 

Ih4" iTL-ipr.?! nufcc i r (is * t t ?H lin tfcj* dc5.n5.Ti 
ptoaie. A U P ? l i n ? w?*UH Ere Mta lD l l f i s ^ t l aircot 
atneut fcagsat 5 , 19S3. and a <timp!cttn? ^ j l ^ n wlil? 
tee- rurad1/ ztnut SrpttCTifccr J , D^iD). 

KISS OETECTOR SYSTEMS 

Hank Ct a w l a i d * J- tn Cdiro-'-l " F«Fd B •' "stir. " §!foup fjl.jr];irTnv*ji jrrrf l J ' j r jut- i S'jffwrairci. 

The f i r s t f i v e exper iments a t the HISS 
f a c i l i t y w i l l be pe r fo r ced between Karch and 
June o f 1981. These Phase I exper iments reqarire 
analysis of m u l t i p ^ ? p a r t i c l e s f r c a each event 
to i n v e s t i g a t e the energy t r a n s f e r s p e c t r u a , the 
p roduc t i on o f very h igh t ransverse cnoent im 
l i g h t and heavy f r a g n e n t s , the r o l e **f e l e c t r o 
magnetic e x c i t a t i o n i n nuc lea r f r a g m e n t a t i o n . 
and the s i z e o f the i n t e r a c t i o n reg ion i n 
r e l a t i v i s t i c nuc leus-nuc leus r e a c t i o n s . To 
accompl ish t h i s program requ i r ed c o l l a b o r a t i o n 
among a l l the expe r i oen ta l groups t o design and 
c o n s t r u c t a se t o f d e t e c t o r s ccrnon to aUB 
exper iments t h a t cou ld be e a s i l y r econ f i gu red t o 
meet the s p e c i f i c needs o f each eeas ' j reaent . 
The system must measure the charge , nass and 
momentum o f up to 10 fragments f r o a each 
i n t e r a c t i o n 

The Fhase I d e t e c t o r sys ten c o n s i s t s o f 
three major subsystems. To ceasure r i g i d i t y {= 
P/Z) we use twr l a r g e (1 x I n) d r i f t c h a r t e r s 
based on our ISEt-3 s a t e l l i t e d r i f t chamber 
des ign* i n c o n j u n c t i o n w i t h the H1S5 r a g n e t i c 
f i e l d . To measi-e charge Z we w i l l use a 1 x 1 
x 0.5 m x e n o n - f i l l e d i o n i z a t i o n c h a c t e r , and 
sample the i o n i z a t i o n along the f ragments ' pa th 
up to 50 t imes . To measure v e l o c i t y we use 
both a s c i n t i l l a t o r array (30 p i e c e s , each 200 x 
10 x 2 cm) f o r t ime o f f l i g h t and a s i l i c a 
aerogel Cerenkov hodoscope.^ In a d d i t i o n we 
w i l l employ two p o s i t i o n s e n s i t i v e p a r a l l e l 
p l a t e avalanche chambers to d e f i n e the i n c i d e n t 
p a r t i c l e v e c t o r s . H i t h the sys ten c o n f i g u r e d as 
shown i n F i g . I we expect t o a t t a i n charge 
r e s o l u t i o n o f ^ 0.2e a t Z = 26, mass r e s o l u t i o n 

o f < 0 . 3 ii it i i a t A = 20 ffiissS mcmS'jratJinr r e s o l u t i o n 
o f < 1C1 i*eV„*e f o r eaclh f iw jne f l i t . 

IhH s>5ttemi lis scfte-tfyleid f o r ccnpUettScn i n 
KoveRiier 153®. Fabr icat ions o f ttre $r*.ft cfcerfcer 
p a r t s Pt UJCILA i s a lmost ccrii(pllete, w i t h cse o f 
the Tlarg? cfr^mfiiers ready *cr t he wtinafng s t s p . 
C o n s t r m t i a n o f t i :e xencn ti'c,iinrat*cn cizzzter has 
beg-L.i a t HIIO, i i d t e s t a t ttfce £3 I c t h C y c l o t r o n 

PWJtSC a oCTCCHcra ia»i-» 

« u * " r « 

Fig. 1. fXBL SB7-10739A) 

http://43.aU
http://dc5.n5.Ti
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are planned 'or the f a l l . The tite of flight 
array, with a time resolution of 70 psec FWHH 
attained on the ffrst sample in a 1.66 GeV/ 
nucleon Fe beam. Is being fabricated in Japan. 

•Space Sciences Laboratory, Berkeley, CA 94720 

University of California, Los Angeles, CA 90024 

1. 0. E. Grefner, JF. s. Bieser. and H. H. 
Heckman, Proc. IEEE on Geosci. Elec. GE-16. 163 
(1976). 
2 . H. Aderholz e t * ! . , MIN 118, 419 CUM}. 

3. K. Cantin et a l . . NIM 118 1197«). 

PLASTIC WALL SCINTIUATOft DETECTOR A I M A V 

H Gutbord. M M*er. J Peter.» H G R.Hcf. H Stet/M. 
A I. Wwwbick. F. WeA.aodH.Wiefnao' 1 

An array of plastic scintillators, called 
the "plastic wall," has beer developed far use 
in heavy ios. reaction studies at the Bevelac. 
This 150-eleroent, time-of-flight detsctor, shown 
in Fig. 1, was designed for use with the «T 
solid-angle plastic ball system.1 I t will 
cover trie r^st forward scattering ccne (0° to 
9°). 

