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Cross sections for deeply inelastic collisions, fusion, anf-

elastic scattering of Ne on Ca were measured at 151 MeV. The critical 

angular momentum L, and the grazing one L deduced fron the fusion -êid 

elastic scattering data were used in an attempt to interpret the fragment 

kinetic energies in deepjyinelastic collisions in terms of a rotating 

double-nucleus system whose contributing initial angular momentum depends 

explicitly on the amount of nucléon transfer. 

NUCLEAR REACTIONS Ne + Ca, E - 151 MeV, measured energy spectra, 

angular distributions for 4 sj Z < IS, elastic scattering angular distri

bution, evaporation residue cross section. Gas ionization and Si detectors. 

Natural target. Seduced optical model parameters, reaction cross section, 

frcupnent kinetic energies. 



I . INTRODUCTION 

Since the discovery of the deeply i n e l a s t i c transfer react ions 
i n heavy-ion c o l l i s i o n s , many experimental and theore t i ca l s tudies have 
been performed i n order t o understate' the main features o f t h i s type of 
r e a c t i o n r which combines propert ies c h a r a c t e r i s t i c of two apoarently 
opposi te nuclear processes t d i r e c t réact ion and compound nucleus decay. 
These propert ies are be l i eved to derive from the formation of a double-
nucleus composite system i n the ear ly stage o f the reac t ion . The major 
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part o f previous s t u d i e s ' has been preferably devoted t o heavy systems 
involv ing p r o j e c t i l e s larger than fir and heavier t a r g e t s . In a very 
heavy system the strong Coulomb repulsion prevents the evolut ion of the 
double-nucleus system toward fusion for most values of the o r b i t a l angu
l a r momentum, so t h a t the deeply i n e l a s t i c processes account for a predo
minant part o f the t o t a l react ion c r o s s s e c t i o n . Furthermore, react ions 
between heavy complex nucle i are more su i tab le t o an in terpretat ion i n 
terms of c l a s s i c a l concepts and s t a t i s t i c a l mechanisms . A t y p i c a l example 
o f such s t u d i e s has been f u l l y described by Schroder e t a l . for the 
Xe + Bi system. 

The deeply i n e l a s t i c c o l l i s i o n s involv ing composite systems 
With mass numbers ranging from about 50 to 100 e x h i b i t many features 

4 5 s imi lar t o those found i n react ions s tudied with heavy systems, however 

severa l part icu lar c h a r a c t e r i s t i c s have been obtained. On l i g h t systems, 
the centr i fuga l barr i er i s comparable t o the Coulomb one, and the ro ta 
t i o n of the composite system plays then a s i g n i f i c a n t r o l e , so that the 
experimental data provide useful informations on the deformation of a 

5 9 rapidly rotat ing double nucleus system before s c i s s i o n ' . Bes ides , d i r e c t 
react ion c h a r a c t e r i s t i c s become more-conspicuous. For example, a good 
descr ipt ion of the energy spectra of the react ion products could be recent 
l y obtained through quantum mechanical treatments and a microscopic 
p i c ture assuming d i r e c t cransfer and break-up processes ' . Previous 
s t u d i e s of the deeply I n e l a s t i c c o l l i s i o n s involving p r o j e c t i l e s l i g h t e r 
than Ar and medium-weight t a r g e t s include Cl + M a t 140 to 170 MeV, ~ ' 
3 2 S + ^ T i at 105" to 166 MeV, 1 3 ~ 1 5 2 0 N e + Ni a t 164 MeV 4 , and 2 °Ne + ' 2 7 A l 



In the present work, the system île •*• ca was investigated 
at 151 MeV. Simple classical calculations using the phenomenological 
potentials obtained previously in the description of fusion and 
elastic scattering data for the same system at 44-70 MeV predict that 
at 151 MeV the fusion cross section represents about half of the total 
reaction cross section. The deeply inelastic components are then expec
ted to have comfortable yields centered around the projectile and well, 
separated from the fusion products, the system chosen permits thus to 
study the deeply inelastic reaction simultaneously with the fusion. 
With a oas-ffciw ionization chamber , the heavy fragments either from the 
fusion process or the deeply inelastic collisions were detected, and angu
lar distributions were obtained. The elastic scattering angular distr i 
bution was also measured. The crit ical L and the grazing L angular 

cr * gr 
momenta deduced respectively from the fusion and the elastic scattering 
data were used in an interpretation of the total fragment kinetic energies 
in terms of a rotating double-nucleus system. 



