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ABSTRACT 

severa i  fea tu res  of the  production of N a 2 4  and Mg28 fragments 

produced i n  the  in te rac t ion  o'f protons and He ions with Cu, Ag, Au, and 

U have been. investigated. Formation cross sect ions  were determined f o r  

He ions of d i f f e r en t  energies between 320 and 880 Mev and fo r  protons of 

700 Mev. Thick-target r e c o i l  experiments were performed ,at bombarding 

energies of 0.7 and 3 Bev fo r  protons, and 880 Mev for:.He ions .  Also 
24 

given a r e  some r e c o i l  measurements of .Na from A l .  

Analysis of data  obtained with t a r g e t  mater ia ls  heavier than 
2 4 

A 1  shows t h a t  f o r  the  bombarding energies used i n  t h i s  work N a  and 
28 

Mg a r e  probably produced by the  cleavage of the  t a r g e t  nucleus i n to  

two heavy fragments. One of these fragments has a m a s s  approximately 

equal t o  the  mass of Na24 o r  Mg28 and t he  other  contains most of the  
28 remaining mass of the  t a r g e t  nucleus. However, Na24 and Mg a r e  very .- 

pkpbably not slowly .evaporated pa!rticl&s .nor products of a slow f i s s i o n  

process. 

The experimental i'liformation covering .fragmentation from photo - 
graphic emulsion s tudies  and radfochemi.ca1 s tud ies  is discussed. The 

various mechanisms proposed a r e  conwidered and a new one. suggested. 
24 28 

According t o  t h i s  new mechanism, N a  , ,Mg ,, and the  more energet ic  

fragments observed i n  nuclear emulsions axe e jec ted  promptly from the  

parent nucxeus by very complex riuc1eon'-nucij:n cascades and by col lec-  

t ive ,  e f f e c t s  ... 
. : . . 

i * 



I. INTRODUCTION 

This t h e s i s  presents the  r e s u l t s  of a radiochemical study of the  

mechanism of high-energy react ions .  I n  pa r t i cu l a r  we study %he mechanism 
2 4 by'which r e l a t i v e l y  complex aggregates of nucleons such as N a  - and Mg 28 

a re  produced during t he  bombardment of A l ,  Cu, Ag, Au, and U by charged 

p a r t i c l e s  of hundreds or  thousands of .Mev energy. 

Before we out l ine  the  purposes, methods, and r e s u l t s  of t h i s  

study, it is  necessary t o  review a number of general  fea tu res  of high- 

energy react ions ,  and t o  consider the  f indings of previous research,made 

by radiochemical, nuclear emulsion, and other techniques. 

The main fea tures  of nuclear react ions  induced by high-energy 

p a r t i c l e s  (more than 100 ~ e v )  have been described by a mechanism proposed 

by ~ e r b e r , '  i n  which t he  nucleus i s  considered t o  be a degenerate Fermi 

gas i n  which the  high-energy incoming nucleon has a mean f r e e  path  compar- 

able  t o  the  nuclear radius .  Because of i t s  la rge  mean f r e e  gath., the  

bombarding nucleon may pass r i g h t  through the  nucleus, or  it may .collide 

with'one o r  more nucleons. Except f o r  t he  r e s t r i c t i o n s  imposed by the  

exclusion pr inciple ,  any co l l i s i on  i s  t o  be t r ea t ed  as a co l l i s i on  of 

two f r e e  nucleons. The p a r t i c l e s  involved i n  such a co l l i s i on  may escape 

the  nucleus or  may s t r i k e  other  nucleons. This prompt cascade w i l l  con- 

t inue  u n t i l  a l l  t he  involved p a r t i c l e s  e i t h e r  leave the  nucleus o r  a r e  

slowed down t o  such a degree t h a t  they cannot d i r e c t l y  escape. 

Those nucleons which do not escape share t h e i r  energy wPth.the 

res idua l  nucleus. This exci ted nucleus i n  tu rn  loses  i t s  excess energy 

by evaporating a number of p a r t i c l e s .  Weisskopf's treatment of the. 
2 

s t a t i s t i c a l  theory leads  us t o  expect evaporated p a r t i c l e s  with a modi- 

f i e d  Maxwellian d i s t r i bu t i on  of energy, i n  most cases having a center-of- 

mass angular d i s t r i bu t i on  symmetric about 90 deg.3 The s t a t i s t i c a l  theory 

pred ic t s  t h a t  most of t he  evaporated par t ic le ' s  a r e  nucleons,- deuterons, 

and alpha pa r t i c l e s ,  but  does not exclude the poss ibi l - i ty  of emission of 

heavier aggregates. Indeed, calcula t ions  have been made3-7 of the pro- 

b a b i l i t y  of emission of p a r t i c l e s  with Z 2 3. 



We designate as fragments those clusters of nucleons produced in 

high-energy nuclear reactions which are heavier than an a particle and 

lighter than the lightest species produced as a residue of a cascade-plus- 

evaporation process, and that cannot be identified beyond doubt as fission 

products. The process or processes by which they are produced are called, 

for the sake of brevity, fragmentation. In the framework of the cascade- 

evaporation model of nuclear reactions, fragments have to be produced as 

evaporated particles. Other possible mechanisms for the production of 

fragments are discussed later. 

Fragmcnt production has been studied by two iliI'L'ttrent techniques: 

nuclear emulsions and radiochemistry. A brief review of the results ob- 

tained is given, in which nuclear emulsion studies and radiochemical studies 

are treated separately, since the masses of the fragments dealt with by 

the two methods have been different, and the mechanism responsible for 

the fragments observed in nuclear emulsions may not be the one that pro- 

duces those identified in radiochemical studies. 

In the nuclear emulsion studies, the target materials most fre- 

quently used have been the heavier constituents of nuclear emulsion, silver 

and bromine. In a few cases, however, other target materials have been 

used, either as external targets or in loaded emulsions. Using the latter 
8 technique, Denisenko et al. studied uranium fission accompanied by pro- 

duction of fragments; by means of external target techniques, Katcoff 9 
8 10 

has studied the Li fragment production from Cu, Ag, Au, and U; and Deutsch 

has studied fragmentation in Ni, Ag, Au, and U. As pro,jectiles, protons 

ranging from 100 Mev to 9 Bev 9-22 have been used as well as ?-r 
-20,23-26 

+ 
mesons, n mesong7 fast neutrons, 28929 deuterons,1° a particles,10 and 

20,30-36 
cosmic rays. 

As a parenthetical comment on the last set of references, it should 

be noted that many investigators saw heavy fragments in the early work 

with cosmic rays, but owing to very poor statistics their observations do 

not give much information about the formative mechanism of the "heavy 

splintcrs". The works quoted give these early references. 



Generally speaking,-it 'is impossible 'to identify the masses of 
8 

the fragments (2>2), and difficult to identify their charges. Only Li , 
8 9 .  

Be , and Li are readily identifiable, through the two 0 particlesthat 

result from their decay. Since the'cross section of formation of frag- 

ments decreases exponentially with.2 of the fragment, 14,15,18,21,31 and 

8 because Li is the fragment more easily identified, one finds that most 

of the data obtained with nuclear emulsions pertain 'to Z=fr fragments. 

Through nuclear emulsion techniques it is possible to study the energy 

spectra and angular distributions of the fragments. The observed spectra 

show a large number of forward-peaked high-energy particles. Analysis 

of the ,spectra in the framework of the evaporation theory requires tem- . 

peratures greater than 10 Mev, 20'266,6 too high to be acceptable. Also, the. 

forward peaking of the more energetic fragments is not clearly understood. 
8 Btcoff found t h a t  the spectrum of Li produced i n  the interaction of 

2.2-Bev 'protons with silver agrees with that calculated by using the 
8 

cascade evaporation model, but not the Li spectra from Cu and AU .9 These 
results are contrary to the assertion made heretofore that fragments have 

to be produced as evaporated particles. This inability to explain the 

results fully by the cascade-evaporation model of nuclear reactions has 

led many workers to suggest that the more energetic fragnents may aise . 

10,12,14,18,21,26,30,32,34 directly fron the prompt cascade process. 

A behavior similar to that found for z 3 fragments has also been observed - 

for some helium particles. 23,28,34,37-42 

Radiochemical techniques are best.suited for studying particular 

radionuclides that show convenient radioactive properties. With the excep- 

tion of part of this work, ~ n l y  the total production cross section of low- 

Z products has been measured radiochemically. The products that have been 
6 (43) ,7 (44-52) ,11 (45-47,53,54,61,63) ,13 (7) ,i8 observed are He , 

(45-47,52,53,55-57,61,69) 'Na22 (46-49:54,56,58,59,69) Na24 9 ( ~ G - ~ ~ J s J Y ; ~ ,  
56-67,69) Mg28 (45-49,56,65,69j si31 (47-48,59,65) ,372 (46-49,56,58,59, 

f .' , 
62-64,67,68,6i,69) and P 33a(46-49'56,61'69) Among the data available we 

,d should single out the determinations of the excitation functions for the 

production of F18, MgP8, and P~~ from lead56,, and the studies at 



one o r  more energies of the  cross-section dependence on the  mass number 
(43) Be7 (44,50) N13 (7) l j I l 8  (55.j57) Na24 of the  t a rge t  nucleus . f o r  He , J > > 9 

32a(67) These works represent a systematic study of t he  

behavior of products of nuclear react ions  lying i n  the  mass region where 

fragmentation i s  known t o  occur. Another study of fragmentation i s  the  
Q 

determination by Wright of LiU cross-section dependence on the  t a rge t  

mass number.70 The exc i ta t ion  functions show a sharp r i s e  from about 

200 Mev up t o  about 2 Bev and then become almost constant .  43,50,56,57167 

This same behavior i s  observed as wel l  with the fragments i den t i f i ed  by 

nuclear emulsion techniques. 22 T t  has a l so  been found t h a t ,  f o r  the  
18 24 

same bombarding energy, the  cross sect ions  of F , N a  , and P 32(55,57,67) 

decrease with increasing mass number of t a r g e t  mate r ia l  up t o  about mass 

140, and then increase with increasing t a r g e t  mass (see Figs.  15,16,17). 
(43) Li8 (70) Be7 (44>50) On the  other hand, the  cross sect ion of He , > 

and N ' ~ , ' ~ )  do not c l ea r ly  show the  same t rend.  These always seem t o  

increase o r  decrease with increasing t a rge t  mass number. To explain 

t h e  exc i ta t ion  functions they obtained, Wolfgang e t  a l .  proposed a 

mechanism f o r  fragmentation .56 ~ c c o r d i n ~  t o  these  authors,  fragmentation 

i s  a f a s t  process involving creat ion and reabsorption of mesons. The 

absorbed meson creates  hot spots and gives r i s e  t o  fragment production. 

The dependence of F18 and ~a~~ cross sect ions  on t h e  mass number of the 

t a r g e t  nucleus was explained by Caretto and ~ o - w o r k e r s , ~ ~  assuming t h a t  

d i f f e r en t  mechanisms take place i n  d i f f e r en t  t a r g e t  mass regions: spal-  

l a t i o n  i n  the  Cu region,  f i s s i on  and spa l la t ion  i n  the  Ag region, and 

fragmentation by t he  Wolfgang mecl?anism i n  the  Au-U region.  

The cross sect ions  f o r  production of a group of fragments have 

been calculated by using the  evaporation theory.  3-7~14 Agreement between 

t he  calculated cross sect ions  and the measured ones i s  i n  general  poor, 

although acceptable i n  a few cases.  

The study of secondary reactions71-76'54'58 can a l so  give in for -  

mation about the  behavior of low-Z products. Secondary react ions  r e s u l t  

from the  in te rac t ion  of the  t a rge t  nucleus with p a r t i c l e s  heavier than 

t he  bombarding p a r t i c l e .  These heavy p ro j ec t i l e s  a re  themselves- products 



of the disintegration of the target nucleus. In order to react with a 
nucleus identical to the one from which they are formed, these heavy 

I bombarding particles have to be emitted with energies exceeding the 

Coulomb barrier. The super-barrier particles have been considered to 

be evaporated particles by some workers75 but other. workers point-'out 
- 

inconsistencies with the evaporation,mechanism. 76 
Fragmentation has been recently reviewed by Perfilov et al. 77 

Some features havi also been reviewed by'camerini et Hudis and 
80 Miller, 79 and Lavrukhina . 

The work presented here was undertaken to obtain more informa- 

tion about the fragmentation mechariism. The recoil properties of Na 
2 4 

and Mg28 originating from' the interaction of 700-Mev protons, 3-Bev 

proton's, anc'880-~ev He ions with Cu, Ag, Au, and U have been measured 
/ 

by using thick-target techniques .81  hick-target recoil ranges of Na 24 

produced in aluminum haGe also been determined. Formation. :cross sec-. 
28 tions of Na24 and Mg have also been measured for Cu, Ag, Au, and U 

irradiated with 880-, TOO-, 500-, and 320-Mev He ions, and.with 700- 
Mev protons. The results are analyzed with a 'simple model of the 

nuclear .reactions. 

Sodium and magnesium have been chosen as products mainly because 

of their convenient radioactive properties. Also, they are the lowest - 
' >  ' V  

mass products for which it is possible to get suitable recoil-catcher. 
. . 

materials. 



11. EPEXIMENTAL PROCEDURFS 

A. Target Assemblies 

Two types of t a rge t  assembly were used i n  these experiments. 