The plastic wall covers an area of 192 x 192 
cm, ano" consists of scintillators zrranged in 
two areas: the inner area and the outer area. 
The inner area is a square of 48 x 48 cm con-

Fig. 1. Outer portion of the plastic wall 
scintillator detector array. {CBB 799-123021 

sistirg of 36 individual counters each 4 en 
thick. At a distance t J 6 n from the target in 
the plastic bal l , this area covers an angular 
region of about 0 to 2.5*. The outer region 
extends to 9* and consists of 60 pa'rs of 
position-sensitive scintillation detectors. The 
distance of 6 is co.-responds to flight tines 
varying free 24 nsec at 800 NeV/n to 65 nsec at 
50 HeV/n. The width of the scintillators of 8 
cm results in an angular resolution of 0.7S*. 

The purpose of the inner region of the 
plastic wall is Vt provfde the information 
necessary to fom * i event trigger for both the 
plastic !»all and the w l l . This is achieved by 
comparing the inner wall signals with those of 
an upstream bean counter. The fragments art 
identified by their tine of fflfgnt and their 
pulse height in the scintillators. The trigger 
car. thus be defined by selections on fragnent 
velocity an6/or or nuclear charge in the 36 
counters- A fragmentation can lead to several 
fr£gmer«.s hitting the irner regions, so a 
subdivision into 36 individual detectors allows 
us to identify the degree of fragmentation. 

The purpose of the wall's outer region is to 
detect the reaction products or projectile frag
ments at angles betweer 2* and 9* with suffi
cient angular resolution and multipartfc'e 
detection capability. I t is aide cf 60 
position-sensitive double modules, each con
sisting of two scintillator rods with dimensions 
of 72 x B x 4 cm thick. Each scintillator of 
the double module is viewed by one phstcculti-
plier at different ends {Fig. 2) . The time 
difference between the two photomultipiier 
signals give the longitudinal position of the 
particle in the double module; the mean time 
gives the flight time from the upstreas detector. 

For high-energy charged particles the dE/dx 
in one or both scintillators combineu with the 
time of flight allows us to detect 2 and E/A. 
For energies below 1220 MeV/n, particles are 
stepped in the wall. Thus the velocity measure
ment and the E information determines the nass 
of the stopped particles. The double coincident 
dE/dx information for particles above BO MeV/n, 
furthermore, allows one to discriminate against 
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neutron and gamna response In the scintillators, 
which is rather important because as «*ny neu
trons as protons are expected for l l i h t projec
tiles at forward an^es. 

The outer region of the wall has already 
been used fn an experiment to study slew target 

TOf-PLASTIC WALL 

Fig. 2. Schematic view of scintillator eleaents 
from the plastic vail array. (XBL 7910-12432] 

fragments in coincidence wftr. fast charge 
particles. 2 Beta velocity and slower (Z • 1 
and 2> particles were identified in the 2.S* to 
9" cone with this detector using a variety of 
projectiles (P. He, C and Me, ranging in energy 
from 250 tc 4900 GeV/n). The tine resolution 
obtained between scintillators in the »iairs was 
tetter than 350 psec (Flftt), thus providing a 
longitudinal position resolution better than the 
8 cm width of the scintillators. Preliminary 
scars of the data have shown an in-plane 
enhancement of light particles observed in the 
va i l , correlated with heavy tfow fragments at 
large angles. Also, multiple hits In the wall 
tend to be localized rather than spread sym
metrically about the beam axis. 

Footnotes and Inferences 

'Collaboration of Gesellschaft fur 
Schwericienforuschung, Darmstadt and the 
University of Harburg, west Geraany, and 
Lawrence Berkeley Laboratory. 

'Visiter froa I.P.M., 91406 Or-« y , France. 

1. A. Baden et * ! . , in this annual report. 

2. H. H. Gutbrod et a l . . in this annual report. 

CHARGED PARTICLE IDEhmFfCATIOhl WITH MOfXaES Of THt PLASTIC BALL 

H. H. Gulbrod M. Maiei. H G Rmer. A. Waiwick. F Wiek. H Wteman and K W O » " 

In the low energy pion line at LAHPF a set 
of 13 plastic ball modules (see Fig. 1) was used 
to measure the efficiency and particle separa
tion capability of the plastic ball detector^ 
for pions and protons. 

Each module is a &E-E detector wherein the 
AE counter is a 4 mm thick CaFg crystal. The 
E counter consists of a 36 cm long plastic scin
t i l la tor . Both are optically coupled and read 
out by one photomultiplier. 'K and E signals 
are separated via pulse shape analysis- In 
addition to the &E-E identification the positive 
pions are detected by their delayed T * 1 — U + — 
e + decay. This is achieved by measuring the 
energy of the positron and the decay time for 
the v — e + decay. 

Thirteen modules out of the 815 were chosen 
such that the resptnse of different module types 
and the effect of scattering out of particles 
into neighbouring modules could be measured. 
The individual modules were studied for geomet
rical effects, e .g. , by injecting the beam at 
the center, a corner, or a triangular side. 