I I . EXPERIMENTAL PROCEDURE 

ï h e experiment was performed with the 151 HeV Ne (6 ) beam 
from the Grenoble isochronous cyc lo tron . Self -support ing natural Ca t a r 
g e t s t-ere placed a t the center o f an 1 m diam. s c a t t e r i n g chamber. 

2 
Thicknesses o f 100 ug/cm were used for the fusion measurements instead 
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of 200 and 500 yq/cm for the deep i n e l a s t i c measurements. The targets 

were always protected from oxydation by vacuum or argon atmosphere. A 

col l imator composed of three success ive tantalum s l i t s l imited the focused 

beam spot At the targe t p o s i t i o n t o about 3 mm i n diameter. Beam i n t e n 

s i t i e s from 0 .1 t o 25 e l e c t r i c nA were c o l l e c t e d during the measurements 

by a Faraday cup placed downstream of the s ca t t er ing chamber. 

.lite heavy fragments were detected by means of an i on i za t ion 

chamber run with a mixture o f 90% Ar + 10% CH4 gas a t constant pressures . 

Low pressures corresponding to about 200 yg/cm AE gas detector were 

used for the fusion measurements whereas pressures about four times 

higher were used for the deep ine las t i c experiments. The i on i za t ion 

chamber contains two l o w - r e s i s t i v i t y Si surface-barrier de tec tors on i t s 

i n t e r n a l rear s i d e . Two simultaneous E-AE spectra could thus be obtained 

for two angles separated by 4* l a b . . The s o l i d angle o f the ÛE counters 

was l imi t ed t o about 0 .1 Dsr i n order t o permit accurate measurements a t 

small forward angles and t o account for the mult iple s c a t t e r i n g . The 

angular uncertainty on the de tec t ion angle was about ± 0.05" A Parylen-C 

(Ref. 17) entrance window, 0 .3 urn th ick , was used for the i on i za t ion 

chamber. 

Measurements of the e l a s t i c s c a t t e r i n g cross s e c t i o n were 

made a t the same time by means of s i de tec tor t e l e s c o p e s mounted on the 

opposi te s ide o f the beam d i r e c t i o n . A S i monitor detector was placed 

a t a f ixed forward angle i n order to obta in the r e l a t i v e normalisation 

o f the y i e l d for eithe** the i o n i z a t i o n chamber or the e l a s t i c s ca t ter ing 

t e l e s c o p e s . The absolute normalization for the e l a s t i c scat ter ing cross 

s ec t ion were obtained by assuming a Rutherford value a t the most forward 

measured angle . The accuracy of t h i s procedure was checked with conven

t i o n a l o p t i c a l model c a l c u l a t i o n s . The absolute normalization for the 

c r o s s s ec t ion o f the fragments detected in the i on i za t ion chamber was 



obtained by comparing the fragment y i e l d t o the e l a s t i c counts within 

the sane AE-E combination. 

The pulses from the detectors were processed by conventional 

e l e c t r o n i c s and forwarded event by event to a PDP-9 computer through 

a Multiplexor c i r c u i t r y and an a n a l o g i c - d i g i t a l converter . The events 

«ere s tored on magnetic t a p e s . The data reduction was performed o f f - l i n e 

on POP and CDC-7600 computers. The overview of the two-dimensional E v s . 

AB spectra obtained from the i on i za t ion chamber run with low gas pressure 

I s s i a i l a r t o that shown in Ref. 16, with however a larger y i e l d for the 

p r o j e c t i l e - l i k e fragmenta. The evaporation residues from the Zn compound-

nucleus decay are s t i l l we l l separated from the l i g h t transfer react ion 

products concentrated around the p r o j e c t i l e l i n e . The fusion y i e l d could 

-be obtained by counting the events ins ide a software contour around the 

evaporation residue mountain. 

