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An extended Hauser-Feshbach metBHFM) is developed fofight heavy-ion fusion reactions in order to
provide a detailed analysis of all the possible decay channels by including explicitly the fusion-fission phase
space in the description of the cascade chain. The mass-asymmetric fission component is considered as a
complex-fragment binary decay which can be treated in the same way as the light-particle evaporation from the
compound nucleus in statistical-model calculations. The method of the phase-space integrations for the binary
decay is an extension of the usual Hauser-Feshbach formalism to be applied to the mass-symmetric fission part.
The EHFM calculations include ground-state binding energies and discrete levels in the low-excitation-energy
regions which are essential for an accurate evaluation of the phase-space integrations of the complex-fragment
emission (fission. In the present calculations, the EHFM is applied to the first-chance binary decay by
assuming that the second-chance fission decay is negligible. In a similar manner to the description of the
fusion-evaporation process, the usual cascade calculation of light-particle emission from the highly excited
complex fragments is applied. This complete calculation is then defined as Eldk8tADE Calculated
guantities such as charge-, mass, and kinetic-energy distributions are compared with inclusive and/or exclusive
data for the3?S+24Mg and %°CI+12C reactions which have been selected as typical examples. Finally, the
missing charge distributions extracted from exclusive measurements are also successfully compared with the
EHFM+cascaDE predictions[S0556-28137)06803-9

PACS numbe(s): 24.60.Dr, 25.70.Jj, 25.70.Gh, 25.70.Lm

I. INTRODUCTION the subject of much discussion. This has led to the conclu-
sion that the FF process has to be taken into account when
For heavy-ion-induced reactions in both the low- andexploring the limitations of the complete fusion process at
intermediate-energy regimes, the emission of complex fraglarge angular momenta and high excitation enerffids14.
ments [or intermediate-mass fragment8F’s)] has been Figures 1 and 2 illustrate for th&S+2*Mg [9] and 2>°7CI
considered to be one of the most useful probes for the invest+ 12C [7] reactions, respectively, two typical examples of
tigation of the different reaction mechanisms involved in fis-sets of data which have been selected to be compared with
sionlike phenomena for a wide mass range of nuclear syshe results of the statistical model developed in the present
tems[1-8]. It has been shown that for composite systems irpaper.
thelight mass regioA-y < 60, the fusion-fissioiFF) pro- The extended Hauser-Feshbach metkigHIFM), which
cess plays an important role in the compound nucl€lis) has been already presented in several communications
decay[2,7,9—18. One of the difficulties in this light-mass [12,17], assumes that the fission probability is taken to be
region is that the fully damped yields of most of the observedoroportional to the available phase space at the scission
binary-decay products are mixed with those of quasielastipoint. The EHFM corresponds essentially to an extension of
as well as deep-inelastic processes and therefore their dithe Hauser-Feshbach formali§t8] which treats gamma-ray
tinction from FF yields is a rather difficult task for the ex- decay, light-particle evaporation, and complex-fragment
perimentalis{2,3,7,9,14-1% emission(or FP) as the possible decay channels in an equiva-
For the lighter-mass systems, the nuclear orbiting procesignt way. In this paper we will apply the EHFM tight
induced by a long-lived dinuclear molecular complex, whichheavy-ion fusion-fission reactions. This is an alternative ap-
subsequently binary decays, is among the possible mechproach to the transition-state modgll] using the phase
nisms of producing complex fragments for which the energyspace at the saddle point which has provided quite good
degree of freedom has been fully rela&]. However, the predictions of the available experimental d&f9,11,13—
experimental data for thé®0+4%Ca [2], 3*S+2%Mg [9],  16]. Since there are good indications for the validity of the
BcI+12c [7], *P+1%0 [10], and °Na+2*Mg [14] reac-  hypothesis that the saddle-point shape almost coincides with
tions have been found to be consistent with an equilibratethe scission-point configurations in the light-mass region, it
CN formation which subsequently binary decays with theis expected that the EHFM might also be relevant. Prelimi-
emission of complex fragments, i.e., a FF process. The omary results of EHFM calculations as performed for the
currence of FF rather than orbiting in these systems has beefiC|+ 12C fission reaction in Ref.15] are quite conclusive.
This paper is organized as follows. In the next section, the
essential points of the EHFM are first presented. After a brief
*On leave from the Faculty of Textile Science and Technology,description of the well-known Hauser-Feshbach formalism
Shinshu University, Ueda, Nagano, 386, Japan, as an Overseas Rehich is used for the CN light-particle emission, the main
search Scholar of Japan. characteristics of the formal procedures of the EHFM are
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FIG. 1. Comparisons of the experimental mass distributions
(open histograms measured for the3°S+2%Mg reaction at FIG. 2. Experimental charge distributions measured for the
Ei,=121 (@ and 142 MeV (b), respectively, with the EHFM  35C|+12C reaction atE,,=180, 200, and 278 MeV and for the
+CASCADE calculations(solid histogramp (c) Fragment mass de- 37C|+'2C reaction atE,,=150 MeV. Comparisons with EHFM
pendence of the lowest scission point barrier height in the set of the-cascabe calculations are shown by solid histograms. The dashed
binary combination with same mass number but different atomitistograms are the results of first-chance EHFM calculations.