The energy was varied between ,'<0 and 300 HeV 
for pions and between 30 and 90 HeV for pro
tons. An excellent separation between pions and 
protons could be obtained. The overall energy 

resolution is better than 5 . Most of the 
events in which particles scatter out of the 
module during the process of slowing down can be 
reconstructed by summing up the energy signals 
of neighboring modules. This procedure is 
especial?/ important far obtaining a high 
detect!c. efficiency for the pions, where the 
o>cay positron is usually stopped in more than 
one module. 

Fig. 1. Plastic ball modules under test at the 
low energy pion channel, LAHPF. (CBB 808-9285) 
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Footnote and References 

•Collaboration of Lawrence Berkeley Laboratory, 
Gesellschaft fur Schwerfonenforschung, and 
At-gonne National Laboratory• 

1 . M. R. Haier, H. G. Ritter. H. H. Gutbrod, 
IEEE Trans. HS-27. 42 (1980). 

2. Bevalac Proposal 438H, Lawrence Berkeley 
Laboratory. 

POSITION-SENSITIVE PARALLEL PLATE AVALANCHE COUNTERS 

H. Ste«u?r* and A Baden 

For an experiment* at the Bevelac we have 
built two parallel plate avalanche counters that 
measured, in addition to timing, the position of 
the incoming particle in one direction. The 
spectrum of particles to be measured ranged from 
light particles, like Be, to heavy fragments. 
The two counters were placed on both S'des of 
the target parallel to the beam direction. The 
reaction products from the target, after passing 
one of the avalanche counters, were stopped in 
an array of 28 silicon detectors, which measured 
the energy and the time-stop signal. The 
flight-path of this TOF telescope was only 31 
cm. The impact point on the avalanche counters 
was measured along the beam direction and this 
information, together with the silicon detector 
that showed the stop signal, gave the 
interaction point on the target. The target had 
an angle of 15* to the bean-

The sensitive a»-eas of the avalanche coun
ters were 160 x 30 and 90 x 50 mm, respec
tively. The outer ;

J*s*nsions of the detector 
housing were 205 r. 84 x 26 and 135 x 94 x 26 mm, 
respectively. 

The construction of the counters and the 
position readout was done in a similar way, as 
described in Ref. 2. The two electrodes were 
made of 15 ug/cm' Formvar foils and glued onto 
epoxy frames (Fig. I ) . The foils were then 
evaporated with 20 ug/cm^ silver. Onto the 
cathode 4 <m wide strips (< 0.55 mn separation) 
were evaporated by means of a mask. Due to the 
heat sensitivity of the fragile foi ls, the 
evtuoration process had to be done in about 10 
stef.s, with cooling-down periods in between. 
The two electrodes were mounted exactly parallel 

sv*\ 

to each otter -*ith a gap of 1.9 mm. The con
struction allowed an easy gas-flow through the 
9*P-

The timing signal was taken off from the 
anode. The individual stripes of the cathode 
plane Mere connected to a chaii of 100 I I resis
tors (cf. Fig. 1). The ends c this resistor 
chain were connected to linear amplifiers, and 
the position was determined by the char$e-
d» vision nrtnod. The windows of the detector 
housing were strt.-fted polypropylene foils (40 
^g/cm2 thick). The total thickness of such a 
counter was 150 ^g/cm* as determined by an 
energy-loss measurement. 

The counters were operated at 6 mb iso-
butane at 470 V. The applied high voltage was 
kept relatively low. Alpha particles from a 
2 5?Cf source were s t i l l detected (with reduced 
efficiency) and strongly ionizing particles did 
not develop a spark. Thus reliable operation of 
the counters during weeks of running time could 
be maintained. 

The TOF-telescope was frequently calibrated 
with a's and fission fragments from a 2 5^Cf 
source. Figure 2 shows such a calibration spec
trum. The a- a>-d the fission-peaks allow a 
measurement of the plasm* delay of silicon 
detectors for heavily ionizing particles- He 

Fig. 1. Position-sensitive parallel-plate 
avalanche counter. (XBL 807-1684) 

790 940 C090 
TDC-channel 

( l c h £ 50ps) 

Fig. 2. TOF-spectruB of a 2 5 2 C f sourca. The 
a peak ( lef t peak) has been scaled down by 30. 

(XBL 837-1685) 



measured a plasma delay of 1.5 ns, which is very 
close to the published value3 (1.8 ns). This 
shows thar, i f at a l l . there is only a weak 
dependence of the timing output of an avalanche 
counter on the type of the incoming particle. 

Footnote and References 

•Gesellschaft fur SchweHonenforschung, D«. 

sudt . West Germany 

contribution to this annual 1 . A. Baden et »1. 
report 

2. Y. Eyal, N. Stelier. 
1SS (1978) 157. 

3. H. Henschel and R. Schmidt. Nucl. 
Methods 1S1 (1978) 529. 

Hue. Instr. and Methods 

A SIMPLIFIED CONSTANT FRACTION USCNMMATOR CIRCUIT 
FOfl APPUCAT . IN MULTICHANNEL DiSOMMNATORS 

The original circuit of the constant frac
tion discriminator1 (CFD) has betn simplified 
(see Fig. U . I t uses now only two integrated 
circuits. This version is therefore particu
larly suited for th ' constructon of multichannel 
CFD's. We have built two versions of the multi 
CFD, one quad C'D (21x414, L8L) and an octal CFD 
("wall-box." GSI). 