We s h a l l  r e f e r  t o  them f o r  convenience as the  cross-section assembly 

and the  r e c o i l  assembly. o 

The cross-section assembly consisted of a s tack of 1.5~2-cm 

. f o i l s  mounted a s  shown i n  F i g . . l .  The t a r g e t . f o i l s  T1, T2, T3, and 

T4 were s epa ra t ed  from one another by 0.003-in. Mylar f o i l s  ( M ~ )  . All 

cro.ss sect ions  were measured r e l a t i v e  $0 Na24  iroduced. i n  t h e  aluminum' 

monitor - f o i l  (Al-mon) . In  &I. actual-, experiment the, number o f .  t a r g e t  

f o i l s  used var ied from one t o  four .  The Oopper t a rge t  f o i l s  used were 

0.002 . in .  thick;  a l l  others were 0 .001. in .  th ick .  Spectrochemical 

analyses .of  the  t a r g e t  f o i l s  showed the  following.cnnta;dzinations: 

dopper - &. 0:,;03$::~1.;, : .s.i.Zver . - :0;:5%. .Cu and. 0.02% A l ;  gold -- 0.3% Cu; 

uranium -100 ppm S i  and 10 ppm Cu, Co, and Mg; aluminum - 0.05% Cu 

and Fe . The  s tack  w a s  mounted. i n ,  t a rge t  holders, commonly use& at 

Berkeley. Because most of the beam. h i t s  the  leading e d g e  of the  t a r -  

ge t  assembly, it i s  necessary and c r i t i c a l  t o  obtain a good alighment 

of the  d i f f e r en t  f o i l s  i n  the  s tack,  i n  order t o  ensure t h a t  the same 

beam f l u  i s .  received by the  monitor and a l s o  the  d i f f e r en t  t a r g e t  

f o i l s .  To ensure proper alignment, the  leading edge was.machined a f t e r  

t he  stack was fastened t o  the  t a r g e t  holder.  The stack was then wrapped 

. i n  0.OOO.L-in. Mylar. 

The- r e c o i l  assembly. is' shown i n  Fig. 2. The t a r g e t  f o i l  (k) 
had dimensions l . ~ x 2 ~ c m ,  and. t he  catcher f o i l s  (a ,  a ' )  as wel l  as ' the  

blank f o i l s  (b)  and guard . f o i l s  ( c )  had dimensions 1.9x2.2 ern. .*.The 

Mylar f o i l s  ( M ~ )  were always 0.003 i n .  th ick  (much thicker  khan the  
2 4 28 2 4 28 

. r e c o i l  ranges of N a  . or  Mg ) The production.of N a  and Mg by 

ac t iva t ion  of impurit ies i n  t he  Mylar was measured by analysis  of the  

b l a n k f o i l s .  Reco i l s ' in  the  forward and backward directions '  were' 

s tudied by making the  normal to. the  plane of the  s tack p a r a l l e l  t o  
v 

t he  beam. Recoils predominantly perpendicular t o  the beam were studied . 

. i n  experiments with an 80 deg angle between the beam and t o  the  normal 

. t a r g e t .  The standard Bevatron t a rge t  holders were used f o r  mounting' 



Fig. 1. The cross-section assembly. T1, T2, T3, and T a r e  the  t a rge t  f o i l s  4 
. separated by 0.003-in. - th ick Mylar spacers ( M ~ ) ;  A 1  i s  the  A 1  monitor mon 

f o i l .  The other A 1  f o i l s  a r e  guard f o i l s .  a 



A 

Beam c b a  a'b c 

Forwa r d 
Backward 
catchers ,T, 3 

Mylar tgt. Mylar 
< b 

Fig.  2 .  The r e c o i l  assembly. The r eco i l s  generated i n  the  t a rge t  f o i l  T 

a r e  caught i n  t he  catcher f o i l s  a and a ' .  Fo i l s  b a r e  used a s  blank 

f o i l s ;  f o i l s  c a r e  guard f o i l s .  A l l  t he  f o i l s  a r e  0.003-in.-thick 

Mylar. 



( 
t a rge t s  e i t h e r  p a r a l l e l  07 near ly  perpendicular (80 deg) t o  the  beam. 

I n  the  perpendicular experiments a t  the  184-inch cyclotron a spec ia l  

t a rge t  holder, shown i n  Fig. 3, w a s  used. 

A l l  f o i l s  were cleaned before mounting f o r  i r r ad i a t i on .  Copper 

and gold f o i l s  were cleaned with d i l u t e  n i t r i c  acid,  uranium f o i l s  with 

2 t o  6 M n i t r i c  acid ,  and s i l v e r  f o i l s  with ammonia. A l l  f o i l s  were - 
then washed with acetone and r insed with d i e t i l l e d  water. 

B. I r rad ia t ions  and Beam Monitoring 

I r r ad i a t i ons  were performed a t  the  184-inch cyclotron and the 

Bevatkon ... I r r ad i a t i on  times var ied between 1 and 1.5. hours. 

The Na24  produced i n  the  react ions  A127(p,3pn)Na24 and 
2 7 Al ( a , a 2 ~ n ) N a ~ ~  was used as a beam monitor. The monitor, f o i l  was cut 

and mounted so a s  t o  have very near ly  i den t i ca l  counting conditions 

a s  t he  radiochemical samples. The monitor cross sect ions  were taken 
27 2 7 as 10.7 mb f o r  A l  (p,3pn)Na24, and 24.0 mb f o r  A 1  ( a , a @ n ) ~ a  

2 4 

27 react ions ,  f o r  a l l  energies.  The value of 24 mb f o r  the  A 1  ( a , a 2 p n ) ~  
24 

react ion i s  t he  value measured f o r  380-~ev  He ions'. 82 J 83 However, s ince 

t h i s  cross sect ion has not been measured above 380 Mev, some e r ro r  may 

have been introduced i n to  the  cross sect ions  obtained with high-energy 

He ions .  

C .  Chemistry 

The chemical procedures used were adaptations of standard 
-- 

radiochemical methods. 4 9 ~ 8 4  The metal f o i l s  were dissolved w i t <  approp- 

r i a t e  acids  and t he  p l a s t i c  f o i l s  destroyed w i t h a  hot mixture of 

su l fu r i c  and n i t r i c  acids  i n  the  presence of 10 mg of N a  c a r r i e r  and 

5 mg of Mg c a r r i e r .  The s u l f u r i c - n i t r i c  ac id  mixture w a s  evaporated 

t o  dryness and the  residue dissolved i n  d i s t i l l e d  water. The t a rge t  

mater ia ls  were removed by prec ip i ta t ion  of copper su l f i de ,  s i l v e r  

chloride,  or  uranium te t roxide J85 o r  by ex t r&ct i6?  of gold with e thy l  

ace%ate,. The vohxne of a l i  s.amples. w a s  hade. 10 m i l i i l l t e f ~ . ~  Iron 

hydrox3de w a s  precipi ta ted 'once i n  the  presence of ammonium chloride 



Fig. 3 .  Target holder used in the perpendicular experiments at the 184-inch 

cyclotron, 



450 scavenge out unwanted h&roxide-insoluble contaminants, and then 

copper, anthony, and nickel sulfides were precipitated* The excess 

of hydrogen sulfide was xanoved and mother precipitation of &on 

hydroxide w&s performed. Magnesium was precipitated with 8-hydroxy- 

~uinoline the solution kept for sodium analysis. 3Che magneaama 

hydrtxqppiaolate was destroyed. The kydroxide and s w i d e  precipita- 

t i o n ~  -9. mpaer*&. me calcium, strontium, and Wiua oxahtes were 

twice pirec&%&~, and the solutions evamrafed to  dryness. The . . 
re$- & Zalsrsn up+ Sn water, and stron%ium sulghate was precigitated 

4 ) .  Iron *oxide -was precipitated and the 'solution ftltered. 
sitan was pec.ipi*ted d t h  8 - ~ ~ u f j n o ~ . i n e ,  filtered, dried 

a* uoQc, vai&a,.nza~ PDW*~. ". 
. J 

+- 
The solution containing, tkp sodiuk fkkctioa wag treated with 

. a.-we o t ,  benzrad wid l-bu*dl. ~ h s  orgaaic so~ution "- . Ms as- 
cimded .andithe aq&~u8 solui& evaporated t o  & ~ & w R .  , The residue 

was dissolved. in V&-. W C U ~  precWatateG- 4s sodium many1 
1 > 

nagneeiurm acetate snd oonverted to  sodium c&ide with hot 1-butanol 

setuS8ted with &y HCL. This s*p was repea&&. The sodium ch20ride 

precipitate was treated Wsth concentrated per&~;ric mid, 5 mg of , 

pstassimu ch&ori& rrag added, and the -solution was evaporated t o  dry- 

ness. Sodim ~rokr3oFa%e was extracted with 1-butanol and converted 

into sodium &I&r%de with 1-butan01 saturated with hydrogen chloride. 

The sodilrm chloride was filtered, dried at lloOc, weighed, end mounted. 

Whenever only sodium was taken f r o m  a particular run, the 

sodAuno chemistry used was either the one just described, or the one 

given in  Ref. 84. The f i l t ra t ion apparatus has been described by 

 la^.^^ In part of this  work, glass f i l t e r  pads were used to  minimize 

weighing errors due t o  absorption of moisture. 



D. Mounting and Counting of Samples 

The samples were mounted i n  the  centers  of aluminum p l a t e s  
2 .(350 mg/cm ) and covered with 0.1-mil p l io f i lm.  Double-sided Scotch 

tape w a s  used t o  adhere the  f i l t e r  paper t o  t he  aluminum p l a t e  and t o  

keep the  p l i o f i u  cover i n  place.  The aluminum p l a t e s  were v i sua l l y  

inspected and t he  defective ones re jec ted .  

The samples were counted, i n  several  counters i n  r,oCation,..:.on 

the  t h i r d  shelf  (0.9 cm from the  2.54-cm-dim end-window) of f3 propor- 

t iona l . counte r .  This procedure eliminated the  need fo r  decay and e f -  

f ic iency corrections,  and provided a severe t e s t  of counter performance. 

The counters used were considered operative only i f  the following t e s t s  

gave s a t i s f ac to ry  r e s u l t s :  (a)  t h a t ' t h e  0.001-in. uranium standard 

counted within f0.75$ of the  average counting r a t e ,  and ( b )  t h a t  any 

background va.ria.t,ion was equally observed i n  a l l  counters. Use of t h i s  

r e l a t i v e  c r i t e r i o n  f o r  the  background was found advisable, s ince a l l  

counters showed s imi la r  var ia t ions  of as much as one count per minute 

(from the  average of 7.3 counts/min). These l a rge  var ia t ions  were cor- 

r e l a t ed  with t he  operation of the  near-by Bevatron. A counter w a s  con- 

sidered.  inoperative whenever it showed s m l l  va r ia t ions  of the, p la teau 

cha rac t e r i s t i c s .  An acceptable pla teau was about 400 v wide with a slope 

l e s s  than 0,.5$ per  100 vo l t s .  

. I n  the  sodium r e c o i l  experiments, the  chemical y ie lds  of a l l  

samples were.very s imi la r ,  making counting-efficiency di f ferences  negl i -  

g ib le .  I n  the  magnesium determinations t h a t  w a s  not  always t he  case. 
2 

It was assumed t h a t  within the  range of sample thickness ( 4  t o  16 mg/cm 

the  magnesium counting e f f ic iency  was constant (see Ref. 86). 
I n  t he  cross-section determinations, however, it w a s  necessary 

24 
t o  apply counting-efficiency corrections;  Na counting e f f i c i enc i e s  as 

a function oT sample thickness were obtained by bombarding a s tack  of 

aluminum.foi.1~ of d i f f e r en t  thicknesses,  co.unting the  f o i l s  i n  t he  

standard way,, and observing the  counting r a t e  per wit thic.kness a s  

a fuhction of f o i l  thickness.  The.resulbs. a r e  shown 2n Fig: 4. The 
28 28 

r e l a t i v e  e f f ic ienc ies  of N&24 aiid o f  M g  ,@id i+ . . daughter ( ~ l  ) were 
87 ' . , ..' *"' 

taken from .Bayhq,st and Prestwood . 



Sample thickness (mg/cm2) 

24 
Fig. 4. Relative beta-counting efficiency vs sample thickness for Na on 

shelf 3. 



G .  E. Experimental r e s u l t s  and analysis  

I n  t h i s  section a re  presented. the  experimental measuk-ements- 
28 the  cross sect ions  and thick- target  r e c o i l  proper t ies  of Na24 and Mg. 

formed i n  high-energy i r r ad i a t i ons  of A l ,  Cu, Ag, Au, &d U .  The . 

cross-section data  a re  given f i r s t ,  followed by a b r i e f  descr ipt ion 

of the  th ick- ta rge t  r e c o i l  method. The data  from the  r e c o i l  experi-  . 

ments a r e  presented and 'analyzed with ce r t a in  simplifying assumptions. 

The data  a r e  analyzed i n  terms of a fast-slow react ion a s  

follows: A f a s t  process imparts energy and ve loc i ty  t o  the  s t ruck 

nucleus. A slow process de-excites the  s t ruck  nucleus, and gives an 

addi t ional  ve loc i ty  component t o  the  f i n a l  product. From the  exc i ta t ion  

functions it i s  pdssible t o  make est imates of the  average deposit ion 

energy from the  fast process. From the  r e c o i l  data  one may obtain the  

average values of t he  ve loc i t i e s  imparted by the  f a @  process an'd by the  

..-.: . slow de-excitat ion.  The average ve loc i ty  imparted by the  f a s t  process 

'may be r e l a t ed  t o  the  energy deposited and thus a comparison of the  

r e c o i l  data  and cross-section data  can be made. 

F. Cross-Section Data 

2 4 28 
Cross sect ions  fo r  t he  production of N a  and Mg from Cu, Ag, 

Au, and U a r e  l i s t e d  i n  Tab.Xe I. Column 1 gives the  t a rge t  element; 

c o l m s  3 t o  7 give cross sect ions  f o r  the  various bombarding energies 
28 

and p a r t i c l e s .  Also ,shown a r e  the  cross-section r a t i o s  of ~a~~ t o  Mg , 
28 24 .4 

a Mg / ~ a  The ' n h b e r  of determinations made of any pa r t i cu l a r  cross-  

sect ion i s  given i n  parentheses a f t e r  the  cross-section value.  The 

numbers 'given 'are t he  average ,values and. the  e r ro r s  quoted a r e  t he  
8 .  

s tandazd, ,error 

where n i s  the  number of determinations, xi the  measured values,  and 
- 
x the  average of the  measured values.  

. . . . 
' ,  . . . .  . . , < .  . . -  . . .  . , . 

' , .  . . . -  .. 2 

. . - .  .. . . 