The y i e l d for the q u a s i - e l a s t i c and deeply i n e l a s t i c processes 

was measured by running the ion iza t ion chamber with high pressure corres-
2 

ponding to about 0 . 8 mg/cm AE gas d e t e c t o r , .where elemental l i n e s are 

obtained with a tZ % 0 , 3 r e s o l u t i o n . The energy spectra for each i n d i v i 

dual Z could be deduced by a software transformation of the E v s . AE repre

s e n t a t i o n i n t o the energy E. . v s . Z representat ion, where E t * E + ÛE+5E 

with BE being a correct ion term. This correct ion was made for each E-ûE 

combination by taking i n t o account the energy l o s s e s i n the t a r g e t , the 

Parylen entrance window of the i on i za t ion chamber and the dead layer of 

the S i detec tor by means o f the Ncr thc l i f f e and s c h i l l i n g stopping powers . 

Pu l se -he ight d e f e c t s f o r heavy ions in the Si surface-barrier detec tor 

were a l s o corrected using the methods in Refs .19 and 20 . From the E v s . 

Z representat ion , the energy spectrum for each individual element, and 

the t o t a l energy-integrated 2 d i s t r i b u t i o n within se l ec ted energy windows 

could be obtained for each measured angle. Two typ ica l energy-integrated 

% d i s t r i b u t i o n s are shown in F ig . 1 where the elemental separation i s 

obtained for fragments from Be t o P. The elemental separation i s ac tua l ly 

improved whenever an energy s e l e c t i o n i s used . 



XII. EXPERIMENTAL RESULTS 

The fusion angular distribution «were measured from 4° to 24° 
lab.. In order to obtain the angle-integrated cross section a, , the 
angular distribution was extrapolated into the 0°-4° region not measu
red by fitting the data in the range. o°-8° with the equation 

•F^/flQ = asin28 + b> (1) 

Tfiis form is roughly consistent with the statistical model calculations. 
The o£ is actually obtained by finding the area under the curve 
do. /d8 vs. 6 shown in Fig. 2, so that the uncertainty due to the extra
polation procedure is less than a few percent. The integrated cross 
section is l f u_ B 995 i 50 mbr where the uncertainty takes into account: 
the statistical uncertainty, the absolute normalization, and extrapola
tion procedure errors. The elastic scattering angular distribution mea
sured from 4° to 30° lab, is plotted in Fig. 3. The errors are about 
± 5% including statistical and background subtraction uncertainties 
(±3%), and absolute normalization errors (± 3%). The angular accuracy 
is about ± 0.03* and the Ne beam energy <s 151 + 1 HeV. 

Energy spectra from 8° to 64° were obtained for fragments with 
2 * 4 to 15. Host of the spectra present a bell-shaped distribution corres
ponding to a strongly damped process. At backward angles and/or for the 
fragments far from the projectile these distributions are nearly symme
trical about the maximum energy. Bi*t for the fragments near the projec
tile» the distributions at forward angles are more dissymmetrical with 
a longer low-energy tail. Some typical spectra are shown in Fig. 4, where 
it is noticeable that at 40* lab. the distribution width is nearly inde
pendent of the detected fragment while at 20° lab. the distributions for 
fragments near the projectile, such as O, F, Na, are much broader than 
for the lighter and heavier fragments. A bell-shaped structure could not 
be clearly observed for the He fragment at angles smaller than 20° because 
essentially of the elastic scattering yield, the low-energy background, 
the Increasing contribution from Inelastic scatterings and quasi-elastic 
components, and also of the decreasing energy separation between the 
elastic peak and the strongly damped component. 



For each measured angle, the cross section of the energy-inte
grated bell-shaped distributions, plotted in function of the fragment 
charge Z as in Fig. 5, present a clear odd-even effect. The angular dis
tributions obtained for each indivual fragment are shown in Fig. 6. 
These uistributions are more and more forward peaking when the transferred 
nucléon number decreases. The slope change at about 36° lab. and an inter
ference like structure are not at variance with the assumption of two 
components : a fast interaction time component at forward angle and a 
fully relaxed component at backward angle. Such an assumption is also 
supported by the angular behavior of the total kinetic energy E calcu
lated for the centroid of the bell-shaped structure using two body 
kinematics. Some typical E data are shown in Fig. 7, For fragments near 
the projectile, E decreases when the angle increases up to about 36° lab., 
then attains a nearly constant value beyond this angle suggesting a 
decay from a fully equilibrated system. It is notable in Fig. 6 that the 
angular distributions at backward angles are fairly close to the dashed 
curves corresponding to an 1/sin 6 distribution in the center-of-mass ; 
such a feature is also indicative of equilibrium processes. 