The quad CFD has all controls on the front 
panel, i .e . , threshold, walk adjust, and dead 
tine. Each channel has three logic outputs, two 
with short, clipped signals, and one which shows 
the dead time—these are all fast NIH negative 
signals. I t has also an Inspect output for walk 
adjustment purposes. 

The octal CFD, because of limited front 
panel space, has only two outputs per channel; 
one produces a clipped signal, the other shows 
the dead time; all are fast NIH signals. There 

is a coammon threshold control and a common 
deadtime control for i l l eight channels. The 
walk adjustment is done internally with a gated 
case line restorer. In addition, the wall-box 
has an OR output, where al l channels are Oft-ed 
together, and a multiplicity output, which 
produces 100 mV with a source resistance of 5011 
per channel fired. For the application in the 
plastic ball experiment, i t has < linoar sua 
output, which gives the sum of al l input signals 
(divided by 16). On the back panel there are 
eight linear outputs, AC coupled emitter 
followers that isolate the digital logic from 
the analog circuitry. There trt also eight 
additional logic outputs, with positive going 
MECLO signals. 

These multi-CFDs use plug-ins to define the 
fraction, which can be easily changed. Dif
ferent plug-ins can be used to reconfigure the 
input stages as leading edge or zero cross dis-

OCWKQ-

WALK ADJUST 

¥ 

Fig. 1. Simplified constant fraction circuit. The input comparator are 
fasi dual ECL comparator IC's; the dead time monostable and the CLP 
stages are a dual ECL flipflops with proper feedback. Note the wirei-AND 
connection on the outputs of the comparators. (XBL808-11106) 
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crfminators. The delay for t h * constant f r a c 
t ion has to be supplied ex te rna l l y . The CFD 
delay should be equal to the pulse-r ise t i r e 
mul t ip l i ed by (1 - f r a c t i o n ) : 

tCFO = M s e ' 1 " f r a c t i o n ) . 

The range of amplitudes a t the input i s - 5 BY to 
-5 V. Minimum input pulse width i s ? nsec FHHH, 
and the minimum r ise time i s 500 ps. Since we 
now use faster ICs than in the or ig ina l c i r 
c u i t / the walk of these uni ts is less than 
100 ps for input pulses between -50 BY and - 5 

Footnote and References 

- V i s i t o r froB Univers i ty o f Harburg, West 
Geraany. 

1 . H. R. Ka ie r , ? Sperr, H1H87, p. 13 . 

2- H. R. Kaier , D. A. Landis, NIH 117, p. 245. 

3 . G. F. Vozniak. L. U. Richarson, H. R. Haier , 
separate contr ibut ion to t h i s annual repor t . 

IMPROVEMENTS T O THE MULTt ON-LINE ANALYSIS S Y S T E M 

Frietfemann Weik' 

To increase the on- l ine analysis f a c i l i t y 
above the level provided by the HULTI s y s t e n , 1 

which is mostly used a t the Bevalac PDP-11 
computers, a para l l e l analyzing task »ANALTK) 
has been developed. 

The main part of th is task is a set of user-
wr i t t en Fortran subroutines, independent for 
d i f f e r e n t problems or users, which have an 
i n i t i a l i z a t i o n part to define the histograms 
with t h e i r names and l i m i t s , and an analyses 
part in which the histogramming i t s e l f 's done 
by a c a l l to an ASSEMBLER subroutine. The use 
of ASSEMBLER has been chosen to increase tlie 
speed and to reduce the necessary space. i"his 
is true for a l i other parts o f the task too. 
Furthermore, to keep the command-handler of 
ANALTK as small as possible , i t has only a CLEAR 
and a WOVE funct ion. The MOVE sends a 
histrogram to MULTI and enables an addi t ional 
a c t i v i t y l i k e a display or p r i n t . 

The histogramming space in ANALTK can have 
up to 22 r words. The synchronization for each 
event i s done by HULTI and a l lowi only one 
p a r a l l e l task to have access to w e data . 
However, by means of a p r i o r i t y changing control 
task, two to f i v e tasks have analyzed into 420 
histograms in para l l e l and by that means sampled 
the incoming - ' i ta for the 489H e x p e r i m e n t / 
which had 455 data words per event. 

Additonal changes to MULTI have been made to 
improve i t s p o s s i b i l i t i e s in th is kind of 
experiment. 

To give an overview over the whole event or 
a selected part of i t , there i s now a special 
two-dimensional display mode, for which the 
y -pos i t ion is the number of the word wi th in the 
event, and the x-posi t ion is the value of tha t 

word (see F i g . 1 ) . This gives something l i k e a 
" foo tpr in t " o f an event. The superposition of 
••any events i n such a display has recognizable 
s t ruc tu re , for exanple F i g . 1 shows pulser data 
peaked i n each spectra* . 

Another overview f a c i l i t y i s a histogran for 
which each channel is dedicated to one word 
wi th in the event and in only incremented i f the 
value o f that word l i e s between selected 
l i m i t s - By th is a "noisy" detector i n an array 
of equivalent ones shows as a peak, a nonf i r ing 
detector as a Jrop i n the histogram. 