.Table I 
2 

Formation cross sections ( i n  rib,) of N a  and kg28 from various t a rge t  elements 
. . 

I 
alphas protons 

. . . . .. 
, . 320 M e v  a 500 Mev a 700 Mev a ,880 M e v  a: 700 Mev p 5.7 Bev p 



_. _... . . _  ... _ . . Table I (continued) 
- .  . . .  I 

a. Rdferepce . .. .?!I.. 

b , .~$f&ence .k..l 

c. Reference 48 

protons 

700 Mev cp 5.7 Bev p 

. . _. .. . ' _\ _ 
. .  . .. - 

alphas 

. . 

320 Mev a 500 Mev a 7.00 Mev .a , 880 Mev a i 



24 
The Na d a t a  a r e  considered more accurate than the Mg28 da ta  

because of higher counting r a t e s ,  more reproducible chemical y ie lds ,  and 
24 higher radiochemical pu r i t y  f o r  N a  . In  very few cases a s m a l l  amount 

of radioact ive  impurity was observed i n  the  Mg28 samples. I n  these cases, 

the  Mg28 a c t i v i t y  w a s  obtained by analysis  of the  decay curve. 
24 

In  Figs .  5 and 6, the N a  and Mg2' cross sect ions ,  respect ively ,  

a r e  p lo t t ed  vs  a -pa r t i c l e  bombarding energy f o r  the d i f f e r en t  t a rge t s .  

Figure 7 contains a s imi la r  p l o t  f o r  Na24 from proton bombardments (obtained 

from data  found i n  t he  l i t e r a t u r e ) .  A s  shown i n  Figs.  5 through 7, the  
28 

probabi l i ty  of formation of Na24 and Mg increases very rap id ly  with 

increasing bombarding energy, f o r  a l l  t a rge t s ,  i n  the  region of hundreds 

of Mev. A t  very high bombarding energies the  cross sect ions  of formation 

a r e  r e l a t i v e l y  more constant .  Similar  r e s u l t s  have been.observed f o r  other 

fragments. 22,43,50956;57,67 - 
2 4 

A t  700 Mev the  y ie lds  of N a  and Mg28 obtained with He-ion bombard- 

ments a r e  twice as la rge  a s  those obtained with protons of the same energy. 

Since the  monitor cross sect ion i s  not  known f o r  He ions. of t h i s  energy, 

l i t t l e  s ignif icance can be at tached t o  t h i s  observation. The cross sections 

obtained with 700-Mev ,protons i n  t h i s  study a r e  i n  agreement with d a t a . f o r  

those obtained with 660 t o  680-~ev  protons54~67 by other  workers. Values 
24 of o N a  /MgP8 a r e  l a rge r  fo r  the  heavier t a r g e t s  (AU,U) th? foorthe 

l i g h t e r  ones ( c u , A ~ ) ,  and are ,  wi thin .  experimental e r ro r ,  independent of 

the  bombarding energy. This same behavior w a s  found f o r  the  r a t i o s  
24 24 32 67 

o N a 2 F 8  o N a  / ~ a ~ ~  ('Table I ) ,  and o N a  /P . 

G.  The Thick-Target Recoil Experiments 

Sugarman and co-workers have i n i t i a t e d  a very simple technique fo r  

studying r e c o i l  p roper t i es  of nuclear reac t ion  products. 81988 I n  t h i s  

method, a t h i ck  t a r g e t  is  sandwiched between t h i ck  recoi l -catcher  f o i l s .  

The s tack i s  i r r ad i a t ed  and a radiochemical made t o  determine 

t he  r e l a t i v e  a c t i v i t i e s  of the  product i n  question t h a t  a r e  brought t o  

r e s t  i n  the  t a r g e t  and catcher f o i l s .  F o i l  s tacks  are exposed both per- 

pendicular and p a r a l l e l  t o  t he  beam d i rec t ion .  The average components 



400 600 800 

Incident helium ion energy (Mev) 

M U  - 2 3 7 9 2  

Fig. 5 .  Excitation functions for the production of ~a~~ from He ion bombard- 

ments of Cu, Ag, Au, and U. 



400 600 800 

Incident helium i o n  energy  ( Mev  1 

M U  - 2 4 5 5 6  

, 

Fig. 6. Excitation functions for the production of M~~~ from He ion bombard- : 

ments of Cu, Ag, Au, and U. 



1 .O 3.0 5.0 

l ncident proton energy 

M U - 2 4 5 5 1  

24 * 

Fig.  7 .  Exci ta t ion functions fo r  the  production of Na from proton bombard- 

ments of Cu, Ag, Au, and U .  Data from 1 t o  5.9 Bev from Ref. 57. Data 

f o r  Cu a r e  from R e f s .  53, 54, 58, 67; for Ag from Refs. 45 and 63; f o r  Au 

from Ref. 67; and f o r  U from Refs. 64 and 66. The 700-Mev points  a r e  from 

t h i s  work. 



of the  r e c o i l  range a r e  measured (a) along the bean d i rec t ion ,  ( b )  opposite 

t o  the  beam d i rec t ion ,  and ( c )  i n  a d i rec t ion  perpendicular t o  t h a t  of 

the  beam: .Th?se values r e f e r  t o  the  range i n  the  mate r ia l  of the  ta.rget 

f o i l .  These average components of the  r e c o i l  range give information about'  

the  ve loc i t i e s  of the  product i f  the range-energy r e l a t i onsh ip  is known 

and i f  an assumption i s  made ccneerning the angular d i s t r i bb t i on  of the 

pr0duct.s. 

The exper inenta l ly  msaszred quan t i t i e s  f o r  t a r g e t s  exposed t o  a 

'beam p a r a l l e l  t a  the  ncxma.1 t o  the  target  plane a r e  ( a )  the  t a r g e t  f o i l  
2 

th ickr~ess  W ( i n  mg/cm ), (b)  th.e f r a c t i on  F of the a c t i v i t y  of a given 
T 

radionuclide remaining i n  the  t a r g e t  f o i l ,  and ( c )  t he  corresponding 

f r a c t i o n s  FF and F t h a t  leave the t.arget f o i l  a ~ d  a r e  col lec ted i n  the 
B 

forward and backward catchers .  Similar  quan t i t i e s  a r e  measured f o r  t a r -  

ge t s  exposed a t  80 deg t o  t.he beam, which a r e  designated F TP, FFp, and FBp . 
The zeco i l  activities were obtained by measuring the  a c t i v i t y  found i n  the  

catchers ,  and subtra,cting the a c t i v i t y  f o u ~ d  i n  the  blanks a f t e r  correct ing 

f o r  chemical y i e ld  and p o s s i b l ~  thickness d i f ferences  between blanks and 

I n  a t r u e  perpendicul.ar experiment, 
F~~ 

should be equal t o  FpB- 

The di f ferences  found a r e  due t o  t he  r e s idua l  forward-backward e f f e c t s .  

The peraendicular r e c o i l  fract.ion w i l . 1 .  be taken a s  F -= ( F ~ ~ +  FpB)/2. P 
P the ana lys i s  of deta  i s  made with the  following assumpt.ions: 

( a ]  t h a t  the bombarding p a r t i c l e  imparts t o  the t a r g e t  nucleus a 

ve ioc i t y  v :  i n  t,he laboratory system along the  bcm d i rec t ion ,  and a 
t i  

ve loc i ty  v, i n  a d i rec t ion  perpendicular t o  the beam; - - .i 

(b) t h a t  t.he fragment receives  an add i t iona l  ve loc i ty  component, V, 
4 

from t he  process t h a t  l eads  to i t s  formation ( the  ve loc i t y  V r e f l e c t i n g  

the  i n t r i n s i c  kinet.ic eaergy of the  fragment i n  t he  frame of reference 

of t.he moving nucleus j;  

( c )  t h a t  t.he range of t he  f r agnen t .~  R i s  propor t ional  t o  the  vec to r i a l  
3 -+ -3 '\ 

sum of V and v (v = v i + v i j  ; where ? and '$ are  two u n i t  vectors  pa ra l -  
:I Jr 

l c l  and perpendicular t o  the  bcam d i rec t ion  respec t ive ly ) ,  and the  range --, 4 

i s  given by R = k ( -i- V 1 )', k and N being constants; 



+ 
(d )  t h a t  the  angular d i s t r i bu t i on  R (8 ) . of V i n  the  moving frame i s  

2 
given byR(8:) = a + b cos 8 ;  

-+ 4 

( e )  the  magnitude of v and V a r e  unique; and 

( f ) t h a t  the  path of the  fragment ' i s  a s t r a igh t  l i n e  . 
N .  ~ u ~ a r m a n ~ '  and L. winsberggo have derived the  necessary equa- 

t ions  f o r  the  analysis  of these exper=nts with the  above assumptions. 

' Using the  notationr:R = k 9, qII= v /V and 7 = v /v, and neglecting terms 
0 2 I1 h l. 

' .of  order l a rger  than 7.  2, and (b/a) ,  one ge t s  f o r  : .  7 1 1 89 
I\ ' 7l 

and 

It i s  c lea r  t h a t  there  a re  four qknowns (7 , 7 ;* .R:.. and.lb/a) . I\  I ' 0.1 

and. only th ree  equations. we w i l l  f i r s t  proceed, . assuming 7 I = 0 and 

b/a = 0, and ca l l i ng  7,. = .-q and v = v .  These assumptions introduce only 
I1 .I\ 

sma1.1, er ror6 'into +he c.a;lc~lat.@d v$Lae:s ,of v and E*, (=%he .kbnet;ic.:.:'.She.r&..:f 

, . . . ..- . . . co$~&:s.pdnd&ng+,$~:->~~),,,a~;.; , db;;no$,.,. . . & ~ $ e ~ i . i ; $ ~ ~ ! ~ ~ & : n & ~ ~ s  . ... io$s: .. ;:)$cached . .. ; .'.!Their..-e f f e c t  , 
. . 

. . .&;Q&.wel.l..:as t ' : $ i Q ~ a ~ & O h - s C ~ f !  .. , ,. .,. ., a b o ~ e : i ~ & s ~ ~ p t t ~ n $ I i ~ ~ ~ @  ,. . . . . .  >..ghiqi-%@ne,s s:t,of; y and ~ : 2 .  .:- 
. : . .  . . . 

&d;:.(f - : . ~ s ' t ~ a $ g h ~ ~ ~ ~ i . f l e  path -' a re  ' discussed' $n. Appendix A. 



It w i l l  be seen i n  Appendix B that N (R = kvN) takes the  values 

of 1 f o r  Na24 i n  A 1  and 1.5 f o r  both Na24 and M:28 i n  a l l  other t a rge t s .  

Therefore one ge t s  a s  working equations: 

f o r  N = 1.3, and 

f o r  N = 1. 

By means of these equations, t he  ranges Ho o i  the  fragments have been 

calcula ted.  

The r e s u l t s  obtained a r e  given i n  Tables I1 and I11 f o r  Na24 and 

I V  and V f o r  Mg28. The t ab l e s  a r e  arranged i n  the 'following way: column 

1 gives the  t a r g e t  mater ia ls ,  column 2 the  number of determinations, 

column 3 the  bombarding p a r t i c l e s  and t h e i r  energies,  columns 4 and 5 
respect ively  W x FF and W x FB; columns 6 ( ~ a b l e s  111, V )  and 8 ( ~ a b l e s  

I1 and IV) t h e  ranges (RJ of the f r p ~ e n t s .  The e r ro r s  quoted a r e  the  s tan-  

dard e r ro r .  

From a knowledge of the  range of the fragments it i s  possible t o  

obta in  t h e i r  energy provided t h a t  t he  range-energy re la t ionsh ips  a r e  

known. These  elations ships a r e  discussed i n  Appendix B. By making use 

of t he  r e s u l t s  there  obtained, the  energy E of the gragments was calcu:. 

l a t e d  and i s  given i n  column 9 of Tables I T  and I V .  Note t h a t  the  energy 

E i n  t h i s  analysis  is  t he  average k ine t i c  energy i n  t h e  moving frame of 

reference.  



Table I1 

Smary of ~a~~ recoil results from the forward-backward experiments 

1 2 3 .:4. ; 5 6 7 8 Q 10 11 . 12 

F~ F~ 
.R E ' * .  
0 V 

Beam V ' 

P~ 
Tgt-. No. (mg/an2 (mg/Cm2 F ~ / F ~  (mg/cm2 ) ( ~ e v  ) (~ev/am )'I2 (am~w)~'" q lPCN 

..- - - ... . 

r 5 '880 Mev a 0.30150.C~O1 0.0319+0.0007 9.42k.21 . 0.22 5?81 .. .- 0.06 
660 Mev a 0.365+0.C02 0.0296+0.0008 12.40+0.32 0.27 7.27 0.09 

320 Mev a 0.572+0.C104 0.0199+0.0009 28.72t1.39 0.44 11 0 95 0.23 

660 Mev. p 0 ..220+0.002 0.0483+0.0000 4.5650.05 0 . 14 3 071 0'. 10 

700 Mev p 1.184 0.352 3.37 0.25 2.81 13.2 0.27 16 .g 0.38 

3 Bevp 1.036 0.370 2 079 0,;.22!,; 32.63 12.1 0.22 13.8 0.10 

320 Mev a (2.440 ) (0.338) (7.19) 

880 Mev a 3.345'0.072 0.654+0.002 5.09k0.13 Ot;33;1 6 -88 30.2 0.53 57.3 0.64 
W 

lk {; 700 Mev p 2.253 0.969 2.32 0.18 6.18 25.7 0.26 28.1 0.63 

3Bevp 1.848 0.813 '2.27 0.17 5.10 20.4 0.23 24.4 0.21 

f 880 Mev a 6.576'0.096 2.166+0.072 3.0350.06 0.23 16.22 60.0 0.52 102.6 1.15 

700 Mev p 4.728 2 0 796 1.68 0.11 14.92 54.0 ' 0.23 46.4 1.05 

3 Bev p 4.560 2.184 2 .09, 0.16 13.05 45.6 0.30 59-9 : 0.52 

1 1 6.2,4.5 Bevp 4.452 2.202 2 -01 . . 