number for 5®Ni. The barrier heights are shown for the case of o ) i
angular momenturk =0 (see text statistical mode[19], which follows from the assumption of

equilibrium, rests on the premise that all open decay chan-

described in Sec. IIl. The complete EHRMASCADE calcu-  NEIS are, on the average, equally likely to be populated, it
lation is applied for a first-chance fissicor emission of ~WaS natural to extend its formalism. Although the treatment
: Co e of light-particle emission and FF is, in principle, inconsistent

excited complex fragmenjtollowed by their light-particle for heavier nuclear systems, it has been shown that in the

sequential decays until the resulting products are unable t . o )
undergo further decay. This can be considered as a reasoé{ilse of lighter nuclewhere the fissility parameters are be

bl tion for liaht ) h - w the Businaro-Gallone poirjtl]) the asymmetric fission
able assumption for ight-mass Systems as Shown préviousy,cess can be assimilated to the emission of larger frag-

for a medium light-mass fission reactipy. In Sec. IV, the ments[20] which are also known as complex fragmefts
calculated results are shown in the case of a simple paranyrs). Light-particle evaporation and FF, which are the two
etrization and their applicability to the two selected reactions;ommonly observed CN decay modes, appear to be just two
studied[7,9,19 is discussedcross sections are plotted in extremes of a more general binary-decay mode involving the
Figs. 1 and 2 Results are summarized and some preliminaryentire range of mass asymmef30]. The extension of the
conclusions are finally drawn in Sec. V along with a shortHauser-Feshbach methodl8] to the complex-fragment
discussion relative to future directions for systematic invesemission and/or FF is explained in Sec. Il B within the
tigations and applications of the model to a wider mass rangframework of all available phase space. A brief description
of nuclear systems from the light-mass region to theof the parametrization of the transmission coefficients and its
intermediate-mass region. approximations are given in Sec. Il C. The complete calcu-

lation procedures of EHFMcCASCADE which take into ac-

count the sequential emission of light particles and gamma

Il. EXTENDED HAUSER-FESHBACH METHOD rays from the excited fissiofor complex fragments are fi-

In order to clarify the essential viewpoints of the EFHM hally presented in Sec. lll.
calculations, the salient formulas used in the well-known sta-
tistical model treatments which are based upon the Hauser-
Feshbach formalisnj18] to describe the CN light-particle Most of the commonly used statistical-model codes, such
evaporation are presented in next subsection. Given that thes cAscADE [21], PACE [22], or LILITA [23] which have pro-

A. Hauser-Feshbach method for light-particle evaporation
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vided good predictive results for the evaporation residues ©
(ER) yields measured for a large number of fusion- Pj =9c(|_2|)J f fPI(G)TL(E)5(€+E+Q_Ex)d€dE-

evaporation reactions, are based on a method proposed by (6)
Hauser and Feshbach more than four decaded gjo
In the Hauser-Feshbach method the cross seotgb?nfor Here g. denotes the spin multiplicity of the evaporated

the CN formation and its subsequent statistical decay tgarticle andp,(e) is the level density of the residual nucleus
channelc whose state is populated at an excitation energywith internal excitation energy and angular momentur
E, with a total angular momenturh are given by using the HereT (E) are the transmission coefficients for the evapo-

decay ratioRSC) as follows: rated particles as a function of energyand angular momen-
tum L in the relative motion with the daughter nucleus. We
o' =R 0,(E,) , (1)  use the transmission coefficients obtained in the optical-

model (OM) calculations in which the potential parameters
where o;(E,) is the cross section of the populated com-have smooth dependences on the mass number and are stan-
pound states. Generally the raft)® is determined by the dard in the statistical-model calculationd9,21. The

ratio of the partial width[{?) to the total widthl";, (L,1)J shown in the summation of angular momentum rep-
resents the proper angular momentum coupling condition.
re The energy conservation condition is maintained by
R(JC):%, 2 8(e+E+Q—E,) in Eq. (6).
J