The p . . e s t feature i s a vector var iab le 
type, whu • points to 3 consecutive group o f 
words i n the i n t e g e r - , r e a l - , or da ta -a r ray . By 
t h i s Beans nore thaii one var iab le can be the 
input to one histogram or to a two dimensional 
dot display* I r the l a t t e r case each v^lue of 
the f i r s t vector i s displayed against the 
corresponding valLe of the second. 

In the near fu ture the i i iplenentat ion of 
two-diaensional Ltstrograas i.-* ANALTK and t h e i r 
display i n HULTI i s planned. 

Footnote and References 

*Gesel lschaft fur Schwerionenforschung, D-6100 
Darmstadt, West Germany. 

1 . J . F. B a r t l e t et a l . , Feroi Laboratory 
report PN-97.4. 

2 . A. Baden et a l . , in th is annual repor t . 



Fig. 1. Simultaneous display of pulser data in 
al1 45S spectra produced by the detectors of 
Bevalac experiment 489H. (XBL 808-10939) 
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Thesis Abstracts 

DEVELOPMENT OF THE HELIUM-JET FED ON LINE MASS SEPARATOR RAKA 
AND ITS APPLICATION TO STUDIES OF T z = -2 NUCLEI* 

Dennis Michael Moltz 

The study of nuclei far from beta stability is hampered greatly when the nuclide 
of interest decays in a manner identical to that of a nuclide produced in greater 
yield in the same bombardment. Attempts to observe the protons associated witi the 
decay of the A = 4n, T 2 = -2 oe.-ies of beta-delayed proton emitters failed because 
of the large numbsi of protons arising from the strong beta-delayed proton dpcay of 
the A = 4n+l, T z = -3/2 nuclides. One solution to this problem is through tne use of 
an on-line mass separator. Development of the Berkeley helium-jet fed on-Une mass 
separator RAMA is discussed as applied to studies of the A = 4n, T z = -2 nuclides. 

RAMA, an acronym for Recoil Atom Mass Analyzer, has typical efficiencies of 0 IS 
for -75 elements witii melting points <2000°C. TSis efficiency permits decay stud'" ;s 
to be readily performed on nuclei with production cross sections ?500 pb for Y-ray 
spectroscopy and ̂ 1 Lb for discrete energy charged particle spectroscopy. The mass 
range on the normalized RAMA focal plane is ±10%. The quoted efficiency is for a mass 
resolution of M/iM -300. 

RAMA has been used to observe two members of the A = 4n, T z = -2 series of beta-
delayed proton emitters, 2pMg a n (j 24si. Observation of beta-delayed protons from a 
mass-separated sample of 2"Mg(ti/2 - 95 ms) establishes the mass-e*c£ss of the lowest 
T = 2 (0 +) state in 2 0 N a (13.42 ± 0,05 MeV), thereby completing the mass twenty iso-
spin quintet, A similar measurement of the decay of "Si (ti/g -100 ras) establishes 
the mass-excess of the lowest T = 2 (0*) state in 2*A1 (5.903 + 0.009 MeV). The mass 
24 isospin quintet is incomplete because the mass if 2 4Si remains unknown. In both 
cases, excellent agreement is obtained using only the quadratic form of the isobaric 
multiplet mass equation (IMME). 

*Abstract of LBL-9718 (Oct. 1979). 

TRANSFER PRODUCTS FROM THE REACTIONS OF HEAVY IONS ftlTH HEAVY NUCLEI* 

Kenneth Eugene Thomas III 

Productionnof nuclides heavier than the target from ^ K r and * 3 6Xe induced 
reactions with *81j a a n d 238|j n a s D e e n investigated. Attempts were made to produce 
new neutron excessive neptunium and plutonium isotopes via the deep inelastic 
mechanism. No evidence was found in this work for 242jjp o r 247p u # Estimates were 
made for the production of 2 4 2 ^ 247p u > a n d 248/^ f r c m heavy ion re-actions with 
uranium targets. 

Comparisons of reactions of 86|<r and 136xe i0ns with thick ^ l j a targets and 
8 6 T a targets and 8 6 K r , 136xe and 2 38y ions with thick 2 3 B U targets indicate tht 
the "most probable" products are not dependent on the projectile. The most probable 
products can be predicted by the equation 

"target • <>•« < A- Atar Set> * u o -
The major effect of the projectile is the magnitude of the production cross-section of 
the heavy products. Based on these results, estimates are made of the "most probable" 
mass of element 114 produced from heavy ion induced reactions with 248ftn and "4^$ 
targets. These estimates give the mass number of element 114 as - Z87 if produced 
in heavy 1on reactions with these very heavy targets. 
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Excitation functions of gold and bismuth isotopes arising from S&Kr and I36xe 
induced reactions with thin 1 8 1 T a targets were measured. These results indicate that 
the shape and location (in Z and A above the target) of the isotopic distributions 
are not strongly dependent on the projectile incident energy. Also, the nuclidic 
cross-sectiois are found to increase with an increase in projectile energy to a 
maximum at approximately 1.4-1.5 times the Coulomb barrier. Above this maximum, 
the nuclidic cross-section is believed to be due to fission of the heavy products 
caused by high excitation energy and angular momentum. 