The LOtal elemental yields were obtained by integrating over 
angle the dc/d8. . deduced from the angular distributions shown in Fig.6. 
The da/d8- . data were extrapolated into the forward angular range not 
seasured by a smooth hand-drawn continuation. For the Ne fragment, the 
data at angles less than 20° were tentatively obtained by interpolation 
between the distributions for F and Na ; such an interpolation is assu
med in light of the forward angle distributions similarity for those 
fragments. The angle-integrated elemental yields are plotted in Fig. 8, 
where the error bars take into account the statistics uncertainty and 
the extrapolation procedure errors. 

In order to obtain an overview of the complete Z distribution 
20 40 

Of the Ne + Ca reaction studied, the evaporation residue part of 
spectra deduced from low gas-pressure measurements was tentatively con
verted into a fusion Z distribution. Although the resolution of the 
ionization chamber' did not permit an individual identification of the 



evaporation residue, careful calibrations of the spectra and a simulta
neous fitting of the light transfer products and the heavy evaporation 
residues allow one to deduce a rough Z. distribution for each measured 
angle. These distributions were then integrated over angle by the sane 
procedure as for the total fusion cross section. The evaporation residue Z 
distribution so obtained Is in qualitative agreement with standa_-j eva-

22 
poration calculations using the ALICE code ; the shift of the experimen
tal distribution towards lower Z values by about two units as shown in 
Fig. 8 may be understood in terms of angular momentum effects not taken 
into account in the simple calculations performed. Tt is notable in 
Pig. 8 that there is no appreciable ambiguity for separating the deeply 
inelastic component from the evaporation part ; and that the total deeply -

lOlo ± 100 mb are comparable with the fusion_ 
mb. The a_T cross section so obtained in

cludes actually some contributions from the quasi-elastic collisions part-
cularly at forward angles where the deeply inelastic component cannot be 
unambiguously resolved from the quasi-elastic component. 

IV - THEORETICAL ANALYSIS 

A. Elastic scattering 
The elastic scattering angular distribution was analyzed in 

terms of the optical model. Calculations were performed with the SPI 
23 code using a four-parpmeter potential 

<V + iW) 

«here V . is the Coulomb potential for a uniformly charged sphere 
of the same radius as the complex nuclear part. 

The determination of the nuclear potential strength V by 
fitting the elastic data is actually subject to ambiguities, so that V 
could be fixed arbitrarily. Similarly with a previous work i 
at 44-70 HeV, V is postulated to have the strength deduced from tho li-

24 quid drop model by Siwek-Wilczynska and Wilczynki, 



r ~ n 
r 2/3 2/3 2/3 

V " b.ur£ | ftp + *ï " (*p + V ] ' 

where b _.«. 17 MeV is the surface energy parameter. For the system 
surt jg 

studied V = 63*54 MeV. It has been shown at lower energies tfcav. 

when this strength is used, the interaction barrier characteristics 

deduced from the real part of the best-fit optical potential were com

parable with that deduced from the fusion data through various models. 

The strength V being fixed, a gridding search was made for 

the imaginary depth H. For a chosen value of M in the range 0-63 MeV 

the x 2 minimization was performed by adjusting r„ and a. The best-fit 

shown in Pig. 3 was obtained with W = 40 MeV, r, = 1.162 £m, and a = 0.681 fc. 

The calculated total reaction cross section is then a = 2158 rob j this 

value is close to the sum of the measured fusion cross section o, , 

and deeply inelastic and quasi-elastic cross section a__. 

The elastic scattering cross section in Fig. 3 falls off 

to -r- of the Rutherford- value at 6. .. - 20.0 ± 0.5°. With the classical 
4 ?5 1 / 4 

Blair recipe f the grazing angular momentum can be deduced through 
the relationship 

V * *i/4 * n °°* ( f W 2 ) ' < 4 ) 

where n is the Sommerfeld parameter ; and the total cross section is 

then 
| , / 4 ) o 2 

o R - w X2 U + 1) % (5) 

where X is the reduced wave-length. For the oresent datar 4__ * 65 
(1/4) " ^ 

and a « 2131 mb. These values are consistent with the optical 

•odel calculations. With a similar sharp-cutoff relationship as in 

fiq. (5) the critical angular momentum can be deduced from the measured 

L J 



fusion cross section ; X • 44. This value is consistent with that cr 
deduced from the real part of the best-fit optical potential by defining 