11 320 Mev a (5.370) (2.718) (2.01) 

880 Mev a 6.200~0.035 2.23e0.024 2.77+0.'03 0.21 15.82 58.1 0.47 112.6 1.26 k :  
46.1 0.21 49.3 700 Mev p . 4.165+0.081 2.520+0.043 1.64+0.006 0.106 13.30 1.12 1 fi '3Bevp 5.450 2.635 2.06 0 ... 15 15.66 56.6 0.33 79.5 0.68 : .  - 

I 



Table I11 
2 

Summary of Na reco i l  r e su l t s  from the perpendicular experiments 

Target Number. Bombarding 
o f pa r t i c l e  

F~~ F~~ R o ~  R o / R o ~  

6eterm. and i t s  (mg/dm2) , (mg/cm2) (mg/ cm2 m2) 
energy 

880 Mev a:. 0.162 0.114 

A 1  
660 Mev a! 0.174 . 0.125 

660 Mev p 0.141 o .llh 

880 Mev a 
700 Mev p 

3 Bev P 

889 Mev a 
790 Mev 1: 

3 bev P 

880 Mev a 
700 Mev p 

3 Bev P 

880 Mev a 

'700 Mev p 

3 Bev p 



. . Table I V  . 

.. .. , 
Summmy of M~~~ r e c o i l  r e s u l t s  from the  forward-backward experiments : 

Cu ( 1 700 Mev p 1 .I22 0.272 4.13 0.29 2.47 13 .1  0.29 18.2 0.41 

3 880 Mev a: 6.744 2.520 2.67 0.21 17.49 77 0 0.48 . 95:6 
40.221 +O .041 20.07 

I Au, 1 700 Mev p 5.484 3 -570 1.53 0.09 . . 18.02 80.3 0.22 ! 42.9 ' . .0.:97 1 

(2 880 Mev o 7.420 3.085 2.46 0.19 19-55 89.6 . 0.48 : 11413 . 1.27 

U { 1 700 Mev p 5 320 3.330 1.52 0.09 18.94 85.4 0.22' . : 52 .:9 1:20 . . 
-- 



Table V 

28 
Summary of Mg r e c o i l  results from the  perpendicular experiments 

2 3 4 5 6 7 1 
Target Number Bombarding W FpF F~~ R o ~  

of p a r t i c l e  sazd 
~ o / ~ o P  

DeLerm.  i t s  energy (mg/cm ) (mg/cm ) (mg/cm 

1 8 8 0 ~ e v a  4.932 3.684 17.12 1.02 

Au 1 700 Mev p 4.842 4.644 18-93 0.95 

1 3 Bev P 4.236 .3.816 16.04 0.93 

U 880 Mev a! 4.080 3 710 15.5 1.26 

. 5Be.p- 4.800 4.290 18.1 0.98 



The average ve loc i ty  v imparted t o  the progenitor of the fragment 

i s  given by b = 7 ( ~ E / A ) ~ ' ~ .  Tables I1 and I V ,  and Figs.  8(a) and 9 (a )  

give the  r e s u l t s  i n  un i t s  of (Mev/amu)112, The r e s u l t s  f o r  aluminum have 

been calculated by using Equation (8) .  Values of 7 ,  Ro, and E have not 

been calculated fo r  Na24 f o r  a bombardments i n  aluminum because the  analy- 

sis i n  terms of 7 and Ro is  not correct  f o r  such la rge  values of F /F 
F B'  

It i s  appropriate here t o  make some commen.ts about the  experimen- 

t a l  data .  I n  the  r e c o i l  experiments t he  counting r a t e s  were low, especi-  

a l l y  i n  the  backward reco i1 ,ca tcher .  Nevertheless, the  method of counting 

samples and blanks i n  ro t a t i on  canceled out most of the  sources f o r  count- 

ing e r ro r s  i n  the  determinations of N a  ranges. I n  t he  determinations of 

Mg ranges there  may be appreciable. counting e r ro r s  because of the extremely 
2 4 

low a c t i v i t i e s  obtained. The N a  produced by ac%ii.a-t;fon of impurit ies ,' 
i n  t h e  blank f o i l s  was always rneasurabl'e, ahd coPresponded t o  a shall 

24 percentage of the  t o t a l  N a  a c t i v i t y  foyid i n  the  catchers.  On the  
28 

other hand, the  e r ro r s  i n  t he  Mg determination because of activa<ion 

e r e  not measurable. However, s ince the  counting r a t e s  of Mg samples were 

very low, espec ia l ly  .in the  backward r e c o i l  catcher,  ac t iva t ions .o f  the 

order of .1 count/min could introduce e r rb r s  up t o  10%. Also owing . t o  the .  

low counting r a t e s ,  the  possible radioact ive  . impuri t ies  t h a t  could not 

be detected may have introduced e r ro r s  i n to  the  determinations of the  .. 

2 4 . . 
Mg ranges .. The N a  samples .always showed a pLire 15-how half  period.  

Errors due t o  counting-efficiency corrections a r e  considered small i n  

Na24 experiments because the  chemical y ie lds  of the  f i v e  samples of a 

given bombardment d i f fe red  by only a few percent.  I n  magnesium de te r -  

minations the  counting-efficiency e r ro r s  may be as la rge  a s  10%. I n  most. 

of the  experiments, radiochemical samples were weighed twice as a check 

on weighing e r ro r s .  The se lec t ion  of mounting p l a t e s  and care fu l  center-  

ing of the  samples should have reduced geometric e r ro r s  t o  l e s s  than 2%. 

Chemical impurit.ies. i n  the  t a rge t  foils were so low t h a t  no. appreciable 

e r ro r s  a r e  expected.from th3s s o a c e ,  Cu, Au, and U f o i l s  were- qu i te  
. . 'hkii.fox'm i n  aicekage tbkckness ..: ' ?3ie Ag $0 21,,,, howe%er, vas:. not u$5f orni'; . . 

. . .  
t r -  ... " , . * . *... . . i%s  kh$cknes,s ,de.+geas:ed fr6m o'rie. edge . . .:Bo' $be d:th$b:, ,SiZn,Ge:~.:the . ,:, ...., .. b-e.& 

p ~ ~ ~ . c : . ~ p & ~ ~ ~  hiLs . the.  &e'adifig kflge, of $.fie $@@ge;t.. so&'i @ $:$"&pe:&!'&d 
, . 

. ,  . . . 

the. .Ag fnj-.L i'fi&omogene;$t:y hAY ,,i*.cro&ii~e '.'e:*?o?$. ~i *b '?%:.. ' U $ ~ i h  fQ<<li; 



M a s s  number  of t a rge t  

- 
Fig. 8. Imparted velocity v (A) and fractional imparted momentum P* /P 

2 4 
T CN 

(B) for Na as a function of the target mass. 



880- Mev .a 

Mass number of target 

Fig.  9 .  Imparted ve loc i ty  v ( A )  and f r a c t i o n a l  imparted momentum p**/pCN 

( B )  f o r  MgZ8 a s  a  function of t a rge t  mass. 



were cleaned with HNO A t h i n  l ayer  of uranium oxide remained. The 
3 ' 

e f f e c t  of t h i s  l ayer  i s  not known. However, t he  reproduc ib i l i ty  of these 

r e s u l t s ,  and Niday's range measurements of f i s s i on  products from polished 

and acid-cleaned uranium foilsg1 lead us t o  conclude t h a t  the e r ro r s  due 

t o  the  oxide layer  a r e  small.  The over -a l l  e r ro r  of the  measurements of 

W x F values fo r  N a  i s  estimated t o  be of the  order of 5% from Cu, Au, 

and U, and 10% from Ag. 

The M g ,  er rors '  a r e  probably: twice a s  l a rge .  The values of W x FFp 

and W x ' F  a r e  not .very reproducible because of f luc tua t ions  of the  
BP 

angle between t a r g e t  and beam. However, the  sum of these  two quant i t i es  

.was more reproducible. Since it i s  the  ~;um of WF and WF t h a t  en te r s  FP BP 
i n  the  .calculat ions of R the  e f f e c t  of the  var ia t ions  of t a rge t  posi -  

OP' 

t i o n  a re  not  e q e c t e d  t o  introduce appreciable e r ro r s  i n  R 
0P ' 

Forward-backward r a t i o s  of Na24  r e co i l s  from th ick  U t a rge t s  

have been measured by Lavrukinina e t  a1 .92 '  Their r e s u l t s  a re  apparently 

very d i f f e r en t  from the  ones reported here.  This d i f ference i s  probably 

due t o  the large  ca taher -ac t iva t ion  i n  t h e i r  experiments. Volkova and 
24 Denisov have a l so  measured N a  r e c o i l s  produced in the  in te rac t ion  of 

660 -~ev  protons with A1. 93 Some disagreement. e x i s t s  (not exceeding 25%) 
between t h e i r  r e s u l t s  and the  r e s u l t s  reported here.  Our values of WF, 

L 

and mB are ,  however, i n  b e t t e r  agreement with the  values obtained by 

in te rpo la t ion  of the  measurements made a t  Brookhaven. 94 



111. DISCUSSION OF EXPERIMENTAL RFSULTS 

F i r s t  we discuss the  cross-section r e s u l t s ,  and then the  r e s u l t s  

of t he  r e c o i l  experiments. Some comments about the  mechanism of f rag-  
28 mentation.follow. Since the  Mg r e s u l t s . a r e  very s imilar  t o  the  N a  24 

r e s u l t s ,  only the  l a t t e r  a r e  discussed, with the  understanding t h a t  the 
28 conclusions per ta in  t o  both and Mg . 

\ '. . .:. ... .. 

A. Cross Sections 

The energies required fo r  the  formation of a given product A 

of a nuclear react ion can be obtained from the  analysis  of the  exc i ta t ion  

function data  by a method described by ~ o r i l e  and Sugarman. 95 In  t h i s  

analysis  the  p robabi l i ty  of formation of the  product A i s  given by the 

sum over a l1 ;poss ib le  cases of the  product of the  p robabi l i ty  of forming-' * 
a nucleus with exc i ta t ion  energy E , times the  p robabi l i ty  t h a t  t h i s  

exci ted nucleus decays t o  the  product A.  In  the  in te rac t ion  of a projec- 

t i l e  of energy E with a t a r g e t  nucleus, the  p robabi l i ty  of formation 
B 

of the  res idua l  nucle i  of the nuclear cascade with exc i ta t ion  energies 

E* i s  given by o N(E*,EB) , where o i s i t h e  .geometric cross  section of 
g * g 

the  t a rge t  nucleus and N(E ,E ) i s  t he  p robabi l i ty  t h a t  the  p r o j e c t i l e  
B * 

w i l l  deposit  the  exc i ta t ion  energy E . The probabi l i ty  t h a t  the  r e s i -  
* 

dual nucle i  with e.xcitation energies E decay t o  the  product A i s  wr i t t en  

fA(E*). The formation cross sect ion of A a t  a bombarding energy E for  
B 

a given t a r g e t  nucleus i s  therefore  given by 

* .  
where..E..;>. i s  the  maximum exc i ta t ion  energy t h a t  can be deposited by max * 
t he  bombqding p a r t i c l e  . The values o f  fA(E ) can be obtained by t r ia l  

and e r ro r  from t h i s  analysis  of t he  cross-section data .  Once fA(E*) 
-. 

and .N(E* E .) a re  known, it i s  possible t o  calcula te  the average value 
'. B 



-* 
of exc i ta t ion  energies E required t o  form the  product A.  The value 

-+ 95 
of. E i,s given by 

Since t he  fragmentation cross sect ions  have an onset of about 
* 

250 Mev, it i s  necessary only t o  know N(E E ) f o r  deposit ion energies 
B 

l a rge r  than 250 Mev. The deposition-energy spectra  necessary f o r  the  

analysis  a r e  not ye t  avai lable  i n  t he  l i t e r a t u r e .  However, the  pub- 
96 

l i shed  spec t ra  by Metropolis e t  a1.'- show t h a t  a s  a f i r s t  approximation 

the  spectra  of deposition energies can be considered a s  having, f o r  

t he  d i f f e r en t  t a r g e t  nucle i ,  t he  same form although not  necessar i ly  the  

same a rea .  I f  t h a t  i s ,  the  case, t he  t a i l s  of the  deposition energy. 

spectra  f o r  t a r g e t s  x and 'y  a r e  , r e la ted  by the  equation . 

where k i s  a constant .  

As shown i n  Fig.  5 ,  t he  exc i ta t ion  functions f o r  production of 
2 4 

N a  i n  t he  in te rac t ion  of He ions with Cu, Ag, Au, and U a re  e s sen t i a l -  

l y  proportional  one t o  another. This is  t r u e  a l so  of the  exc i ta t ion  
2 4 

functions fo r  the  production of N a  , with protons, from Ag, Au, and 

U (see Fig. 7); the exc i ta t ion  function for production of Na24 i n  t h e  

in te rac t ion  of protons with Cu increases f a s t e r  with t he  bombarding 

energy up t o  3 Bev, and a t  higher energies s tays  more constant t h n  

t he  corresponding exc i ta t ion  h n c t i o n s  f o r  Ag, Au, and U .  I f  t he  

assumption 

* 
f o r  l a rge  E* i s  correct ,  one expects the  functions fA(E ) f o r  N a  

24 

production from Ag, Au, and U t o  d i f f e r  only by a constant f ac to r ,  



24 
and the  function f  (E*) f o r  N a  production from Cu t o  be displaced 

A * 
towards lower energies i n  r e l a t i o n  t o  the f  (E  ) functions f o r  the  A 
other  t a rge t s .  This conclusion can be proved i n  t he  following way. - For very high bombarding energies,  E* max - E~ . For [N(E*,EB)IX = 
B[N(E* ,E~) ]~ ,  wherek  i s  a constant and subscr ipts  x ,and y r e f e r  t o  

t a r g e t  nucle i  x and y,  then 

I f  f&(E*) = k"' f  (E*), then 1- (ok(EB)/ uAy(EB)) is  a constant, and 
AY 

the  exc i ta t ion  functions a re  proportional  one t o  another. I f  fk(E*)/ 
- -  - * 

fAY(EX) is  a function of E , then the  exc i ta t ion  functions cannot be * 
IrrnEoT$~&. The r e l a t i v e  behavior of fA(E ) f o r  Cu and Au can be seen 

from Figs.  10 and 11. The assumption of any reasonable form of 
* 

N(E ,EB) nonvanishing up t o  t he  bombarding energy gives an average 

,excitation energy f o r  production of Na24 with 700-Mev protons ly ing 

between 500 and 700 Mev, f o r  a l l  t a rge t  nucle i .  The shapes of the  

exc i ta t ion  functions ind ica te  t h a t  a t  3 Bev the average exc i ta t ion  
2 4 

energy required t o  produce N a  fragments i s  the  same f o r  Ag, Au, and U, 

and smaller f o r  Cu than f o r  the  other  t a r g e t  mater ia ls ,  but  not by more 
* 

than a . fac to r  of 2. Since N(E ,En) very probably has nonzero values fo r  
D 

a l l  poss ible  E* f o r  E, up t o  1 BevJg5 it can be concluded from the  
Y -* 

excitat ion-function da ta  t h a t  E i s  l a rge r  than 500 Mev fo r  bombarding 
--)C 

energies of 700 Mev and 3 Bev, and t h a t  E f o r  E =3 Bev i s  l a rger  than 
B -* E f o r  'E = 700 Mev. This question i s  discussed i n  more d e t a i l  i n  

B 
Appendix C . 



