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I . Introduction 

In the fast few years, i t has been found experimentally j_l] that projecti les up to 
35 MeV/A incident energy can transfer their f u l l momentum to heavy nuclei with a s i 
gnif icant probabil i ty. The aim of the present research was to investigate the momen
tum imparted to nuclei in an energy range which covers a transi t ion region between 
compound nucleus formation and cascade nucleon-nucleon interaction of the primary 
particles and the target nucleus. Experiments were performed at the synchrocyclotron 
Saturne I I of Saclay using proton, deuteron and alpha projecti les from 70 up to 1000 
MeV incident energies. The forward component of the l inear momentum (p^) transferred 
to the fisionning nuclei was determined by measuring the angle between the resulting 
f ission fragments [2 ] . The present study was mainly achieved on a 2 3 2 Th target nu
cleus because of i t s high f ission cross section which might be closed to the reaction 
cross sections. In section I I , we present br ie f ly the experimental procedure ; in 
section I I I the momentum dist r ibut ion imparted to nuclei is deduced from angular cor
relation measurements ; in section IV d i f ferent ia l and integrated cross sections are 
presented. 
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1 1 • Experimental procedure C E A _ C 0 N F 6 1 7 4 

A residual nucleus which undergoes f ission after some i n i t i a l interaction between 
project i le and target nucleus, has a momentum which affects the angular correlation 
between the f ission fragments Qfj . The longitudinal component of the momentum can be 
evaluated by measuring fragment-fragment coincidences as a function of the angular 
position -3 and 9 of the fragments relat ive to the beam axis. The f i r s t f ission de
tector, fixed at 6 = - 90°. was perpendicular to the reaction plane, while the se
cond one, covering 8°, was movable and located in the reaction plane on the opposite 
side of the beam Fig. la . Both in-plane and out-plane angular correlations were mea
sured in order to insure that reactions which did not involve formation of a compound 
nucleus and which possessed momentum components out of the reaction plane were properly 
taken into account. Detection devices consisted in two identical position-sensitive 
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F ig . 1 - a) Experimental set -up. Two 
iden t i ca l pos i t i on sens i t i ve ion iza
t i on chambers measure the energy los
ses and to ta l k i ne t i c energies of the 
f i s s i on fragments. Also shown a Fara
day cup and a secondary-electron-emis
sion counter to control the beam, b) 
Each coincidence measurements give 
simultaneously 16 pairs of angles ( in 
plane ~ , and out-plane v ) . 

i on iza t ion chambers, operated at 100 

t o r r argon-methane and equipped with 

a two-stage 12 cm long anode. We mea

sured simultaneously 16 pairs of an

gles ( i n and ou t -p lane ) , F ig . l b , as 

wel l as the fragment f i s s i o n energies 

and the i r losses in the f i r s t stage 

of the detectors . The detectors were 

ca l ibrated wi th a 2 5 2 C f f i s s i o n - f r a g 

ment source. 

The target was made by a r o l l e d s e l f -

supporting 2 3 2 T h f o i l of 1 mg/cnr 

th ickness, i nc l i ned to 45° r e l a t i ve to 

the beam ax i s . The double d i f f e r e n t i a l 

cross sections d ^ / d . l j df.2 were normalized by using the s ingle y ie lds in the f i xed 

counter (9, = - 90°) . A Faraday cup and secondary electron-emission counter served as 

contro l and were used fo r absolute normal izat ion. 

At each detect ion angle, a El * 

E2 matr ix was obtained as shown 

in F i g . 2 ; energy d i s t r i b u t i o n 

shows that the most probable 

mass s p l i t i s symmetrical. 

F ig . 2 - Energy d i s t r i bu t i ons 
of the two fragment f i s s i on 
( E L £

2 ) -

Contour diagrams of t yp ica l an

gular corre la t ions between the 

two- f i ss ion fragments are shown 

i n F ig . 3. Arrows at 130 i n d i 

cate the locat ion where the mo

mentum transfer is zero. The 

e l l i p s o i d a l shapes come from 
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!60J Ï70° 180° 
I n ptara angle S c o r : 

the momentum d i s t r i b u t i o n from f u l l 

t rans fe r up to zero. 