1 as the angular momentum for which the projectile just surmounts the 

barrier provided by the sum of the Coulomb and centrifugal potentials 

and thy real nuclear potential. In fact/ no minimum in the total poten

t ia l energy and then no fusion barrier occurred for partial waves with 

I > 44, so that the critical angular momentum attained a saturated 

value 1 = 44, The same result was obtained with the proximity pofcen-
26 t la l of Block! et al r using the original parameters except for the 

radius which i s chosen to be 

R i e r » A i ' 3 " ° * 7 6 + °* 8 A i " 1 / 3 f m ' Ï 6 Ï 

with r 9 » 1.37 fm instead of 1.28 fm as suggested in ref. 26. Such an 

Increase has been necessary in order to fit the fusion data at lower 
16 

energies 

B. Deeply inelastic reactions 

The rotation-energy contributions to the kinetic energies 

of deeply-inel^tir reaction products from l^dit 'heavy-ion systems have 
5-9 27 been the subject of several studies ' . The colliding nuclei are 

assumed to form a double-nucleus system, whose final configuration was 

a pair of sticking rotating fragments. The scission configuration may 

be approximately described by two uniform spheres of radii R_ and R4 

joined by a thin neck. The distance between the mass centers of the 

two fragments is then given by 

d = Rj + R4 + 6 (7) 

where 6 i s the length of the neck, and R, can be taken to be R. = 1.2 A. 

Taking into recount the frictional force, iiie total kinetic 

energy of the rotating double-nucleus system i s given by 

ÊF " VCoul C d ) + V n u c l t d > + ** - E * ™ 



f - ud2/(udJ + ^3 + ^4> 
r-f 2 „2 

5-9 p being the reduced mass and m, the fragment masses. In previous works , 
the rotational energy has been deduced from the measured fragment kinetic 
energy by assuming a fixed an^-lar momentum L, for any detected fragment. 
The partial wave L. is chosen to be the wave just greater than those going 
to fusion, or the one midway between fusion and grazing. It might be more 

which should depend on the initial impact parameter and then on the degree 
of overlap between the interacting nuclei in the initial stage of the 

27 reaction . Since the nuclear potential is small compared to the Coulomb 
potential and the rotation term, one may consider the amount of proton 
transfer instead of the nucléon transfer. For small numbers of transferred 
protons the smallest degree of nuclear overlap is expected, so that these 
reactions are associated with large impact parameter and are then domina
ted by contributions from partial waves near the grazing L . On the con
trary the partial waves just larger than the critical L correspond 
to small impact parameters and large nuclear overlap giving rise to large 

27 
proton transfers. It may be thus assumed that deeply-inelastic trans
fer reaction is associated with a small number of partial waves centered 
at 

î " ° Lcr + ( 1 " a ) V t 9 > 

Where a accounts for the degree of nuclear overlap. 

With the assuoption that the proton transfer is proportionnai 
to the volume of one of the interacting nuclei which is swept by the 

27 
ftbul-Magd have-shown that 
- M/n (JO) 

27 other nucleus, Simbel and fibul-Magd have*shown that 

of this number corresponding to a maximum overlap and then to the ini
tial angular momentum equal to L . If it is assumed further that L 



corresponds to an overlap at the critical distance 

R a * 1.0 CAJ / 3 + *2 / 3> £m <tn 

and that the grazing occurs at 

D - 1.5 ( A J / 3 + A*'-3) fin, (12) 

27 
n is approximately 

A- 1/3. 2 

à [» + <sf> ] » 3 > 
Beside the angular momentum L., the extraction of the 

rotational energy from the fragment kinetic energy requires also the 

knowledge of the distance d and the nuclear potential at this distance. 

Actually Eq. (B) can be satisfied either by a solution with d much 

larger than the nuclear radii so that the nuclear potential is practi

cally negligible or by a solution with d comparable to the nuclear 

radii where the attractive nuclear potential should be taken into account 

in order to compensate the increases of the Coulomb and rotational 

parts. 

In the present work, the initial angular momentum i>. was 

calculated through Eq. (9) with L c r a n a t precedingly deduced from the 

fusion and elastic scattering data, L » 44 and L =65. The nuclear 
gr 26 potential in Eq. {8) was taken to be the proximity potential used with 

the radius modified as in Eq. (6) ; the mass and charge dependence of 

the nuclear potential is then accounted for in the determination of pro

ximity potential parameters . It was assumed that the fragment mass 

is twice its charge. A point-charge 'potential was used for the Coulomb 

part V , (d) * Z3 Z4 e /"*» The only parameter to be varied in Hie calcu

lations of the total kinetic energies E_ was then the neck length fi 

defined in Eq. (7). 