*Abstract of L8L-9886 (Nov. 1979). 

INTERACTIONS OF 100 MeV/NUCLEOK 4°Ar WITH URANIUM* 

Kenneth Alan Franks1 

Fragments produced in the interactions of ICO MeV/nucleon ^ A r projectiles Kith 
a uranium target have been measured at energies from 10 to 130 MeV/nucleon at angles 
from 10° to 170°. Nuclei with charge 5 « 7 < 10 were observed. 

The data can roughly be divided into two groups, corresponding to central and 
peripheral collisions. The central collision data can be fit with a thermal model 
that uses cwo recoiling sources. The source velocities are consistent with the 
predictions of the fireball and target explosion models, but the source temperatures 
inferred from the data are higher than one would expect on the Msis of energy aitu 
momentum conservation. These results are similar to those obtained in previous 
studies at beam energies of 400 and 500 MeV/nucleon. The data also follow the 
pattern of the universal curve of invariant cross section vs momentum observed at 
higher beam energies by Price et al. The projectile fragmentation data are also fit 
by two thermal sources. There are indications that the observed temperatures are 
higher than one would expect on the basis of other projectile fragmentation studies. 

The projectile fragmentation data are studied in terms of a simple friction 
model. Order of magnitude estimates show that the data may be consistent with the 
model, but further development, calculation and experimentation are necessary to 
check, the validity of the model at this beam energy. 

A preliminary investigation is made of the possibility that the projectile may 
pick up one or more target nucleons before its fragments. This process leads to 
widening of the distributions at large momentum transfers. 

From this broad survey we find that much of the spectrum can be described 
by falling exponentials in energy in the emitting frames. We conclude that the 
observed spectrum is due to nonthermal sources as the temperatures derived from 
the slopes of the exponentials are greater than those we predict. 

*Abstract of LBL-10980 (Dec. 1979). 
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Nuclear Science Division Seminars* 

rV:;. 6, 1979 

Oct. 22, 1979 

Oct. 15, 1970 

Oct. 22, 1979 

Oct. 29, 1979 

Oct. 29, 1979 

Nov. 5, 1979 

Nov. 12, 1979 

Nov. 19, 1979 

Nov. 26, 1979 

Nov. 30, 1979 

Dec. 3, 1979 

Jan. 7, 1980 

Jan, 14, 1980 

Jan. 21, 1980 

Jan. 28, 1980 

Peter Glassel 
Max Planck Institut 

Robert Stockstad 
ORNL 

Gary Westfall 

Norman Glendenning 

Carolyn Albiston 

Rose Marie McFarland 

D. Ceperley 

K. A l e k l e t t 
Studsvik, Sweden 

L. D. McLerran 
SLAC 

John Harr is 

Noriaki Lakahasi 

John Rasmussen 

Shoji Hagamiya 

Erwin Friedlander 

Herbert Bolotin 
LBL and University of 
Melbourne 

John Sullivan 

Patrick L. McGaughey 

Fission properties of very heavy nuclei 
nuclei produced in deep inelastic 
collisions. 

Heavy-ion fusion at sub-barrier 
energies. 

Production of neutron-rich nuclei by 
fragmentation of 212-HeV/amu 4 8 C a . 

Very high energy nuclear collisions and 
the symptotic spectrum of hadrons. 

The effects of giant nodes on charge and 
angular distributions in heavy-ion 
reactions. 

Recoil ranges of trans-target products 
from 18fl • 2«c«. 

Exact solutions of the ma.^-oody 
Schodinger equations via stochastic 
methods. 

Delayed neutron emission probabilities 
for 30 isotopes of Ga, Br, In, Sb, 
I, and Cs. 

Explosive quark matter and the Centuaro 
event. 

Deep inelastic scattering and particle 
emission in collisions of "light" 
heavy ions. 

Spin polarization and alignment in the 
deep inelastic heavy ion collisions. 

Experiences and research results on a 
Shanghai sabbatical. 

Geometry and dynamics of high-energy 
heavy ion collisions. 

Interaction properties of projectile 
fragments from relativistic heavy 
ion collisions at Bevalac energies: 
An LNL-NRC collaboration. 

Level spectroscopy of 19'AU and the 
core excitation model. 

Small angle pion production in heavy 
ion reactions. 

Application of the nuclear fireball 
model to target residue production 
in the relativistic reaction of 
neon and uranium. 

*Speakers are LBL staff unless otherwise indicated. 



2V> 

Feb. 2, 1980 E. L. Allien 
Feb. 11. 1980 Barry Bertnan 

LLNL 
Feb. 18, 1980 Cornelius Noack 

LBL and University of 
Bremen, West Germany 

Feb. 25, 1980 H. J. Mang 
Technishe Universitat 
Munchen, West Germany 

Mar. 10, 1980 K. Johnson 
HIT and SUC 

Mar. 21, 1980 J. Kapusta 
LAa 

Michael Cable 
Apr. 7, 1980 Edward Teller 

LLNL 
Apr. It, 1980 Ray Sawyer 

U.C. Santa Barbara 
Apr. 21, 1980 J. Kratz 

GSI, Darmstadt 
West Germany 

Apr. 2a, 1980 Roger Parry 

Gianluca Rattazzi 

May 5, 1980 Paul Vincent 
GSI, Darmstadt 
West Germany 

May 12, 19f0 C M . Lederer 

May 19, 1980 T. L. Khoo 
ANL 

B. Muller 
University of 
Frankfort, 
West Germany 

June 2, 1980 Alden Bice 

Lee Sobotka 

Bevalac bianedical science. 
Coulomb dissociation of 1&0. 