As soon as the excited states of the daughter nucleus are
_ ) ) low enough in energy, which is normally the case at the end
Where_the total width is a sum of all the partial widths of the ;¢ 1o cascade calculations, it is necessary to take into ac-
decaying channels, count in the phase-space integrations of the light-particle de-

cay the experimentally known discrete levels of the daughter
r :E re 3 nucleus near its ground state. As a consequence the phase-
J J - ( ) . . (c) .
c space integratiofPy” becomes a summation of the known
discrete leveld of the daughter nucleus, instead of the en-
In the case of light-particle evaporation, the decay channetrgy integration withe in Eq. (6),
¢ includes mainly neutron, protory-particle channel and
y-ray emission. In some cases it can be also interesting to ©_ _
include 3H, 3He, and Li emission§21], but their influence P _902 (,_’EW TU(E)d(e+E+Q-E)dE, (7)
is found to be negligible for the reactions studied. In this
paper thesé*H and ®He channels are only included in the wheree; and spinl; are the knowrith discrete levels of the
calculations in the first-chance decay, whereas the Li channgfaughter nucleus which have been taken from recent compi-
is included and is considered as a complex-fragment emitteghtions[24,25. For the emission of rays, we include only
by a binary decay in the phase-space calculation of EHFM aghe giant dipole resonand€DR) decay by using the form

will be explained more in detalil in the next subsection. factor of Ref.[26].
The partial Widthl“gc) is related to a phase-space integra- The quantityQ is the usual separation energy for the
tion P{®) light-particle evaporation which is defined as
1 Q=Bgs(Ncn:Zen) ~Bes(NL.Z1) ~Bgg(Ny.Zy) , (8)
PAEITS =5 Py, (4)

where Bgg(NensZen), Bes(NL ,Z), and Bg(Ny ,Zy) are

i ) the binding energies of the CN, evaporated particle, and
where p,(E,) is the level density of the compound state. 4o ghter nucleus, respectively. The observed ground-state
This level density is not so relevant for the calculation of thebinding energies given by the data tablgg] for the evalu-
decay ratioR(” in Eq. (2), but has a real physical meaning ation of Q values are used. If we include, for example,
for the estimation of a mean lifetime; of the compound  3He evaporation in the calculations, it is found to be negli-
states. The mean lifetimey of a compound nucleus is gen- giple, in agreement with experiment results, siféte has a

erally evaluated by using the total width, as follows: very small binding energy if compared to the-particle
binding energy.
, h (5) For the evaluation of the level density the Bohr-Mottelson
J

expression 28], which is derived from the Fermi-gas model,
has been used,

This definition will be of interest in the discussion on the

:F—J_

differences between the lifetime of the compound states with )= — _2 3/2(2| +1)a 2x ©)
the time needed to emit a complex fragment near the scission pi(€)= 12\ 27 X2
point.
In the well-known Hauser-Feshbach metHd8] used to  where
describe the light-particle emission, the phase-space integra- 42
tion P to the channek is evaluated by the following A o
phase-space integration: X=ale ZJI(I ) Apar - (10
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The J is the moment of inertia of the daughter nucleus. Into exhibit a structure understood in terms of the statistical
this paper we use the well-parametrized moment of inertia opopulation of levels in the fragmen46)].

the spherical nucleus shown in RE28], As in the case of light-particle emission, in this paper the
level density is calculated by using the moment of inertia
J=3AM(r)a, (r)a=2(1.12a%%(1+3.840713) spherical nucleus shown in E¢L1); thus, the deformation

(11 effects are not introduced in the level density of both lighter
and heavier fragments in the binary decay. This possibility
whereM is the nucleon mass and)3 is the mean-square will be investigated in a subsequent publicat{@s] by in-
radius of the ground state of the nucleus. For the sake afluding the angular-momentum-dependent terms in the
simplicity, we use a constant level density parameter valueground-state moment of inertia as proposed recently by Hui-
For the calculations we have chosen the valaeA/8 which  zengaet al. [34].
appears to be rather well established both experimentally In a similar manner to light-particle evaporatidh,is the
[19,21,29 and theoretically30] for the light heavy-ion sys- energy of the relative motion between the lighter fragment
tems considered in the present study. The pairing energgind heavier binary partner, ari (E) is the transmission
Apair s given by the empirical valué ;= 12/\/A as pro-  coefficient of the relative motion with a given angular mo-
posed in Ref[28]. mentumL. As we are trying to extend the framework of the
EHFM calculations have been performed for previouslyHauser-Feshbach method of light-particle emission to the
studied complete-fusion reactions in thgy ~ 30[31] and case of complex fragments emission, it is more reasonable to
Acn = 56 [32] mass regions in order to test the predictingintroduce the transmission coefficients obtained in the OM
capabilities of the present model for the fusion-evaporatiorcalculation for evaluating the transmission coefficients.
residues. Their comparisons with the df®d,32] and with  However, in this study we will use a simplified formula for
predictions of the evaporation codeascADE [21], PACE  the transmission coefficient as will be explained in the fol-
[22], or LILITA [23] clearly show that first the number of lowing subsection. As will be discussed in the Sec. IV, the
evaporated light particles is correctly predicted by the EHFMphase-space integration of E§2) will mainly contribute to
and, second, that the results are not too sensitive to thine mass-asymmetric binary decay. Phase-space calculations
choices of the approximations and of the parameters of thef this kind have already been extended to the study of the