A good overall description of the E_ data at the grazing 

angle 9 « 20* lab. could be obtained as shown in Fig.9, with S - 6.3 fra. 

There is a noticeable shift between the expérimental distribution centered 

around Z • 8-9 and the model prediction which has a maximum at the pro-
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jectile charge Z * 10. mils shift is understandable in terms of light 
particle evaporations by the excited fragments prior to the experimental 
detection. In order to take into account the kinetic energy lost-n by the 
fragments in the evaporation .* ~>oesses, the measured E_ should be roughly 
corrected by a factor I + (n/A) where A is the composite system mass 

29 and n ij the number of evaporated nucléons . The best-fit neck length 
6 should then decrease by a few percent, but is still appreciably larger 
than the 6 % 2 fn used in analyses of fission data . The large 6 obtained, 

27 
in agreement with previous results, is indicative of the high deforma
tion of the residual nuclei at scission. 

For detection angles much larger than the grazing one, the 
deeply inelastic collision is assumed to be associated with a small 
impact parameter, and thus with contributions from partial waves just 
larger than the critical one. Calculations made with L. = L + 1 = 45 

i, cr 
and 6 s O could fairly reproduce not only the E p data measured at 40° 
lab. as shown in Fig. 9 but also those measured at larger angles, since 
E_ attains in Fig. 7 nearly constant values beyond 36° lab.. In these 
calculations, no dependence on the number of transferred piotons was 
assumed and L., was kept fixed for all fragments. 

The results obtained suggest that the two solutions of Eq. (8) 
correspond to two physical components. The solution with large d and 
with 1. explicitly dependent on the number of transferred protons is 
associated with deeply inelastic products detected around the grazing 
angle while the more damped products detected at much larger angles 
are described by the solution with small d and L. just larger than L 
independently of the amount of proton transfer. 

The crude model used is not ̂ expected to be valid for the 
data at angles forward of the grazing, where the spectra may be dominated 
by direct-reaction processes particularly for the fragments near the 
projectile. Several mechanisms have been investigated, for example pro
jectile fragmentation ' , transfer reaction and projectile breakup * * 
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In particular the reaction Ca ( Ne f 0) has been studied at 262 
and 149 MeV for the forward angles. The 0 spectra could be reproduced 
by distorted-wave-Born-approximation calculations assuming both a trans
fer and a breakup process t the O dissymmetrical spectra were cons
tructed by summing two components, a breakup component centered around 
the beam velocity, and a transfer component occurring at lower «ar.ergy. 
The breakup component decreases rapidly in function of angle and becomes 
negligible at angles backward of the grazing-one so that the spectra 
have then a more symmetrical shape. The forward angles 0 data of the 
present work are in agreement with those obtained for 0 in Fefs. 10 
«nd 11, whereas the fragments far from the projectile, for example N 
and C have nearly symmetrical bell-shaped distributions similar to 
spectra obtained at larger angles, shown in Fig.4, suggesting no evi
dence for a breakup contribution. Analyzing the data at the most forward 
angles is beyond the scope of the present work ; promising results have 
been obtained in attempts to understand the evolution from the simple 
direct transfer or breakup reaction towards the deeoly inelastic colli-

10,11,33 

V. CONCLUSION 

Cross sections for the deeply inelastic collisions of 
on ^°Ca were measured at 151 MeV by detecting fragments from Be 

to S with a gas-flow ionization chamber. Most of the spectra present 
« bell-shaped distribution corresponding to a strongly damped process. 
The angular distributions for individual fragments are more forward 
peaking for the fragments with charges near that of the projectile 
than for the lighter and heavier fragments. The angular behavior of 
the cross sections and of the total kinetic energy of the exit channel 
are not at variance with the assumption of a fast interaction time com
ponent at forward angles and a relaxed component at angles larger than 
about 36° lab.. The total cross section for the deeply inelastic and 
quasi-elastic collisions is practically equal to the complete fusion 
cross section. The fusion measurements were made by detecting the eva
poration residues from the Zn compound nucleus decay with the same 
ionization chamber run at low gas pressure. The elastic scattering 
angular distribution was also measured with solid state detectors. 