F ig . 3 - Two-dimensional co r re la t ion 
diagram of the f i ss ion fragments. Con
tour l i nes represent d 2 o/d ,dr ; ? in ar
b i t r a r y u n i t s . 5 corr 

In-plane angular corre la t ions are pre

sented in F ig . 4 at low energies the 

maximum i s close to f u l l momentum 

t rans fe r (arrows) ; as the inc ident 

energy increases, the maximum of the 

angular corre lat ions goes away from 

the f u l l momentum t ransfer l o c a t i o n , 

and the d i s t r i b u t i o n become wider. For 

a given forward momentum p / / r, an inhe

rent dispersion of the co r re la t i on 

funct ions arises from many factors 

such as neutron emission of the f r ag 

ments, d i s t r i b u t i o n o f masses, perpen

d i cu la r component of the momentum, 

experimental angular reso lu t ion . The 

analysis achieved in order to ex t rac t the p ; / d i s t r i bu t i ons is discussed in the next 

sect ion. 

I I I . Angular co r re la t i on between f i s s i on fragments 

1. Mom^ntum_di^tnbutions. In these experiments, one considers the f i s s i o n decay of 

the reco i l i ng nucleus as an independent event i n a chain of subsequent mechanisms. 

In fac t one assumes fas t processes ["- 1 0 " 2 2 sec) between p ro jec t i l e and target which 

produce many d i f f e r e n t reactions whose mechanisms are not wel l known. Then a f te r 

emission of several fas t p a r t i c l e s , the residual nuclei are l e f t wi th only a f r ac 

t ion of exc i ta t i on energy, angular and l inear momentum, the compound nucleus would 

have received. There ex is ts a d i s t r i b u t i o n of nuclei i n d i f f e ren t states which de-

exci te mainly by emi t t ing nucléons and i t is during t h i s phase, considerably slov/er 

than the f i r s t stage of i n t e r a c t i o n , that f i s s i o n occurs. One, therefore, does not 

know i n de ta i l the i d e n t i t y of the f iss ionning nucleus. 

In order to ex t r ac t , from the present data, the d i s t r i b u t i o n of forward momenta, the 

angular cor re la t ions have been decomposed into 11 gaussian curves. This number was 

a r b i t r a r i l y f i xed and t he i r angle locations correspond to 0 . , O . i , 0.2 ... 1.0 time 
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Fig. 4 - In-plane correlation function. Arrows indicate f u l l momentum transfer. Solid 
lines are obtained by gaussian decomposition as explained in the text . 

the f u l l momentum transfer. Their widths are given by the out-of-plane measurements 
at the associated planar angles. An example of such unfolding procedure is presented 
in Fig. 5 ; the sol id l ine is obtained by adjusting the relat ive weight of these 
gaussian curves in order to f i t the experimental data. The derived momentum d is t r ibu
tions are presented in Fig. 6. I t should be noticed that these distr ibutions cannot 
be uniquely determined from this method ; straightforward least square f i t s generate 
structures in the momentum distr ibutions which are not j us t i f i ed . However rel iable 
informations can be obtained for the shape and the gross behaviour of these d is t r ibu
t ions. 

I t is interesting to notice that the ine last ic i ty (p / ; / p t t ,) of these col l is ion de
creases regularly with the total incident energy and tends to the same value ( 0.15) 
at 1 GeV incident for proton, deuteron and alpha part ic les. At high incident energies 
the momentum distributions are narrow because the out-plane width are considerably 
larger than at low energies and thus only few gaussian curves are necessary in the 
unfolding analysis. 

Furthermore, up to 35 MeV/A, the f u l l momentum transfer represents an important com
ponent (30-40 ) for the dif ferent interaction leading to fission as i l lust rated in 



F ig . 7. But at 70 MeV/A, th i s con

t r i b u t i o n amounts fo r less than 5 S 

and become neg l i g ib le at higher 

energies. These trends are s im i l a r 

fo r deuterons and alpha p r o j e c t i 

les . I f the f u l l momentum t ransfer 

is associated wi th compound nu

cleus format ion, then one has de

termined the t r a n s i t i o n region f o r 

such process at leas t f o r these 

kind of ta rge t n u c l e i . 

F i g . 5 - Gaussian decomposition 
obtained to f i t the co r re la t i on 
func t ion f o r d + 2 3 ; ; T h at 140 HeV. 