Fig .  10. Variat ion of fA(E*) with E* f o r  NaZ4 from proton bombardments 

of Cu. Curve ( a )  gives the  shape of the  exc i t a t ion  funct ions .  

Curve (b) gives  Llle shape of f  (EX.) f o r  N(E*, E ) = constant .  A B 
Curve ( c )  gives t he  shape of f A ( ~ * )  f o r  N(E*, E ) = 2(EB-EX)/ EB. B 



F'ig. 11. Variation of fA(E*) with EX f o r  N~~~ from proton bombardments of 

Au. Curve ( a )  gives t he  shape of t h e  exc i ta t ion  function.  Curve ( b )  

gives t he  shape of fA(E*) f o r  N(W, E ~ )  = constant .  Curve ( c )  gives 
2 

t he  shape of fA(E*) f o r  N(E*,E~)  = 2 (EB-E*)/EB . 



B. Recoil Determinations 

The th ick- ta rge t  r e c o i l  experiments give information about the 

average i n t r i n s i c  ve loc i ty  V givenrto the  f i n a l  nucleus, i n  the  process 

of i t s  formation, by- decay of an excited progenitor and about the  velo- 

c i t y  component v of the .progeni tor  i n  t he  beam d i rec t ion .  The values 

obtained a r e  given i n  Tables I1 and I V .  We discuss f i r s t  the  s ign i -  

f icance 6f t he  i n t r i n s i c  ve loc i ty  V .  .... 
24 

I f  t a r g e t  nucleus A '; 2s..divided into.  two spheres, Nal!- and i t s  

complementary fragment 
A-24 '-' 2 4 it i s  poss ible  t o  calcula te  ~.cen'ergyof T\h. 

2-11 -- 

due t o  t he  Coulomb repulsion E of these two fragnent s  : 
coul 

with ro equal t o  1 .45 f .  Some information about the  mechanism by which 
24 

N a  fragments a r e  produced can be obtained by comparing the  i n t r i n s i c  

r e c o i l  energy E (given i n  Tables I1 and IV) with the Coulomb energy 

Ecoul. If E/Ecoul < 0.5  it is  conclqded t ha t . , t he  exci ted nucle i  t h a t  

remain a f t e r  the  prompt cascade produce Na2"' by emission o f  many s m a l l  

p a r t i c l e s  (p ,a, e t c  .); on the  other hand, i f  0.5 < E / E ~ ~ ~ ~  < 1, the 

Coulomb repulsion of the  fragments dominates the  r&o i l  ve loc i ty .  I f  

E/Ecoul > 1, then deposition'-Gsergy from the  beam i s  contributing t o  

t he  i n t r i n s i c  r e c o i l  ve loc i t i e s  or  the  coulomb energy is  underestimated. 

The limits of 0.5 and 1 fo r  E/Ecoul fo r  a f iss ion- type process a re  

derived from the  f a c t  t h a t  Ecoul a s  calculated i s  an upper lhit of t he  

coulomb energy, because no corrections f o r  thermal:. expansion and sur-  

face  vibrat ions  have been'applied.  Also, the  average parent of N a  
2 4 

i s  not expected t o  be the  t a r g e t  .nucleus, but  a 1ighter .nucleus  r e s u l t -  

ing from the  nuclear cascade. It should be kept i n  mind thatkthese: 

e f f ec t s  a r e  more important f o r  Cu than f o r  Ag, Au, or U. A i l  these  

e f f e c t s  a r e  not expected t o  reduce the  value of ' t he  Coulomb energy by 

a fac tor  of more than 2. The values of E/Ecoul a re  given i n  Fig. 12.  

They are  approximately equal t o  0.7.  'llhe,se l a rge  values show t h a t  even 
24 

a t  bombarding energies of 3 Bev, N a  i s  not produced i n  copper by a 
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Fig. 12. Ratio f o r  ~a~~ and Mg28 of t he  i n t r i n s i c  r e c o i l  energy t o  the  

Coulomb energy ( see  t e x t )  a s  a  function of the  t a r g e t  mass. 



cascade process followed by evaporation of small p a r t i c l e s ,  contrary t o  

what i s  generally assumed. They a l so  show t h a t  very probably the  same 

mechanism i s  responsible fo r  fragment production i n  a l l  t a r g e t  nucle i .  

This i s  a s ~ r p r i s i n g  resu l t ,  s ince,  as indicated ea . r l ier ,  the  exci ta t ion-  

function da ta  show t h a t  a t  the  bombarding energies of t h i s  work, more than 

500 Mev of exc i ta t ion  is  r equ i r ed . i n  order t o  have "fragmentation". Such 

deposit ion energies a re  1arge.enough t o  allow production of N a  from Cu 

as the  residue of a cascade-evaporation process. If any reasonable amount 

of t h i s  l a t t e r  process took place,  E/Ecoul should be smaller f o r  copper 

# t h a n  f o r  the  other t a r g e t s .  This i s  emphasized by the  f a c t  t h a t  the  t o t a l  

binding energy of copper i s  approximately 550 ~ e v , ~ ~  only s l i g h t l y  l a rger  

than the  average deposited energy, i f  a t  a l l .  These large  exc i ta t ion  

energies should reduce the  Coulomb b a r r i e r  enormously (by more than a . 

. f ac to r  of 2),99 making t h e  r a t i o  of the  r e c o i l  energy t o  the  Coulomb energy 

much l a rge r  f o r  Cu (and a l so  f o r  A ~ )  than f o r  Au and U. The combined 

e f f e c t s  of t h e  cascade and the  reduction of t he  Coulomb b a r r i e r  m&e the  

t r u e  E/E caul f o r  Cu l a rge r  than 1 (E 'caul i s  the  corrected Coulomb energy). 

It has been pointed out e a r l i e r  i n  t h i s  paper t h a t  the  values 

Of E/ECOU1 
of about 0 .7  imply t h a t  ~a~~ i s  produced by rupture of the  

24 
t a r g e t  nucleus AT i n t o  N a  and a heavy fragment of mass about AT-24. 

Such a process may be s imilar  t o  evaporation. (as  described by Dos - 
5 trovsky e t  a l .  ) , or  t o  a f i s s i o n  process. Both these processes a r e  

usua l ly  considered as slow processes. However, Ericson estimated, f o r  

a nucleus of m a s s  100 and with neutron binding energy of 8 Mev, a l i f e -  
-22 

tjme of the  order of 3 x 10 sec  a t  200 Mev of exc i ta t ion  energy. 
100 

24 ' 
Thus N a  cannot be, i n  the  usual  sense, e i t h e r  a f i s s i o n  product or 

an evaporated p a r t i c l e .  

Uzder th.e assumptior! t h a t  the progenitors of t h e  $:ragments 

have mass values very near ly  equal t o  the  t a rge t  mass, t he  momenta 

P$ (0 x A ~ )  imparted t o  t h e  s t ruck nuc le i  i n  the  beam d i rec t ion  have 



I 
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I . . ,  . ' 

been calculated.  The values obtained a r e  given i n  column 10 of Tables 

p a r t i c l e .  Because t he  progenitors of t he  fragments m e  not expected t o  

have the  mass of the  t a rge t  nuclei ,  but  a r a the r  smaller mass, owing t o  

the  cascade, P* i s  a s l i g h t  overestimate of the  ac tua l  momentum t r ans -  
T 

f e r r ed .  The values of P,$/'PCN a r e  l a rge r  than un i ty  f o r  700-Mev protons 

and 880-Mev a p a r t i c l e s  on Au andr[J. One possible reason f o r  t h i s  l a rge  

r a t i o  i s  the  aforementioned f s c t  t h a t  P,$/PCN i s  overestimated; another 

p o s s i b i l i t y  is t h a t  pa r t i cu l a r l y  :complex cascades (cascades with a nega- 

t i v e  forward momentum;) may deposit  momenta l a rger  than the  momentum 

corresp?nding t o  compound-nucleus Another reason, and 

probably the  t r u e  one, is  given below; it i s  a consequence of t h e  pro- 

posed ~nechanism for fragner~ LaLiur~ . 

C .  Comparison of Results  of Cross-Section and Recoil Measurements 

A number of simple models have been used t o  r e l a t e  momentum and 

exc i ta t ion  energy deposited by the  bombarding p a r t i c l e  i n  the  cascade 

process.. Recently Porilelol was able  t o  obtain a more r e a l i s t i c  cor- 

r e l a t i o n  by means of t he  r e s u l t s  of the Monte Carlo cascade calcula t ions  

by Metropolis e t  a l .  96'97 P o r i l e ' s  r e s u l t s  a r e  shown i n  Fig.  I), which 

p lo t s  the  average deposited momentum versus >he deposited energy, both 

i n  u n i t s  of the  corresponding values f o r  compound-nucleus formation. The 

caLculations have been made f o r  U, Bi, and Ru. It. i s  seen t h a t  the  

momentum deposited increases abnost l i n e a r l y  with increasing deposition 

energy, and a s  a f i r s t  approximation t he  re la t ionsh ip  between P /P and 
F CN 

E * / E ~  can be considered t o  be independent of the  bombarding energy and 
CN 

t a rge t  mater ia l .  1t w i l l  be assumed t h a t  t h i s  i s  a l so  t r u e  f o r  t a r g e t s  

used i n  t h i s  study. The only published r e s u l t s  of the Monte Carlo calcu- 

l a t i o n  a r e  f o r  in t ranuclear  cascades i n i t i a t e d  by nucleon bombardments. 

Owing t o  t he  s imi l a r i t y  of the  r e s u l t s  obtained with 700-Mev - .  protons and 

880-Mev alpha p a r t i c l e s ,  it i s  assumed t h a t  the  Po r i l e  r e s u l t s  a re  i n  t h i s  

pa r t i cu l a r  case va l i d  fo r  cascades induced by a -pa r t i c l e s .  This may very 

we41 bel:'incorrect.; however, the  assumption i s  not e s s e n t i a l  t o  She:icori:+ ::'. ; . :. 

clus  ions . 



Fig.  13.  Variat ion of the average forward momentum with exc i ta t ion  energy. 

a :  U or B i ,  0.46 Bev; b: Bi, 0.94 Bev; c:  B i ,  1.84 Bev; d: Ru, 0.46 

Bev ( a f t e r  Po r i l e  ,. Ref. 101).  



From the  r e s u l t s  shown i n  Fig. 13, it i s  seen t h a t  i f  fragmenta- 

t i o n  is  t he  r e s u l t  of a t yp i ca l  process described by the  cascade calcu- 

l a t i ons ,  then the  measured value of the  average deposited momenta i n  t he  

forward d i rec t ion  (P* /P ) give a measure of the  average deposit ion 
T CN 

energy. However, the  measured values of P * ~ / P ~ ~ ,  and thus t he  valuesof 

E*, increase with t a r g e t  mass number i n  s p i t e  of the  f a c t  t h a t  the  simi- 

l a r  exc i ta t ion  functions imply t h a t  E* i s  independent of the  t a r g e t  mass. 

This inconsistency between E* values Prom r e c o i l  data  and from exc i ta t ion-  

function data  i s  both i n t e r e s t i ng  and puzzling. No r e a l  explanation of 

t h i s  inconsistency can be made u n t i l  the t heo re t i c a l  ca lcula t ions  a r e  

improved by more s t a t i s t i c a l  s ignif icance and the  inclusion of angular 

momentum. Several  p o s s i b i l i t i e s  may be c i t e d  t h a t  may make fragmentation 

react ions  .atypical ,  and thus inval idate  the  comparison with average 

prompt cascade calcula t ions .  With 700-Mev protons (and 880 -~ev  alpha 

p a r t i c l e s )  i t -mv'cethat  the requirement t h a t  deposition energies be close 

t o  the  bombarding energy makes very pa r t i cu l a r  se lec t ions  of the  nuclear 

cascades. It i s  not c lea r ,  however, why t h i s  same se lec t ion  should be 

made a t  3 Bev. It i s  poss ible  t h a t  spec i a l  se lec t ions  of angular momentum 

may explain the  r e s u l t s  obtained. 

Unless the  improbable assumption i s  made t h a t  the determinations 

of the  exc i ta t ion  energies a r e  i n  e r ro r  by a fac tor  of more than 3, the  

inconsistency cannot be removed. It can be concluded t h a t  the  treatment 

of fragmentation a s  an average process i n  the  nucleon-cascade model of 

nuclear react ions  gives r i s e  t o  inconsis tent  r e s u l t s .  Therefore, e i t h e r  

the  cascades leading t o  high exc i ta t ion  enepgies or  angular momenta a re  

not average cascades, or  e l s e  the  fragmentation mechani.sm i s  a l i e n  t o  

t he  cascade -evaporation model. 