Cascade calculations of high energy 
nuclear collisions. 

Application of HFB theory to high spin 
states in the rare earth region. 

The HIT bag model of hadron structure. 

Angular momentum transfer in heavy ion 
reactions frcn 7.7 to 22.4 HeV/A. 

Beta delayed proton decay of 3&Ca. 
A personal view of future U.S. energy 

options. 
Sane neutron star physics involving 

nuclear theory. 
U + U reactions at GSI. 

Hath measurements of neutron deficient 
indium isotope. 

A study of the magnitude and direction 
of fragment spin orientation for 
the systems Xe + Au and Ho + Ho at 
8.5 KeV/A. 

Positrons and x rays from superheavy 
quasi atoms. 

El lifetimes for octopole vibrational 
states in the actinide region. 

Feeding of very high spin yrast states. 

Atomic clocks for nuclear collisions. 

Light ion structure and reaction 
studies via measurement of unbound 
outgoing systems. 

Light p?.-ticle emission as a probe of 
the rotational degrees of freedom 
in deep inelastic reactions. 

June 9, 1980 C. D. Goodman 
Indiana University 

Intermediate energy (p,n) reactions 
and giant resonances. 



Nuclear Theory Meetings* 

Aug. 1, 1979 Klaus Reidel 
GSI, Darmstadt, 
West Germany 

Aug. 8, 1979 R. Vinh Mau 
Orsay 

Aug. 15 and Miklos Gyulassy 

Aug. 20, 1979 John Vergados 
Greece 

Aug. 22, 1979 Horst Stocker 
GSI 

Aug. 29, 1979 Roger Barrett 
University of Surrey 

Aug. 30, 1979 Oriol Bohigas 

Sept. 5, 1979 R. Remaud 
LBL and Universite 
de Nantes 

Sept. 6, 1979 Z. Paltiel 
MIT 

Sept. 12, 1979 W. M. Howard 
LLNL 

P. Holler 
Lund University, 
Sweden 

Sept. 19, 1979 Stefan Frauendorf 
Dresden 

Oct. 4 and 17, 
1979 

Yasha Karant 

Oct. 10, 1979 J. Speth 
Institut fur Kernphysik 
Julich 

Nov. 7, 1979 Hubert Flocard 
Orsay 

Nov. 28, 1979 JjSrgan Randrup 

Dec. 19, 1979 E. S. Hernandez 
LBL and Faculty of 
Science, Buenos Aires 

Jan. 17, 1980 Phil Siemens 
Copenhagen 

Relaxation phenomenon in deep inelastic 
scattering. 

Baryonlum: Kultiquart of quasi nuclear 
state? 

Normal versus abnormal nuclear states 
in mean field theory. 

Lepton non conserving processes in 
nuclei. 

Indications for strong compression 
effects in nuclear collisions. 

Kaon nucleus optical potentials and 
the K~-p atom. 

Sum rules, fluid dynamics and giant 
resonances. 

Quantal treatment of damped relaxation 
modes: The charge equilibrium in 
heavy ion reactions. 

A self consistant scheme for calculating 
energy levels, transition matrix 
elements, tunneling effect, etc. 

Potential energy surfaces and decay 
properties of neutron rich heavy 
elements and its astrophysical 
implications. 

Quasi particle band structure above :*ie 
Yrast line. 

Color excited nuclei. 

Dynamical theory of giant resonances. 

Microscopic calculations of molecular 
resonances: Calculation of collision 
mass parameters from adiabatic time-
dependent Hartree-Fock. 

Kaon production in relativistic nuclear 
collisions. 

Current theories of Quantal damped 
motion and fluctuations. 

Evidence for quark matter in nucleir 
collisions. 

*Speakers are LBL staff unless otherwise indicated. 
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Jan. 23, 1980 H. Kleinert 
Berlin 

Jan. 30, 1980 Xi-jun 

Feb. 22, 19B0 Herbert Ruck 
J. Keyer-Ter-Vehn 

Apr. 23, 1980 Yoram Alhassid 
Cal. Tech. 

Seniclassical approach to large* 
anplitude collective nuclear 
excitations. 

A. Sane theoretical physics research 
in Shanghai. 

6. Pion condensates. 
Fusion of quark bags. 
Unnatural parity state in nuclei and 

pion condensation. 
A constrained phase space approach to 

analysis of nuclear reaction data. 
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Papers PuMiched and LBL Reports Issued 
1979-80 

AGUER, P. (See HILLIS. D. L . , LBL-95U) 

ALblSTON. C. R. (See M0XETTO, L. G . , LBL-9MO 

ALEXLETT, K. (See U>VELAM>. •>. , LBL-I0al0> 

ALEONARD, M. M. (See WARD, D . , No LBL niunber) 

ALMBERGER, J . , . . Hamamoto, G. L e i n d e r , end J . O. Rasmusien 
T h e o r e t i c a l R o t a t i o n a l S i g n a t u r e s f o r Neutron Pickup 
R e a c t i o n to CI 1 3 / 2 ' 2 Bands 
No LBL nunber. Septamber I t 7 9 
Phys . L e t t s . 90B ( I S M ) I 

ANDREWS, H. R. (See WARD 2 . , No LBL number! 