We performeJ some in t ranuc lear 

cascade ca lcu la t ion f o r the a + 
2 3 2 T h at 1000 MeV, using the code 

(INC) developed by Yariv and 

Fraenkel [Tj . In the f i r s t part 

o f t h i s two step c a l c u l a t i o n , the 

INC code (ISABEL) performs the 

nucleon-nucleon c o l l i s i o n s leading to a residual nucleus d i s t r i b u t i o n ind ica t ing t h e i r 

states (exc i t a t i on energy, angular and l inear momenta). Then, i n a second pa r t , a 

s t a t i s t i c a l theory code (EVA) selects those events leading to f i s s i on decay. The pre

d ic ted mome.itum d i s t r i b u t i o n is presented in F ig . 8 and compared to data. One no

t i ces that the overa l l agreement is f a i r , whi le the predicted momentum d i s t r i b u t i o n 

i s sh i f t ed towards smaller p / 7 values than experimental values. The i n te res t of such 

ca lcu la t ion i s i l l u s t r a t e d by the informat ion given i n F ig . 9. Residual nuclei de

caying by f i s s i o n have essen t ia l l y less than 250 MeV exc i ta t ion and 25fi angular mo 

mentum, F ig . 9a,b. Those nuclei w i th higher exc i t a t i on and spins decay by other pro

cesses, probably nucléon evaporation and t o t a l explosion. In th i s c a l c u l a t i o n , f i s -

sionning nuclei have A = 230 t 6 , whi le those which decay by other processes are 

l i g h t e r , F ig . 9c, probably because of t h e i r higher f i ss ion ba r r i e r . At l a s t , the 

s ingle nucleon-nucleon c o l l i s i o n is the prédominent mode compared to the other (sum 

of twofold and th ree fo ld c o l l i s i o n s ) for impact parameters ranging from 6 to 10 fe r -

mis and is probably overestimated since the predicted momentum d i s t r i b u t i o n is too 

low compared to experiment, F ig . 8. 

:orr 
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Fig. 8 - Comparison of probabil i ty d i s t r i 
bution of transfer momentum (solid lines) 
with intra-nuclear cascade predictions 
(solid histogram). 

Fig. 7-Ratio of the fu l l transfer nor
malized to a l l transfer probabil i t ies 
leading to f ission versus the incident „ ., . , . „ - - - „ * , • , ! 
energy of project i les. Data at 17.30 and 2 ' ^O.^me.ntum.trans.fer. An essential 
35 lleV alpha particles on U are from quantity which can be discussed is the 
ref T 

u - average linear momentum transferred to the 
target ; this quantity divided by the mass 

number of the projectile is plotted in Fig. 10, versus the incident energy per nu
cléon. The solid line represents the full momentum transfer. This figure tests i 

"scaling", i.e. if an alpha particle transfers four tines the momentum of 3 proton, 
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Fig. 9 - Intranuclear cascade predictions for a + 2 3 2 T h at 1000 MeV alpha part ic le 
incident energy, a) residual nucleus excitation energies-solid histogram is for f i s -
sionning nuclei and dashed one for no-fissionning nuclei, b) residual nucleus spin 
d is t r ibut ion. Histogram same as in a), c) residual nucleus mass dist r ibut ion circles 
for fissionning nuclei ; crosses for no-fissionning nuclei, d) s ingle, two-fold, 
three-fold col l is ion probabil i t ies versus impact parameter. 

then the data points relat ive to alpha particles and protons w i l l f a l l together. By 
this figure we attempt to classify the dominating reaction mechanisms in the various 
energy regimes : i ) below 10 MeV/u, the incident particles transfer their momentum 
almost completely to the target. Complete fusion is the dominating process even for 
1 6 0 and : oNe projecti les ; i i ) between-10 HeV/u and about 70 MeV/u, the data points 
f a l l below the f u l l transfer curve but s t i l l more than half of the incident beam mo
mentum is transferred to the target. Furthermore alpha particles and deuteron s t i l l 
exhibit a scaling, i . e . , the transferred momentum is proportional to the mass of the 
pro ject i le . This regime resembles the low energy behaviour with a contribution from 
preequilibrium processes ; i i i ) the 70 fîeV/u to about 1000 fleV/u energy range corres
ponds to a transit ion region characterized by several features. The data points fa l l 
drast ical ly below the fu l l momentum transfer location. Furthermore while the momen
tum transferred by protons continues to increase with energy, those truv.jierred by 
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deuterons and alpha p a r t i c l e drop w i th d i f f e r e n t slopes i . e . , the scal ing observed 

in i i ) i s l o s t . At 1000 MeV/u, alpha pa r t i c l es t rans fer as much total lim;x> "c.ir-.s 

as a proton of the same v e l o c i t y , whi le 400 MeV/u 2 0 Ne p ro j ec t i l e s behave l i k e deute