present model. emission of complex fragments in the case of tHali+
8Ni reaction with quite reasonable success in predicting
B. Extension of the Hauser-Feshbach formalism complex-fragment charge distributions that have been ex-
to the binary decay perimentally measured by the Oak Ridge gr¢6p

Next we apply the above considerations to the case of the

The objective of the EHFM is to extend the Hauser-iupt fragments highly excited in the continuum-energy re-
Feshbach formalisml18], which has been described previ- g 9 gn’y %Yy

: X ; on. Instead of the summation up to ttte discrete levels,
ously, to the phase-space Integrations of the.blnary decays ﬁie integration in the excitation energy and summation of
the complex fragmenttor the fission decay Wldhkfr_om the angular momentunh_ of the light fragment is performed as
compound nucleus. The phase-space integrations for t llows:
complex-fragment binary decays consist of four parts which '
are defined by the four forthcoming equations.

At first we consider the case of binary decays in whichthe () _ f f J'
. ; L 4 . Py’ = T.(E
lighter partner of the binary pair is populated in the discrete (.LEH“ (LZ”J e (elp(en) TL(E)
levels at low energies near the ground state and the heavier
one is in higher-excitation-energy states in the continuum X 6(e +ey+E+Q—E,)de deydE, (13
region. The phase-space integratiéﬁ‘?) for this binary de-
cay is then assumed to be evaluated by the extension of Eghere p|L(6|_) is the Fermi-gas level density of the light

(6) as follows: fragment. In order to integrate this large phase space a long
computational time is necessary. This is, however, the most
pO=> > > f fPl (en)TL(E) essential part of the EHFM which is applied to the mass-
UMY H symmetric part of FF.

The phase-space calculation for the heavier fragment in
X 6(e, + eyt E+Q—E deydE, (12 the low-excitation-energy region with discrete states in a
similar manner to Eq(12) is as follows:
wherep, (ey) is the Fermi-gas level density of the heavier

fragment with excitation energyy and angular momentum ©

ly. Heree  andl_ are the excitation energy and angular P :; ' ZI ) (LEI)J f fplL(EL)TL(E)

momentum of théth discrete levels of the emitted light frag- bR

ments. In the present calculation we introduce the known X 8(e + ey +E+Q—Ey)de  dE, (14)
] J

low excited discrete levelR24,25 in the low-energy region

of each binary-decay fragment of interest up to the lowest o

particle decay threshold energy. The calculated results peWhereey, andly, denote the excitation energy and angular
formed without including discrete levels badly reproducemomentum of thgth discrete level of the heavier partner of
both the yields and the energy distributions which are knowrbinary decay.
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In the case where the fragments are both excited in théer. Of course the diffuseness for larger angular momenta in
low-energy region, the phase space is evaluated followin@M calculations becomes much larger with increasing angu-
Eq. (7) which corresponds to the phase-space integration dar momentum. We use the diffuseness parameter which is

light-particle evaporation, independent of the angular momentum in this study. The
calculations using the transmission coefficients of the OM

pe=S D J T,(E) calculations wiII. be _discussgd in a forthcoming paf28].
J L In order to simplify the discussions of the calculated re-

N (VIR R (SN
H sults which will be given in this paper, we have adopted the
><5(€Li+6Hj+E+ Q—Ey)dE. (15  simple parametrization of the barrier heigi(L) at the
scission point between complex fragments which has been
As shown above, the phase-space integration for th@ssumed in the case of tHéCl+12C FF reactior{13] to be
complex-fragment binary decays consists of the four parts
which are represented in Eq4.2), (13), (14), and(15). In 42
the actual calculation, in order to avoid any possible over- V(L)=Veout+ =——=sL(L+1) , (17)
counting, the continuum-energy integrations for the level s
density formulas in Eqg12), (13), and(14) are performed in

the energy region starting from the energy which is highe%hereﬂf is the reduced mass of the decaying complex frag-

thap the hightest ex'citation'energy of the discrete IeveI?’nents. The scission poiR is estimated by using the radius
which are introduced in the discrete level summations of EqR —r A% and Ry=r AL of the two fragments of mass
—IsML H™ ! s™H