It i s  noteworthy t h a t  the  measurements imply a s t rong s imi l a r i t y  
24 

i n  the  average processes leading to. N a  production f r o m a l l  t a rge t s .  

~ x c i t a t i o n  functions are:.pT~5ki:@; the  values of v and E / E , ~ ~ ~  a re  only 

sl:%ghtIy dependent on t a rge t  m a s s  f o r  each incident energy. The prompt 

c@kade  . ~ a l c f l a t ~ i o n ' ~  lead ,one t o  .expe'c:t; t ha t .  the s.e q u b t . i t  i e s  . should not 

be a's regular .  These f a c t s  suggest t h a t  some other mechanism may be use- 

f u l  t o  cor re la te  a l l  the  da ta .  



D.  Other Studies of Fragmentation 

In  other studdes of production of fragments the  behaviors of 

fragments observed i n  nuclear emulsion (u iua l ly  ~ = 3 ) ,  ~ e ~ ,  Be7, and N 13 

have been observed. Generally speaking, the  cross sections,  energy spectra ,  

and forward-backward asymmetry a r e  known f o r  the fragments.observed with ' 

6 
nuclear emulsions. The behavior of He , Be7, N ~ ~ ,  and the fragments observed 

with nuclear emulsion have been compared with the  expectations from the  

evaporation theory.  The agreement between calcula ted and measured cross 

sect ions  var ies ,  from f a i r  t o  bad 3-7j14 (see Figs.  14 and 15) .  Katcoff 
8 

s tudied Li from 2.2-Bev protons on Cu, Ag, Au, and u . ~  He calcula ted the  
8 

Li  energy spec t ra  f o r  a pa r t i cu l a r  s e t  of parameters, taking acculult of 

the  e f f e c t s  of t he  nuclear cascade. With t he  parameters used he found 

t h a t  t he  agreement between calcula ted and measured spectra  was approached 

only f o r  Ag. I n  Cu, Ag,  and poss ibly  U there  were too many high-energy 
8 

p a r t i c l e s .  Skjeggestad and ~ S r e n s e n ,  analyzing the  spectra  of L i  produced 

i n  Ag-Br by cosmic rays ,  obtained fo r  t he  average temperature of the  

evaporating nucle i  t he  value of 11.5 Mev, too high t o  be acceptable. 
36,102 

The existence of broad energy spectra  with too many high-energy p a r t i c l e s  

f o r  the  nuclear emulsion fragnents is  a generally accepted f a c t  among 

emulsion workers, as indicated i n  t he  in t roduct ion.  A l a rge  p robabi l i ty  
14,18,21,22,31 

of mul t ip le  fragment emission has a l so  been observed, 

contrary t o  what could be reasonably expected. A l l  these  observations 

ind ica te  t h a t  the  evaporation theory cannot e a s i l y  account f o r  the  behavior 

of some of the emitted fragments. The s i m i l a r i t y  of t he  exc i ta t ion  funcd 

t i o n s  fo r  nuclear emulsion fragments and heavier fragments 22756 makes 

it possible  t h a t  t he  same mechanism may be responsible f o r  production of 

fragments detected by both radiochemica1,and nuclear emulsion methods, 

o r  at l e a s t  the  more energe'tic fragments seen i n  nuclear emulsion. Also, 
2 4 

the  s imi la r  behavior of N a  production from Cu t o  U t a r g e t s  suggests a 

mechanism. common t o  a l l  t a r g e t s .  



6 8 
Fig.  14.  Calculated cross sect ion f o r  production of He , Li  , ~ e ~ ,  and N 13 

with 1.84-Bev protons vs t a r g e t  mass number. The da t a  a r e  from Refs. 4, 
5 , ' and  7 .  The po in t s  a r e  the  averages of the  calcula ted values and t h e  

t i p s  of the  arrows give the  extreme calcula ted values.  
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Fig.  15 .  Normalized r e l a t i v e  corss sect ions  of l i g h t  nucle i  produced by 
3 2-Bev protons vs t a r g e t  mass number. The data are fl-o~ll Refs. 1 2 8  (11 ), 

43 (lIe6), 50 ( ~ e ~ ) ,  7 ( N 1 3 ) ,  and 57 ( F ~ ~  and ~ a ~ ~ ) .  



E .  The Mechanism of Fragmentation 

A mechanism f o r  fragmentation w a s  proposed so le ly  on the  ba s i s  

of cross-section data  by w6lfgang e t  a l .  56 In  t h i s  mechanism, mesons 

ace the means of deposit ing the  l a rge  energies required f o r  fragmentation. 

The mesons created by the  bombarding p a r t i c l e ,  when reabsorbed, o r ig ina te  

hot spots,  with l a rge  disturbances breaking many bonds, and unbinding the  

fragments from the  remaining nucleus. The fragments a r e  separated by 

Coulomb repulsion and surface tension forces  as wel l  as by the  momentum . 
imparted by the  knock-on cascade. It was assumed by Care.tto e t  a l .  t h a t  

t h i s  mechanism i s  responsible f o r  the  formation of fragments from heavy 

t a rge t s  .57 This assumption came as a r e s u l t  of the  dependence of F 18 

and ~a~~ cross sect ions  on the  t a r g e t  mass number;. The cross sect ions  

of these two products (and a l so  and P ~ ~ -  see F i g s  15, 16, 17, 18, 
19)  decrease with mass nwnber of the  t a r g e t  nucleus up t o  about mass 140, 

and then increase with increasing t a rge t  mass. This w a s  explained by 
18 care t to ;  Hudis, and Friedlander by assuming t h a t  Na24 and F were pro- 

duced from C y  by a sph l la t ion  mechanism,57 from Ag by a f i s s i o n  process 

a t  low energies and by spa l la t ion  a t  high energies,  and from Au and U 

by the.fragmentation mechanism proposed by Wolfgang e t  a l .  

The assumption t h a t  mesons a r e  i n t r i n s i c  t o  fragmentation does 

not seem t o  be supported by a number of experimental r e s u l t s .  F i r s t  

the re  i s  no firm evidence from pion react ions  (pion energy l e s s  than 

250 ~ev)::r that  fragments accompany pion-nucleus in te rac t ion .  Most of 

the  products obtained from the  bombardment of 122-Mev o r  lower-energy 
.- 103 :'.lo4 negative pions with Zinc, , Arsenic, ~ romine  ,lo' Si lver ,  lo6 Iodine, 107 

108 
and Mercury, r e s u l t  from react ions  of t he  type (n-,xp) and (n-,pxn) , 

with x l a rge r  than 1. These products a r e  not r e s u l t s  of a fragmentation 

process. Only pdlo9, formed with 0.0066% y i e ld  as a r e s u l t  of t he  

in te rac t ion  of slow n-  with I ~ ~ ~ ,  could be formed i n  a fragmentation 

process.  But as Winsberg points  out ,  pd109 could a l so  have been formed 

with pions i n  f l i g h t .  lo7 Stass  produced i n  nuclear emulsions by 222-Mev 
+ :!:&Q 9 + 110 ,' * ', -1 y ' 

n . ; . ;:2g5-MevLv-:;n:::;: an@:.:&ow&$igk&$&' Pions2o '111~112 have l e s s  than 



Mass number  of target 

Fig.  16. Normalized r e l a t i v e  cross sect ions  of l i g h t  nucle i  produced by 

450-Mev protons vs t a r g e t  mass number. The data  a r e  from Refs. 

128 ($), 70 ( L i 8 ) ,  44 (13e7), 55 (I?l8) , and 6 3 ,  64, and 67 a t  

480 ~ e v )  . The 340-Mev curve f a r  IVaZ4 was obtained with rla La from 

Refs. 45, 58-61, and65-67.  - 
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Fig.  17.  Normalized r e l a t i v e  cross sect ions  of l i g h t  nucle i  produced by 

5.9-Bev protons. The data  a r e  from Refs. 57 and 47-49.. 
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Fig.  18. Formation cross sect ion of N a  vs t a rge t  mass number. 
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Fig.  19. Formation cross sect ion of Mg vs t a rge t  mass number. 



seven prongs, i n  con t ras t  with t he  very complex s t a r s  usually observed 

with fragment proauction (see Figs.  20 .a) .mi3 b ) .  With nuclear emul- 

s ions  only Alumkal and co:workers20 saw "fragments" produced by low- 

energy (stopped) n - .  It i s  not c l ea r ,  however, what c r i t e r i o n  was used 

t o  separate s t a r s  of l i g h t  elements from s t a r s  of heavy elements. 

Secondly fragments have been produced by bombarding p a r t i c l e s  

with l e s s  than 200 Mev, 60)67'19710 J 58' 70, Cherefore i n  react ions  i n  

which mesons a r e  very probably not involved. Also, a t  320 Mev, t he  

cross sect ion f o r  production of fragments i s  higher when U-par'licles 

a r e  subs t i tu ted  f o r  protons a s  bu~~ibarding p r o j e c t i l e € .  

High-energy mesons can produce fr.agne11ts. 
23 However, the  y ie lds  

of fragments detected with nuclear emulsions a r e  independent of the  

number of shower p a r t i c l e s .  18721~22~31,34 This implies a lack of cor-  

r e l a t i on  of mesons and fragment production. 

Among other  suggestions f o r  the  mechanism of production of 
114 

fragments a r e  those by ~ l o k h i n t s e v l l ~  and by Glassgold and co-workers . 
Blokhintsev proposed t h a t  t h e  fragments a r i s e  from the  d i r e c t  co l l i s i on  

of an incoming bombarding nucleon with a c lu s t e r  of' nucleons. However; 

a s  pointed out f i r s t  by S b ~ e n s e n , ~ ~  the  angular d i s t r i bu t i on  of t he  

fragments shows t h a t  co l l i s i ons  between bombarding p a r t i c l e s  and the 

c lu s t e r s  a r e  not  allowed s ince  too many fragments appear a t  l a rge  angle.  

I n  t he  mechanism proposed by Glassgold e t  a l . ,  the fragments a r e  e jec ted  

from the nucleus by t he  act ion of shock waves or iginated by the  "hole 

bored" by t he  passage of :the'.bombarding p a r t i c l e  through . the nucleus. 

Nakagawa, Tamai, and Nomoto measured t he  y i e ld  of f a s t  L i  
8 

(more than 60 ~ e v )  produced i n  nuclear emulsions by 6.2-Bev protons 
18 

and they found t h a t  it increases s t rongly with t he  number N of grey 

prongs (cascade p a r t i c l e s ) ,  but  i s  independent of the  Number Nb of 

black prongs (evaporated p a r t i c l e s ) ,  a s  shown i n  Figs.  20 a )  and b )  

(see a l so  Refs. 21 and 22) .  This i s  a, su rpr i s ing  r c ~ u l t , ~ ~  shnwlng 

t h a t  i n  events leading t o  t he  formation of energet ic  fragments the  

exc i t a t i on  energy of t h e  nuclides r e su l t i ng  from the  n u c l c q  cascade 

i s  independent of the  complexity .of t he  '"cascade. This r e s u l t  c i n t r a s t s  

markedly with the  cor re la t ion  of biack and' &ey pronis  'i.n events with- 

out  fragments. 78 
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Fig.  20-A. P robab i l i ty  of the  e jec t ion  of a  f a s t  fragment a s  a function 

of the  number of grey prongs N ( a f t e r  Nakagawa e t  a l . ,  Ref. 18). 
g  
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Fig.  20-B. Probabi l i ty  of the  e jec t ion  of a  f a s t  fragment a s  a function of . 

the number of black prongs Nb ( a f t e r  ~akagawa e t  a l . ,  Ref. 18). 



The various experimental observations of t h i s  work, and of Nakagawa 
i "  

and ofvhers, suggest t he  following mechanism of the  .fragmentation process. 

High-energy bombarding.partic1es going through the  nucleus may or ig ina te  . . - .  

complex cascades i n ,  such a way a s  t o  cleave the  nucleus i n to  two or even . . 
more fragments. This can happen i f  the  cascade p a r t i c l e s  have such a geome- 

. . 

1 a t r i c a l  arrangement t h a t  they separate regions of r e l a t i v e l y  cool nuclear 

matter  by a group of fast-moving nucleons. These cool regions,  v i r t u a l l y  

unbound one t o  another, a r e  subject  t o  bombardment by the  cascade nucleons. 

They can separate with r e su l t an t  ve loc i ty  due t o  Coulomb forces  a s  well 

as t o  the  momentum received from the  cascade nucleons. From t h i s  mechanism 

the  energy of Na24 may be due t o  Coulomb forces  i n  the-' : breakaway process, 
8 but  fragments such a s  high-energy L i  .may receive most of t h e i r  energy 

from the  cascade nucleons. This process requires  high-energy bombarding 

p a r t i c l e s  because only such p a r t i c l e s  can or ig ina te  cascades with the 

complexity required.  Such a mechanism can explain why v (speed of the  

hrogeni tor)  i s  p r ac t i c a l l y  independent of the  t a r g e t  mate r ia l  and why P$ 

becomes la rger  than 1. The values of P$ become l a rge r  than 1 bedause 

they were calculated by assuming t h a t  the  parent nucleus has a m a s s  close 

t o  the  mass of , the  t a r g e t  mater ia l ,  which i s  not t r ue .  It can a l s o  explain 

why the  more energet ic  fragments observed i n  nuclear emulsions a r e  more 

forward peaked (see,  however, Refs. 9 and 3 6 ) )  and more abundant .than t h e  

evaporation theory pred ic t s .  

With t h i s  mechanism the  large  p robabi l i ty  f o r  mult iple fragment 

production becomes understandable. It can a l so  explain t he  f a s t  f i s s i on  

process. observed by Faissner and Schneider .l15 ~ndeed ,  the  complex. 

cascade proposed here is  not e s sen t i a l l y  d i f f e r en t  from a moving viscous 

f l u i d  as suggested by Faissner e t  a l .  

Of course, o,ther mechanisms may a l s o  take place .  It i s  a l s o  
.I 

possible t h a t  ,some amount of evaporated p a r t i c l e s  i s  always present .  It 

i s  possible t h a t  the  aforementioned r ,; . mechanism can, no t .  be responsible 

f o r  the  production of fragments at  boabarding energies of 100 t o  200 Mev. 