rons and alpha p a r t i c l e s . This behavior is i l l u s t r a t e d in F ig . 11 , whi le shows the 

total t ransfer red momentum versus the inc ident energy per nucléon. This observation 
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cont red ic ts an i n te rp re ta t i on in term of mechanisms deal ing w i th central coî 1 isiur;^ 

since in th i s case, even nucleon.-nucleon in te rac t i on should lead to momentum t rans

f e r dependent on the number of inc ident nucléons. Thus, react ions leading to f i s s ion 

decay are probably more per ipheral and l i g h t pa r t i c les are emitted in the e a r l i e r 

stages of the i n te rac t i on ( i n e l a s t i c s c a t t e r i n g , p r o j e c t i l e breaks up, preequi l ib r ium 

p a r t i c l e s . . . ) . More v io len t co l l i s i ons feed competit ing channels leading to events 

out o f the present experimental set-up or iented on f i s s i o n decay. 

I I I . Angular d i s t r i bu t i ons o f f i s s i o n fragments 

1 . D i f fe rent ia l_cross_sect |on . The angular d i s t r i bu t i ons of the s ing le f i s s i o n f r a g 

ments have been measured from 10° up to 170° i n order to obta in informations on the 

spins of the f iss ionn ing nuclei and to der ive the t o t a l f i s s i o n cross sect ions. They 

are presented i n F ig . 12 in the laboratory system and show a l l forward peaking. 

The angular d i s t r i bu t i ons i n the laboratory system have been converted i n the center-

of-mass system by varying the average ve loc i t y of the moving system i n order to ob

t a i n a symmetric angular d i s t r i b u t i o n around 90 ' (cm). The transformed points are 

p lo t t ed i n F ig . 13 a t the correspondingly transformed angles. This procedure y ie lds 

an est imation of the average momentum t ransfers which is independent from the angu

l a r co r re la t i on measurements. Both values are compared in Table 1 ; they are both in 

good agreement proving tha t we observe undisturbed binary events. Another point of 

i n t e res t is tha t angular d i s t r i b u t i o n shown in F ig . 13 e x h i b i t ra ther f l a t pa t te rn . 

Since the anisotropy, i s governed by the nuclear temperature and the s p i n , roughly 

l i k e J 2 / T ; thus the higher the spin, the more the curve approaches a 1/sin-r d i s t r i 

b u t i o n , the higher temperature,the f l a t t e r is the d i s t r i b u t i o n . Ue performed calcu

l a t i o n of the anisotropy using the re la t i on pfj 

T T : / 2 ( 2 J + 1 ) e x p [ - ( J + l / 2 ) 2 s i n : e / 4 K ; ~ J^ T i ( J + l / 2 ) - s i n : e / 4 K ; ~ 

M = 0 " 2 T T ( T T I / 2 / 2 ) (2K^)l/z e r f ' ~ ( J + l / 2 ) / ( 2 K 2 ) l / : ] 

J is the zero order Bessel funct ion and e r f ( j + l / 2 ) i s the er ror f unc t i on . The va

lue K2 depends on the moment of i ne r t i a and on the temperature ; and J i s the ave

rage spin of the f i ss ionn ing nuc le i . As we are dealing wi th small an isot rop ies , the 

dependence on the temperature contr ibutes weakly ; so we assumed for the analysis 

the higher possible exc i ta t i on energies. Then the spin values extracted in tn is way 

are upper l im i t s ; they are l i s t e d in Table 1 and compared to grazing angular momen

t a . Above 100 "eV/n inc ident energies, spins values are less than lCn ; these smal'. 

values mignt be due in par t to i ne las t i c process which t rans fer small amount of an

gular momentum, and in other par t to neutron evaporation before f i ss ion wnicn carry 

away few n and contr ibute to d isor iente the inf luence of 'J on the OD'served •-:: ^of^'opy. 



If 

10 

p* in 

I 
b 

10-

10-

10-

t » KO HtV 

E•ISO n*v 

E • Mo M«V 

E • I 6cV 

60' 

IS 

10 

10-

10-

tc 

d * **Th 
E .7on»v 

' ^ ^ . i _ ^ . . -

E • KOM«V 

E . V » n t v 

E «KMV 

6 l0D 
00 ' « ao 

•ta» 

2i3- * 

IS 

vs-

10 

% 

\ a * Au 

\ 

E>2ton«v/ 
/ 

/ 

a • Th ., 
tiJBOM^ 

i.ol- a * Th E . 10«v 

W ^ »o' 

F ig . 12 - Angular d i s t r i b u t i o n s of f i ss ion fragments (s ingles) ; d ; /d . are in a rb i t ra -
t ra ry uni ts and in the laboratory system. Lines are to guide eyes. 