From the elastic scattering data, the grazing angle 6 
and angular momentum L were deduced whereas the critical angular 
momentum L was obtained from the fusion data by means of classical 
approximations. The L and L angular momenta were used in an attempt 
to interpret the total kinetic energy E_ in terms of a rotating double-

angle, 6 = 20 s lab, could be obtained by using a neck length appre
ciably larger than the value employed in previous fission analyses, and 
by taking into account an explicit dependence of the initial angular 
momentum L. of the colliding system on the amount of proton transfer. 
For detection angles much larger the grazing one, the E p data are better 
described by calculations with a small neck length and no explicit depen
dence on the amount of proton transfer, L, is being kept fixed to the 
value just larger than I» . 

The authors wish to thank A. MAURICE for technical assis
tance and J.P. RICBAUD for target preparation. 

L . J 



n 
REFERENCES 

V.V. Volkov, Phys. Rep. 4£, 93 <1978) and references therein. 

2 
K.D. Schroder and J.R. Huizenga, Ann. Rev. Nucl. Sci. 22, 465 1.977) 
and references therein. 

W.U. Schroder, J.R. Birkelund, J.R. Huizenga, K.L. wolf, and 
V.E. Viola, Jr., Phys. Sep. 45, 301 (1978). 

F.E. Obenshain, R.L. Ferguson, H.L. HaUbert, D.c. Hensley, 
H. Nakahara, F. Plasil, F. Pleasonton, A.H. Snell and R.G. Stokstad, 
Phys. Rev. C18, 764 (1978). 

J.B. Natowitz, H.N. Namboodiri, R. Eggers, P. Gonthier, K. Geoffroy, 
R; Banus, c. TowBley and K. Das, Nucl. Phys. A277, 477 (1977). 

R. Eggers, H.N. Namboodiri, P. Gonthier, K. Geoffroy, and J.B. Natowitz, 
Phys. Rev. Lett. 37, 324 (1976). 

7 
P. Braun-Munzinger, T.M. Cormier, and C.K. Gelbke, Phys. Rev. Lett. 
22, 1582 (1976). 

p 
T.H. Cormier, P. Braun-Munzinger, P.H. Cormier, J.w. Harris, and 
L.L. Lee, Jr., Phys. Rev. C16, 215 (1977). 

R.R. Betes and S.B. DiCenzo, Phys. Rev. C19_, 2070 (1979). 

R. Frfihlich, T. Shimoda, H. Ishihara, K. Nagatanl, T. tldagawa, 
•nd T. Tamura, Phys. Rev. Lett. 23, 1518 (!979). 

X. Nagatani, in Proceedings of the Symposium on Heavy Ion Physics 
from 10 to 200 HeV/amu, Brookhaven National Lab., 1979, edited by 
J. Barrette and P.D. Bond, Vol. 2, p. 833. J 



r ... ~i 
12 

T.H. Cormier, E.R. Cosman, A.J. Lazzarini , J .D. Garrett , ard 
H.E. ftegner, Fhys. Rev. C14, 127 (1976). 

J . Barre t te ,P. Braun-Kunzittger, C.K. Gelbke, E . Grosse , B.L. Harney, 
J . Kr.jrainski, I . Tse r ruya , and Th. Walcher, Z. Phys. A274, 121 (1975). 

14 
P. Braun-Munzinger, C.K. Gelbke, J. Barrette, B. Zeldman, H.J. Levins, 
A. Gamp, H.L. Harney and Th. Walcher, Phys. Rev. Lett. 36, 849 (1976). 

C.K. Gelbke, P. Brain-Munzinger, J. Barrette, B. Zeldman, M.J. Levlne, 
A. Gimp, H.L. Harney and Th. Walcher, Nucl. Phys. R269, 460 (1976). 

Nguyen Van Sen, R. Darves-Blanc, j.C. Gondrand, and F. Merchez, 
Phys. Rev. C20, 969 (1979). 

17 

Manufactured by Union Carbide Corporation. 

1 8 L.C. NorthcXiffe and R.F. Schilling, Nucl. Data Tables A7_, 233 (1970). 