There i s  some experimental evidence fo r  co l l i s i ons  between c lu s t e r s  

of nucleons and the  bombarding p a r t i c l e .  Fragments have been seen 

with extremely high energies.  
18730 

The emission of deuterons and 
I 

a p a r t i c l e s  has been explained i n  a few cases a s  a r e s u l t  of the  

in te rac t ion  of the  bombarding p a r t i c l e  with a deuteron 
116,113 

or  

a l p h a - p a r t i ~ l e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  c lu s t e r .  A co l l i s i on  of a c lu s t e r  of 

nucleons with a nucleon i n s ide - the  nucleus has been invoked t o  

explain the  high-energy t a i l  of (c12;2n) react ions .  120 It is unl ikely  

t h a t  such d i r e c t  co l l i s i ons  can take place at; high bombarding e n e r g i e ~  

without destroying the  c lu s t e r .  



IV. SUMMARY 

We may summarize the  experimental f a c t s  and the  conclusions 

a s  .follows : Exci ta t ion functions . f o r  many .fragments of mass..approx- 

imately 7 t o  30 a r e  s imilar  $or t a rge t s  .from Cu t o  U .  The cross 

sect ions  increase rapidly,  f o r  .energies .of several  hundred Mev,and 

become almost energy-independent over approximately 3 Bev. The 
2 4 

over -a l l  energies of N a  fragments from Cu, Ag, Au, and U t a r g e t s  

a r e  apparently *elated t o  Coulomb energy between NaB4 and  i t s  heavy 
. ~ - 2 4  

par tner  (. . ) The average ve loc i ty  imparted by the  p r o j e c t i l e  
24 .'-ll 

t o  the  N a  progenitor i s  almost independent of the. t a rge t  mass f o r  

each bombarding energy. The energy and angular d i s t r i bu t i on  of t he  

fragments observed i n  nuclear emulsion (2=3 t o  approximately 7) show 

the  existence of many superbarrier  fragments di rected along the 

incident beam d i rec t ion .  

These f a c t s  require  many separate explanations i f  they a r e  

t o  be corre la ted with the  usual  t heo re t i c a l  approach of the  nucleon- 

nucleon cascade followed by slow processes of evaporation o r  f i s s i on .  

However, a l l  these  qua l i t a t i ve  fea tures  may be explained by a f a s t  

react ion mechanism involving.the cleavage of the  nucleus by a complex 

nucleonic cascade followed by f a s t  nucleon division,  strongly i n -  

fluenced by .Coulomb forces .  
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. . . APPENDICES I 

A: Discussion of the  Effects  of Approximations .Made i n  Calculating 

: Ranges.of Fragments and. Speeds of Their Progenitors.  . 

. . 
. . . By means of the  r e c o i l  experiments one measures the  ranges of 

the  fragments and t he  speeds.of t h e i r  progenitors.  Analysis of the  data  

i s  made with the  following assumptions: 

( a )  t h e  bombarding p a r t i c l e  imparts t o  the  t a rge t  nucleus a ve loc i ty  

v,, i n  the  laboratory system along the  beam d i rec t ion  and a 

ve loc i ty  v i n  a d i rec t ion  perpendicular t o  the beam; 
i A 

(b)  t he  fragment receives an add i t iona l  ve loc i ty  component,, V, from 
+ 

t h e  process +,he.t 1ea .d~  t o  5 . t ~  fosmatj.on, and t h i s  ve]-ocity v 
r e f l e c t s  the  i n t r i n s i c  k ine t i c  energy of the  fragment i n  t he  

frame of reference of the  moving nucleus; . . 

( c )  t he  range of the fragments R i s  defined as R = k ?, where k 
0 4 0 

and N a r e  constants; and V= ' 1 . ~ 1  
3 

(d)  ..%he . arigular. :distr ibution.  . . i  ~ ( 8 )  of V i n  the  mqving frame 
2 

i s -g iven  by R(8)=  a + b cos 8 ;  
3 3 

( e )  the  magnitude of v and V are 'unique;  and 

( f )  t he  path of the  fragment i s  a s t r a i g h t  l i n e .  . . 

Assumptions ( e )  and ( f )  are very probably not cor rec t .  Further-  . , .  

more, the a c t u a l  analys is  i s  made by neglecting v and b/a. ,The e f f e c t s  I 
of these approximations a r e  'here discussed. As i n  the  t e x t ,  q = v /Y 

I\ if 
and 1, = v /v, W i s  the  t a rge t  thickness,  and F F ,F a r e  the  measured 

. I F, B P 
a c t i z t y  .fra(?%Z.~!?,S escaping from the  t a rge t  i n  the  forward (F)  , back- 

ward (B)  , and perpendicular (P)  d i rec t ions .  

1. The Effect  of 7 
1 

Equations (l.), (2 ) ,  and (3)  of the t e x t  can be rewri t ten:  



and 

It w i l l  be seen i n  Appendix 8 that N takes  the  values of 1 for  
28 

~a~~ i n  Al, and 1.5 f o r  both ~a~~ and Mg i n  a l l  other t a r g e t  mater ia ls .  

It i s  seen from Eqs. (10) and (11) t h a t  the  coef f ic ien t s  of q,  - become 

0 fo r  N = l .  Therefore the  e r ro r s  introduced by the neglect  of 7 1 have 

only t o  be discussed fo r  N = l . 3 .  I n  t h i s  case Eq. (10') becomes 

In  order t o  get  an est imate of the  r e l a t i v e  magnitudes of 

7~ 
and 7 , we can r e f e r  t o  the  Monte Carlo calcula t ions  of the  nucleon- 

!\ 
nucleon cascade. By do;ng so, Forilelol has calcula ted the r a t i o s  of 

the  transverse momentum t o  t he  forward momentum imparted by a p ro j ec t i l e ,  

t o  the  products of the  nuclear cascade a s  a function of the  forward 

deposited momentum. H i s  r e s u l t s  a r e  given i n  Fig.  21. They show t h a t  

f o r  lhrge momentum t r ans f e r s  ( the  most frequent case of t h i s  work) 

' 7 7 < 1 . Equation (10 ' )  shows t h a t  7 1 1 I\ must be much l a rge r  than 

1 i.n order t o  introduce appreciable e r ro r s  i n t o  t h e  estimate of q 1 
i f  F ~ J F *  i s  not extremely la rge .  Thus t he  neglect  of q i s  j u s t i f i e d  

(see Fig. 2e).  Since R q i s  independent of q ( ~ q .  11 , e r ro r s  due 
0 11 L f 

t o  the  neglect  of rll a r e  equally introduced i n  1 and RO. However, 
II 

W ( F ~  - FF). Sb.:R 7 - 2 (-v-,)lI2v ( fo r  N = l . > ) ,  and therefore  v i s  prac- 
70 I\ 

t i c a l l y  independent of 1 
1' 



Fig. 21. Variation of the ratio of transverse and forward components of 

momentum with the forward component of momentum. (after Porile, Ref. 101). 
. 



2. The Effect  of b/a 

I n  Eq. (11) the  coef f ic ien t  of b/a vanishes f o r  N = l .  For N = 1 . 5  
Eq. (11) becomes 

,.# 

For values of b/a smaller than 0.5, 1.16 + 0.044 b/a - 1.16. The ex- 

perimental data  indicate  t h a t  b/a is  always l e s s  than 0.5. Thus, the 

calcula t ion of v i s  only a f fec ted  by b/a through the  inf luence.of  t he  

l a t t e r  on R . . However j because R en te rs  i n to  Eq. (11.' ) with a power of 
0 0 

113, v becomes p r ac t i c a l l y  independent of both b/a and q The e f f e c t s  
Lo 

of b/a i n  the  calcula t ions  of Ro can be obtained from Fig.  22. This 

f igure  shows ( fo r  ~ = 1 . 5 )  t he  dependence of the  values of qfl (calcula ted 

by means of Eq. (10) ) on the  assumptions made about b/a. is indicated 

e a r l i e r ,  Eq. (11) shows t h a t  the  e r ro r s . i n t roduced . i n  q a r e  equally 
II 

introduced i n t o  R , with an opposite s ign .  Equation (10) i s  cor rec t  t o  
0 

f i r s t  order i n  b/a, and second order i n  q and qI. \I 

. The assupption t h a t  v and V a r e  unique i s  not expected t o  be 

str ic:Wy co r r ec t . .  This introduces ce r t a in  e r ro r s  i n . t h e  ana lys i s .  The 
2 4 

measured quan t i t i es  a r e  the  average quanti . t ies FF and FB. For N a  i n  

Al N=l,.. For N = l ,  

(w(FF-FB)) ;=(Ro~)=k(v( i ) ,  

and (v )  is  exact ly  determined. For Na24 a n d  Mg28 i n  a l l  other  t a r g e t s  

N=1.5 .  .For N = l . 5  Eqs. (4) and (5) can be wr i t t en  

and 

( w ( F ~ - F ~ )  ) a:: v ) . 



Fig. 22. Thick-target 7 as a function of forward-backward ratios for 
I I 

different q and b/a. , 

I 



2 
. The. values  of 1 . 5 6 2 ( v / ~ )  a r e  usual ly  much smaller than '1. . .Thus . 

. - . .  

. . 
and s ince  N i s  c lose  t o  1, 

N Therefore (w(F~-F$ ) k1 (V) (v/v) , ; and (v/v) and (V) may be obtained. 

The est imate of (v) from: the  product (v) . and (v/V) i s  more accurate 

than e i t h e r  f ac to r  separately. '  . It i s  estimated t h a t  f o r  the  t a r g e t  

mater'ials o ther  than A.l,<V)can be obtained with an e r r o r  smaller than 

20% and(v)with an e r ro r  smaller than lo$. E r ro r s  of t h i s  magditude do 

not inval idate  t he  .arguments presented i n  the.  text . .  This i s  espec ia l ly  
' . 

t r u e  ' because s imi la r  'e r rors  a r e  $robably introduced f o r  a l l  t a r g e t s  , and 

thus the  r e l a t i v e  e r ro r s  a r e  expected t o  be 1e s s . t han  the  absolute e r r o r s .  

A charged p a r t i c l e  going through matter loses  i t s  energy by 

e lec t ron ic  and atomic co l l i s i ons .  Elect ronic  co l l i s i ons  a r e  responsible 

f o r  the  losses  of energy suffered by fast-moving r e c o i l s .  On the  other  

hand, slow r e c o i l s  t r ans f e r  t h e i r  energy t o  t he  stopping medium by atomic 

co l l i s i ons .  When the  masses-:of the.atoms i n  t he  medium a r e  comparable 

t o  o r  l a rge r  than the  mass of the  r eco i l ,  t he  r eco i l i ng  atoms su f f e r  

l a rge  def lect ions  i n  almost every atomic co l l i s i on .  A s  a r e s u l t  of these  

l a rge  def lect ions  more fragments s c a t t e r  out of the  t a r g e t  mate r ia l  than 

back from , the  p l a s t i c  c8tchersJ9' increasing t he  apparent r e c o i l  ranges. 

This nuclear s ca t t e r i ng  e f f ec t  becomes important f o r  speeds of the  r e c o i l s  
121 

lower , than a . c r i t i c a l  speed Vc given by 



where z1 and Z a r e  the  atomic numbers of t he  stopper and stopping nucle i ,  2 
1-r t h e  reduced mass of t h e  system, e the  e lec t ron ic  charge, and a the  

- 8 0 

f irst  Bohr radius  (0 -528x10 cm) . Niday has measured t h i s  e f f e c t  f o r  

th ick- target  r e c o i l  s tud ies  of t h e  f i s s i o n  products i n  U. He found 

t he  apparent ranges of the  f i s s i o n  products caught i n  A 1  t o  be l a rge r  

by approximately 3% fo r  heavy f i s s i o n  products and 5% f o r  l i g h t  f i s s i o n  

products than the  corresponding ranges of t h e  f i s s i o n  products caught 
28 i n  l ead .  The Vc ' s f o r  Na24 (and Mg ) fragments a r e  lower than t he  

V 's f o r  t he  f i s s i o n  products. Furthermore, the  r a t i o s  of the  i n i t i a l  
C 28 

speed of t he  fragments t o  kc a r e  l a rge r  f o r  fla24 (and Mg ) L I m  tile 

corresponding r a t i o s  f o r  the  Tission fragments. Therefore, the  nuclear-  

sca t te r ing  e f f e c t s  a r e  expected t o  be r e l a t i v e l y  l e s s  important f o r  the  

and M~~~ fragments observed i n  t h i s  study than f o r  the  f i s s i o n  

products. Furthermore, the  values of v a r e  affected only by.a  di f ference 

i n  these  nuclear s ca t t e r i ng  e f f e c t s  according t o  the  expression 

where d '  and d a r e  the  apparent increase due t o  s ca t t e r i ng  of the  back- 

ward and forward f r ac t i ons  of r eco i l i ng  nuclei ,  respect ively .  Therefore 

the  correct ions  t o  t he  measured quan t i t i e s  due t o  s ca t t e r i ng  e f f e c t s  a r e  

of second order and have been neglected. 



The theor ies  of stopping of charged p a r t i c l e s  i n  matter s o . f a r  

developed121 a r e  not  adequate t o  give the  needed range-energy r e l a t i on -  

ships.  The. speeds of the  Na24 and Mg28 fragments produced i n  Cu, Ag, 

Au, and U l i e  between 4 Vo and 10 Vo, where Vo i s  t he  Bohr ve loc i ty  of 
2 the  e lect ron i n  the  hydrogen atom ( e  / 5 ) .  .Th i s  means t h a t  the  stopping 

process i s  due t o  both e lec t ron ic  and atomic energy t r ans f e r s  and t h a t  

the  atomic charge of the  r e c o i l  i s  changing markedly throughout t h ~  - 
range. No experimental ranges have been published fo r  the  energies and 

stopping mater ia ls  of i n t e r e s t  t o  t h i s  work. 