INC calculat ions predicts i n average such lov; angular momentum of f iss ionn ing nuclei 

as shown in F ig . 9. In f a c t , events with J values higher than IQrî seem to ar ise f ron 

central c o l l i s i o n s , to correspond to high exc i ta t ion energies and to dec?./ by another 

channels than f i s s i o n . 
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Table 1 2. Integrated_fi^s^on_cross 

sec t ion . Fission cross sections 

are obtained by in teg ra t ing an

gular d i s t r i b u t i o n s . Absolute 

values are p lo t ted in Table 1 

as wel l as experimental errors 

estimated to z 10 \ due to t a r 

get thickness and in tegrated 

beam uncer ta in t ies . Fission ex

c i t a t i o n functions are presen

ted in F ig . 14. The trends fo r 

proton and deuteron are rather 

f l a t ; i n contrary the slope 

fo r alpha data is steeper. Reac

t i o n cross sect ion have been es

timated using d i f f e r e n t resu l ts 

found in the l i t t é r a t u r e (da

shed curves in F ig . 14). Ren-

berg et a l . "5" achieved syste

matic analysis of react ions 

cross section (-.,) in a wide rannje o f proton energies and target nuc le i . They e s t a 

te : R around 1800 mb for the p + • ! , 'Th at 550 MeV. Tney also analyzed react ion cress 

sect ion on lead target from 70 to 600 Me'/. We used tne i r resul ts for the 7n tar-:.:-: 

by ad jus t in - radius dif ferences ( 7 ). Tneo re t i o ' reactions cross sect ion for 

Systems E i P„(A0) P„(AC) V Jfiss 
exp 

°fiss 
(MeV) (MeV/c) (MeV/c) (*) («) (Mb) 

p • 2 3 2 T h 140 307 i 25 263 25 4 1210 t 120 
II 250 314 t 25 281 34 1 1130 t 115 
It 500 310 Î 25 308 49 1 1210 t 120 
3 1000 490 i 50 385 70 1 1200 t 120 

d • 2 3 2 T h 70 377 • 30 375 25 13 1640 t 160 
» 140 456 t 40 417 37 11 1600 -. 160 
n 500 532 * 40 437 72 5 1320 t 130 
it 1000 620 t 60 430 102 4 1350 t 135 

. 232T. 
r% + Th 280 867 t 80 757 75 17 I960 • 190 

II 1000 754 i 80 611 148 7 1520 * 150 

p,.(AD) are derived from f i s s i o n fragment angular 
co r re la t ions , p (AC) are derived from in-plane 
angular co r re la t ions . Errors are of the order of 
t 35 MeV/c. 
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Fig. 14 - Integrated fission cross sections versus incident energies. The value at_ 
2.1 GeV dei'teron is from r e f . [ lO j . Other data for a induced fission are from ref-_l_. 
Dashed line are reaction cross-section calculations from ref. ~5~ for proton, f̂ om 
ref. [6] for deuteron and alpha particles. The cross at 140 MeV alpha is an experimen
tal reaction cross section from ref. 'j] and at 1.6 GeV is a theoretical one from refs 

' [7,If 

deuteron and alpha projectiles are from OeVries calculations IjL; o n ^ e a d target ; by 

ad jus t ing the s ize correct ions we deduced - R f o r the thorium ta rge t as shown in F ig . 

14. At 140 MeV alpha p a r t i c l e ! T j , the experimental cross sect ion is ind icated by a 

cross showing that the theore t ica l nD QT are overestimated. The cross a t 1600 '-teV 

i s a theore t ica l value from another ca lcu la t ion ~7, l i~ . These two l a s t values see* 

to show that theore t i ca l 7R performed by DeVries T might be overestimated in the 

whole energy range. 

The s t r i k i n g feature of the comparison i l l u s t r a t e d in F i g . 14 is tha t " f i s s / " ^ 2/3 

i n the wide range of inc iaent energy ; t h i s means that the more v i o l en t c o l l i s i o n s 

exhaust at a l l these energies about 1/3 of the - R . Apparently whatever happen i n the 

f i r s t stage, one ends up always at the same d i v i s i o n between f i s s i on and other pro

cesses. 
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