1 9 A.J. Gorski and M.J. Fluss, Nucl. Irstrum. Methods 115, 47 (1974). 
J.B. Houlton, J.E. Stephenson, R.P. Schmitt, and G.J. Wozniak, 
Mud. Inst rum. Methods, 1S7, 325 (1978). 

21 
Y. Eyal, H. Beckerman, R. Chechik, Z. Fraenkel, and H. stocker, 
Phys. Rev. cl3, 1527 (1976). 

22 
H. Blann, ALICE : A Nuclear Evaporation Code, dnlv. of Rochester, 
H.Y., Report COO-349-.--29. 

23 
F.G. Perey, Phys. Rev. 131, 745 (1963) and private communication 

L J 



2 4 K. Siwek-Wilczynska and J . Wi lczynsk i , Phys . L e t t . 74B, 313 (1978) ; 
55B, 270 (1975). 

2 5 J . S . B l a i r , Phys . Rev. 108, 827 (1957). 

J . Block! , J . Randrup, W.J. Swiatecki and C.F. Tsang, tan. Phys . (N.Y.) 

105, 427 (1977). 

2 7 H.B. Sinfcel and A.Y. Abul-Hagd, Z. Physik A294, 277 (1980). 

J . Ga l i n , D. Guerreau, M. L e f o r t and X. Ta r rago , Phys. Rev. ÇJ9, 1018 

(1974). 

29 
P. Hastyn, H. Feldroeier, F. Beck, H. Dworzecka, H. Genz, M. Kutterer, 
A. Richter, 6. Schrleder, and J.P. Theobald, Nucl. Phys. A332, 455 (1979). 

3 0 K.T.R. Davles, A.J. Sierk, and J.R. Nix, Phys. Rev. C13, 2385 (1976). 

3 1 A.S. Goldhaber, Phys. Lett. 53B (1974) 306. 

J. Mahoney, M.C. Heimaz, and C. Olmer, Phys. Lett. 70B, 41S (1977). 

3 3 K.H. HcVoy and M.C. Hemes, z. Physik, A295, 177 (1980). 



FIGURE CAPTIOUS 

F i g . 1 - Energy-integrated elemental y i e l d s deduced from the ion iza t ion 

chamber E vs. ÛE two-dimensional spectra . 

P i g . 2 - Angular d i s t r i b u t i o n o f the evaporation residue cross s e c t i o n 

f o r Ne + ca a t 151 HeV. The t o t a l fusion cross s e c t i o n a . 
fus 

i s obtained by in tegrat ing over angle the s o l i d curve. The 
0° - 4 s part i s deduced from-the extrapolat ion procedure perfor-

F i g . 3 - E l a s t i c s c a t t e r i n g angular d i s t r i b u t i o n for He + Ca a t 

151 MeV, compared with the b e s t - f i t o p t i c a l model ca l cu l a t i ons 

using a four-parameter complex p o t e n t i a l . 

F i g . 4 - Experimental spectra a t 20° and 40" lab . for fragments from 

Be t o S . The dashed l i n e s are drawn to guide the e y e . The b e l l -

shaped d i s t r i b u t i o n FWHK i s indicated by a horizontal f u l l l i n e 

segment. 

F i g . 5 - Elemental d i f f e r e n t i a l c r o s s s e c t i o n s showing odd-even e f f e c t s . 

P i g . 6 - Angular d i s t r ibute .s of the deeply i n e l a s t i c bel l -shaped part 

of the spectra . The dashed curves are deduced from an 1/s in Ô 

angular d i s t r i b u t i o n i n the center-of -mass , using two-body k ine 

mat ics and the most probable Q-values o f deeply i n e l a s t i c compo

nent ; the curves are normalized t o the data a t backward ang le s . 

P i g . 7 - Total k i n e t i c energies of the fragment e x i t channel in the center 

o f mass system. 

P i g . 8 * Energy and angle integrated elemental cross s e c t i o n for fragments 

and evaporation residues produced In the Ne + Ca a t 151 HeV. 

The f u l l l i n e i s drawn t o guide the eye thecugh the measured 

data . The dashed l i n e represents the evaporation residue d i s t r i -
22 but lon ca lcu la ted wi th the ALICE code i the c a l c u l a t i o n s are 

normalized so as t o provide the same Z-integrated fusion cross 

•ac t ion as the experimental data . 



r 
Fig. 9 - Total kinetic energies' of the fragments compared with calculations 

based on a rotating double-nucleus model {see text). 
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