The ranges i n  nuclear emuls.ions of heavy ions with energies 

of 0.3 t o  10 Mev/amu have been measured by Heckman and co -workers . 122 

They analyzed the  measured ranges R ( @ )  i n  terms of the range to .  be 
2 

expected i f  there  were no neu t ra l i za t ion  of charge (M/Z ) h ( B ) ,  and 

i n  terms of a range extension term R (f3) defined by 
ex t  

where. h (B) i s  the  range of a proton of ve loc i ty  @= v/c . Heclanan e t  a l .  

found t h a t  a p l o t  of Rext/M Z2 l3  vs the  ve loc i ty  of the  ions ( i n  terms 

of the  ve loc i ty  of t h e i r  k e lect ron)  gives a universal  curve. By means 

of t h i s  universal  curve and Eq. (1 3)  , t he  ranges of Na24 and Mg28 i n  

emulsions have been calcula ted.  I n  the. energy i n t e rva l  0.4 t o  3.0 ~ev/amu, 
2 4 28 2 

the  ranges of N a  and Mg , expressed i n  mg/crn , a re  given by 

R=0.93 (E/A)' *94. This range-energy re la t ionsh ip  should be f a i r l y  

good, s ince  i n  t h i s  same energy. i n t e r v a l  the  ranges of a l l  heavy. ions 

a r e ,  f o r  a given.. speed, t he  same within 2076, as shown i n  Fig. 23. The 

r e l a t i v e  stopping powers of the  nuclear emulsions and the  t a r g e t  mater ia ls  

used i n  t h i s  work, f o r  ions of a given speed, were determined by the  r a t i o s  

of the  ranges of a p a r t i c l e s  or  protons of the  same speed i n  nuclear emul- 

s ions  and i n  the  t a r g e t  mate r ia l .  This procedure i s  not absolute ly  cor- 

r e c t ,  but it i s  a reasonable approximation. The ranges i n  emulsion of a 

p a r t i c l e s  and protons have been taken from Barkas e t  a l .  123 and Heckman 

e t  al.122 respect ively .  The ranges of a p a r t i c l e s  and protons i n  
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Fig. 23. Range df heavy ions in nuclear emulsions vs the energy of the 

heavy ion (in ~ev/amu). 



Cu, Ag, and Au have been taken from Whaling. 124 The ranges of the  

fragments i n  U were ,assumed equal t o  the  ranges of the  fragments i n  

Au,?.. There i s  some evidence t h a t  t h i s  assumption i s  not s t r i c k l y  

cor rec t .  91~125~126 However, the  e r ro r s  introduced by t h i s  asswnption 

i n  the  calculated r e c o i l  energies of the  fragments produced i n  U 

should not exceed 10%~ The range-energy re la t ionsh ips  obtained fo r  

both N a 2 4  and Mg28 a r e  of the  form R=k ( E / A ) ' . ~ ~ ,  where k i s  a 

constant .  With R expressed in .  mg/cm2 and E/A i n  ~ev/amu, the  constant 

k takes the  values of 4.5 fo r  Cu, 5.8 f o r  Ag, and 8 . 1 . f o r  Au and U. 

1. Range-Energy Relationships i n  A 1  

The range of a given nuclide produced i n  a nuclear react ion can 

be obtained by measurement of i t s  r e c o i l  proper t ies .  I f  t he  energy 

of t he  reco i l ing  radionuclide i s  known, one obtains a range-energy 

.,, re la t ionsh ip .  The energy of the r e c o i l s  i s  known i f  they a r e  formed 

by. the  compound-nucleus mechan.ism. 127 

Aluminum of ,99.99$ pu r i t y  w a s  bombarded a t  the  Berkeley 60-inch 
24 

cyclotron with deuterons and a p a r t i c l e s ,  and the  N a  r e c o i l s  were 

col lected i n  1 - m i l .  Be f o i l s .  '(1n one experiment, C f o i l s  were used.) 

Two other  1 - m i l  Be f o i l s  were placed next ' to the  r e c o i l  catchers i n  

order t o  measure the  amount of Na24 produced i n  the catcher f o i l s  by 

ac t iva t ion  of impuri t ies .  These four f o i l s  const i tu ted one t a rge t .  

I n  a pa r t i cu l a r  run, a s tack of i den t i ca l  t a rge t s  w a s  bombarded, the  

s i ze  of which w a s  chosen i n  such a way as t o  cover the  energy i n t e rva l  

from the  maximum bombarding energy t o  below the  threshold energy. 

I n  the  a -pa r t i c l e  bombardments a large  ac t iva t ion  due t o  the 

secondary react ion ~1~~ (n , a )  Na24 was observed. This experimental 

d i f f i c u l t y  prevented r e l i a b l e  measurements close t o  the  threshold 

energy. However, the  ac t iva t ion  l e v e l  a t  bombarding energies of 45 
t o  :48 Mev (measured by extrapolat ion of the  a c t i v i t y  obtained i n  the  

p a r t  of the  s tack  exposed t o  a p a r t i c l e s  whose energy had been reduced 

below threshold) proved neg l ig ib le .  A t  these bombarding energies it 

i s  not -6' a p r i o r i  t h a t  a compound nucleus i s  formed. Furthermore ,' 



whenever energet ic  p a r t i c l e s  a r e  evaporated from an excited reco i l ing  

nucleus, a small f rac t ion  of the  measured range of the reco i l ing  nucleus 

i s ,  i n  general ,  due t o  the  evaporation process. The decay curves of 

the  a c t i v i t i e s  found i n  t he  t a r g e t  and catcher f o i l s  indicated the  
24 28 22 

presence of N a  , Mg , and N a  nuclides.  However, the average range 

of the mixture of these three  products remained within experimental 

e r ro r s  constant over long periods of observation, f o r  any pa r t i cu l a r  

bombarding energy. This observation indicates  t h a t  a l l  th ree  products 

have the  same average r e c o i l  ve loc i ty  and thus t h a t  the compound 

nucleus mechanism i s  probably operative i n  the  production of a l l  these  

products by 48-Mev a par t i c les .  The ranges of Na24 i n  A 1  i n  the  energy 

i n t e r v a l  under consideration were found t o  be proportional  t o  the  

ve loc i ty  of t he  reco i l ing  nucle i ,  lpaking it unnecessary t o  cor rec t  the 
127 

measured ranges f o r  the  e f f e c t s  of the  nuclear evaporation. 

Aluminum f o i l  w a s  a l so  bombarded with deuterons and the  r eco i l -  

ing f rac t ions  measured. It w a s  observed i n  t h i s  pa r t i cu l a r  case t h a t  

t he  ac t iva t ion  problem was much l e s s  important. I n  the  bombarding 

energy i n t e r v a l  ranging from 20.5- t o  13-Mev deuterons t h e  corrections 

due t o  ac t iva t ion  amounted t o  l e s s  than 6%. The ranges of 12 deter-  

minations (two bombardments) i n  t h i s  energy i n t e rva l  p lo t ted  i n  log- 
24 

log paper vs energy of the  Na (calculated assuming compound nucleus 

formation) f e l l  i n  a s t r a i g h t  l i n e .  The extrapolation of t h i s  l i n e  

f e l l  . within .' 5% of the range-energy points  obtained with a -pa r t i c l e  

bombardments. 

I n  t he  energy i n t e r v a l  of 1/24 t o  5/24 Mev/amu the  range of 
2 2 4 Nae4 i n  A l ,  i n  mg/cm , i s  given by R=2.03 (E/A)0'540 The N a  a c t i v i -  

t i e s  were measured by means of be ta  proportional  counters. The counting- 

e f f i c iency  correct ions  were obtained by counting a few s tacks  i n  a 

gross gamma counter. 



. . . .  
C .  ca lcu la t ions  of the  Averake Excitation.Enei-gy from the  cross-section da t a ,  

> ,  

Calculat ions from c scss sect ion data  of t he  average exc i ta t ion  energy 

necessary f o r  the  production of a given product of a nuclear react ion require  

a knowledge of the  spectrum of exc i t a t ion  energies of t he  products of the  

nuclear cascade, N ( E * , E ~ ) .  The spectrum N(E*,EB) represents  t he  number of 

cascade product nucle i  with exc i t a t ion  energy E* produced by bombarding 

p a r t i c l e s  of energy EB. The exc i ta t ion  functions of Cu and Au have been 

analyzed by assuming N(E* E ) t o  be a constant, and a l t e rna t i ve ly  by assuming 
2 B 

N(E*,EB) = 2(EB-E*)/EB I n  both assumptions the  spect ra  a r e  considered t o  

be independent of the  t a r g e t  mass. The assumed deposition-energy spect ra  

a r e  not necessar i ly  r e a l i s t i c .  However, these  serve t o  i l l u s t r a t e  t he  de- 

pendence of the  calcula ted values of t he  average depos.ition energy necessary 

f o r  fragmentation, on the  assumptions made about N(E* E ) .  B 
A s  pointed out i n  the  t e x t ,  t h e  cross sect ions  f o r  production of a . .. 

given product A of a nuclear react ion a t  the.bombarding energy EB i s  given 

. '  z ,  
where N(E*,E~:)  i s  normalized. The average exc i t a t i on  energy of t he  pro- 

. z .:' L 

ducts of the  nuclear cascade r e su l t i ng  i n  the  formation of the  product A 
" ,:: 

i s  given b $: * . . 
%ax 

= J  0 E* N ( E * , E ~ )  f A ( ~ * )  a* / fi 0 N(E* ,E '~ )  f A ( ~ * )  a*. 
g & g 

0 

For N(E* E ) = const,  f A ( ~ * )  can be obtained by d i f f e r en t i a t i on  of the  
B 2 exc i t a t ion  funo$ian. For N(E* E ) = 2 (EB-E+)/EB , the  funct ion fA(E*) can 

B 
be obtained by t r i a l  and e r r o r .  

The exc i t a t i on  funct ions  fo r  production of NaZ4 from Ag, Au, and U 

d i f f e r  only by a constant f a c to r  (approximately). Therefore, any form of 

t he  exc i t a t ion  spect ra  independent of the  mass of t he  t a r g e t  nuc le i  w i l l  

give the  same r e s u l t s  f o r  the  average exc i t a t i on  energy necessary t o  
2 4 

produce Na ( a t  a given bombarding energy) from these  t a r g e t s .  Thus., 

Au w a s  taken a s  a t y p i c a l  case. A p l o t  of t he  exc i t a t i on  functions on 

logarithmic p robab i l i ty  paper revealed t h a t  the  product of N f A  and 

( the re fore  fA)  (E*) f o r  N(E*, EB) = constant ,  could be represented f o r  

both Cu and Au by a normal d i s t r i bu t i on  i n  log EX. For N ( E * , E ~ )  = . 



2 
2(EB-E*)/EB the  values of fA(E*) were obtained by t r i a l  and e r ro r .  The 

shapes of f A ( ~ * )  a r e  shown i n  Figs. 10 and 11. 

The values of % computed with the  fA(E*) 's  obtained were l a rger  

than 500 Mev fo r  both Cu and Au a t  bombarding energies of 700 Mev. A t  
- 

3 Bev the  values of E* obtained were, f o r  t he  tr iangle-shape spectra,  1.47 

and 1-61 ror Cu and Au respect ively ,  and f o r  N ( E * , E ~ )  = const .  were 1.38 
Bev ( C U )  and 1.96 Bev (Au). These values indicate  t h a t  b i s  not too  

sens i t ive  t o  the  assumptions made about N(E* E ) .  , .B 
The average energy deposited by t he  bombarding p a r t i c l e  i n  t he  

residues of the  nuclear cascade i s  given by 

The values of ,.{E:E) can give information about the  character  of N(E*,E ) .  
B 

It can be seen'from the  Monte Carlo calcula t ions  by Metropolis e t  a l .  96,97 

. t h a t  (E) increases with EB f a s t e r  f o r  the  heavy t a r g e t s  than f o r .  the  

l i g h t e r  ones. That i s  t o  say t h a t  N(E*,EB) f o r  heavy t a rge t s  i s  sh i f t ed  

towards higher energies i n  r e l a t i o n  t o  the  N ( E * , E ~ )  f o r  t he  l i g h t e r  

t a rge t s .  Therefore the  fA(E*) f o r  U i s  displaced towards the  low-energy 

s ide  i n  r e l a t i on  t o  the  f (E*) f o r  Ag, since Ag and U have exc i ta t ion  A 
functions t h a t  d i f f e r  only by a constant f ac to r .  This statement can be 

j u s t i f i e d  i n  the  following way: 

Let's assume t h a t  E = ne, where e i s  a u n i t  of energy. ,Now any 

bombarding energy w i l l  be defined by t he  corresponding n. L e t ' s  c a l l  

N ( E * , E ~ )  = N and fA(E*) = f .  

Then n n : .  
(E) = X $ .N  and a = Z.;f.iNi, 

1 
..I i n -. 

where (E) i s  the  average deposit ion energy corresponding t o  t he  bombard- 
n 

ing energy n and u i s  the  cross sect ion a t  t h i s  bombarding energy f o r  
n 

production of the  product A. Divided by the  geometrical cross section.  

Also 
n 

= 2E.N.x. + .En$l ("n+l 1 .111  and 



where x i s  the  r a t i o  of p robab i l i t i e s  of obtaining exc i ta t ion  energies 
i 

E. f o r  bombarding energies n and n + 1. 
1 

Then . n 
A(E) = ( E ) ~ + ~  - (E), = En+lNn+l + ~ E ~ N ~ ( x ~ - ~ ) ,  

Let ' s assume t h a t  t he  values- of x a r e  independen%: of .. i , then,, ..., : 
. . i 

%r..veqy.snall e we.ha&e.(L;x9=6. The condition t h a t  N be normalized makes N n4-1: -'# 

= 6; 

Theref ore 

a (E) = S ( E  - (E)  1 and 
n+ 1 n 

a o  = s(fn+l - a i ) ,  or 

nu = A(E) ( f n + l  - a n )/$E n+l  - (E) n ) .  

It i s  possible,  therefore,  t o  compare f  f o r  d i f f e r en t  t a r g e t s  i f  &E) 
n+ l  , 

and E -  are are known. 
n+l  
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