AVERY, M. (See VAN BIBBER, K. , LBL-9979) 

AWES, T. C. (See KESTFALL, G. D . , LBL-992C) 

AYSTO, J . , M. D. C a b l e , R. F. Parry , J . H. Wouters , 
O. M. M o l t s , and Joseph Cerny 
Decays or the T z = - 2 N u c l e i «»«*, " S i and 3 , C a 
LBL-11193, June 1910 
Phys . Rev. C. 

AYSTO, Juha and Joseph Cerny 
Current and Future D i r e c t i o n s in the Study of L ight 
Nuc le i Employing an o n - L i n e Hess S e p a r a t o r 
LBL-9B7B, September 1979 
Presented at the International Syc*»osiaro on Future 
Directions in Studies of Nuclei from Stability, 
Vanderbilt University, Nashville, TH. September 10-13, 
1979. J.H. Hamilton, et al. (Ei-s.) 257 (1910) 

AYSTO, J. (See CERNY, Joseph, LBL-9876) 
AYSTO, J. (See MDLTZ, D. M., LBL-9721) 
BANERJEE, B., N. K. Glendenning and M. Gyulassy 

Pion Condensation in a Field Theory Consistent with Bulk 
Properties of Nuclear Hatter 
LBL-10979, May 1930 
Nucl. Phys. 

BEMIS, C. E., Jr., (See NITSCHKE, J. M., LBL-10173) 
BETLACH, M. R. (See FIRESTONE, R. B., LBL-1C919) 
BIESER, F. S. (See WIEDENBECK, M. E., LBL-P920) 
BIRC21ALL, J., W. T. H. van Oers, H. E. Conzett, P. von Rossen, 

R. M. Larimer, J. Watson, and R. E. Broun 
Analyzing Powers of 3He(p,p) 3He Elastic Scattering 
between 30 and 50 HeV 
LBL-1112:, June 1980 
Presented at the 5th International Symposium on 
Polarization in Nuclear Physics, Santa Fe^ KM, August 
11-15, 1980 

BIRKELOND, J. R. (See SCHRODER, W. D., LBL-10529) 
BLOEMHOLF, E. (See VAN BIBBER, K., LBL-9979) 
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BOWMAN, S l e f f e n end Jorn Knoll 
F i n i l e P a r t i c l e Number E f f e e t s in High-Energy Nue lear 
C o l l i s i o n s i I m p l i c a t i o n s on Pion S p c e t r n 
LBL-10970, May ] J i e 
N u e l . Phys . A 

BOHRMAN, S t e f f c n (See KO, Che Ming, LBL-I184I) 

BOWMAN, H. (See CHIBA, J., LBL-KJl) 
BOWMAN, H. (See NAKAI, K., LBL-U9J4) 
BROWN, R. E. (See BIRCHALL, J., LBL-11121) 
BROWNE, E. (See FIRESTONE, R. B., LBL-lltl*) 
BUD1ANSKY, M. P. (See STEVENSON, 1. D., LBL-18IS4) 
BUTLER, P. A. (See WARD, D., No LBL number) 
CABLE, M. D. (See AYSTO, J., LBL-III93) 
CABLE, M. O. (See CERNY, Joseph, LBL-987C) 
CABLE, M. 0. (See MOLTZ, O. M., LBL-1721) 
CASTANEDA, C. (See RASMUSSEN, J. O., LBL-8S40 
CERNY, Joseph, J. Aysto, M. O. Cable, P. E. Haustein, 

D. ". Moltz, R. D. von Oineklage, R. F. Parry and 
J. M. Wouters 
Studies of Isospin Quintets and Neutron-Deficient Indium 
Isotopes with the on-Line Mass Analysis System RAMA 
LBL-9876, September IS79 
J. A. Nolen, Jr. and W. Benenson, Eds. Atoaiie Masses 
and Fundamental Constants 6, Plenum Press, Nest YorV, 
1980, pp. 1-11. 

CERNY, Joseph (See AYSTO, Juha, LBL-9178) 
CERNY, Joseph (See AYSTO, J., LBL-1II8J) 
CERNY, Joseph (See MOLTZ, D. M., LBL-9476) 
CERNY, J. (See MOLTZ, D. M., LBL-9721) 
CERNY, Joseph (See STAHEL, D . P . , LBL-8636) 

CHAMBERLAIN, O. (See TANIHATA, LBL-9352) 

CHESSIN, S. A. (See GEAGA, J . V . , LBL-10265) 

CHESSIN, S. A. (See VAN BIBBER K., LBL-8939) 

CHIBA, J . , K. Nakai , I . T a n i h a t a , S . Nagamiya, H. Bowman, 
J . I n g e r s o l l and J . n . Rasmussen 
Low-Energy Pion Product ion w i t h 800 MeV/N 2 0 N e 
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CONZETT, H. E. ' ~ e c LAMDNTAGNE, C. X . , LBL-I555) 
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