(15). As mentioned previously, the _avallable d_|screte IevelsnumberAL and A,, including diffuse-surface effects with a
are taken below the lowest separation energy in the neutron, . )

: . neck length parametdor separation distante,
proton, and alpha-particle separations of the fragments. For
the evaluation o) values in these calculations, the observed
ground-state binding energig®7] are correctly used as Rs=R, +Ry+d, (18)
shown in Eq.(8) to keep the energy conservation condition.
This eff(_act, which is clearly visible in Fig.(&), will be dis- and theV gy, is calculated by the simple formula
cussed in Sec. IV.

_ 2
C. Parametrization of the transmission coefficients Veou=ZLZwe R, (19

As mentioned in the previous subsection, it would be ) )

highly desirable to use explicitly the transmission coeffi-whereZ, andZ are the atomic numbers of the lighter and
cients of the OM calculations as a natural extension of thdieavier exit fragments, respectively. The neck length param-
Hauser-Feshbach method to the case of complex-fragmefgterd is taken as the only adjustable parameter of the model.
emission. However, because of the limitations of the compults value is found to bed=3.0+0.5 fm as is commonly
tational time needed to perform OM calculations, the trans2dopted in the literaturgr,13,35-37 for the mass region of
mission coefficients for these phase-space integrations itfiterest. The large value af used for the neck mimics the
Egs. (12), (13), (14), and (15) are evaluated by using the finite-range and diffuse-surface effedtsl] of importance

simplified formula for the light-mass systen{88] and, as a consequence, this
makes the scission configurations closely resemble the
1 saddle configurations. The other parameters are either fixed
TUW(E)= (16)

(for instance, we use a constant valuergf 1.2 fm in this
work in accordance with previous studigk9,21]) or deter-
where the parametek, is the diffuseness parameter in the mined by the measured fusion cross sectisee Sec. Il
transmission coefficient formula whose value has been kepn alternative and more sophisticated approach to evaluate
equal to 0.5 MeV in this study. This choice is consistent withthe transmission coefficients at the scission point is the use
the larger 1 MeV value which has been recently chosen foof a Krappe-Nix-Sierl{39] potential forV (L=0). Calcu-

the EHFM description of a heavier mass syst&h As far  lations of this kind have been performed for tfRCI+12C

as we know, the energy dependence of the transmission coeaction[7,13] at E,,,=180 and 200 MeV with very similar
efficients obtained by the OM calculation is roughly fitted by results as the ones shown in Fig. 2 with the simplest param-
the formula(16) and the chosen diffuseness parameter valuetrization. Another study4] involving a heavier-mass sys-

is comparable to that of OM calculations in light-mass sys-tem has shown that the choice of the potential does not pro-
tems in the low-angular-momentum region. For evaluatingvide very different predictions in statistical models.

the transmission coefficients by the OM, the real part has All other quantities for evaluating the phase-space inte-
been deduced from fits to the measured elastic scatteringrations in Eqs(12), (13), (14), and(15) are the same as in
cross sections if available. In the case®€l+ 12C scatter- the case of the light-particle evaporation description. In the
ing the OM parameter set extracted from the elastic datactual calculations, the phase-space integrations of (E8s.
measured by Djerroufll3] has been used. The imaginary (13), (14), and(15) are performed with a high precision for
part is modified by the inclusion of short-range and sharghe numerical integrations without any approximations. The
diffuseness in order to reproduce the energy dependence efergy integrations are performed with 1 MeV energy steps
measured fusion cross sections for light-mass systems in thend all the values of the cascade decay are stored in 1 MeV
so-called first regime of fusion just above the Coulomb barsteps and & angular momentum steps.

T+exp[V(L)—EJ/Ag
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ll. EHFM +cascape CALCULATION PROCEDURES this angular momentum diffuseness parameter has been care-

In order to show the basic viewpoint of the EHFM and to fully checked and very small and thus nonsignificant effects

demonstrate its applicability for the decay mechanisms Opave been found on the calculated results,
comoound nuclei ggformedyin liaht hea }i/on reactions. we All the available complex-fragment pairs are introduced
P 9 vy . ' "Hn the first-chance decay as part of the binary decay in addi-
perform EHFMtCASCADE calculations by introducing very .. . . X
N X 7 tion to proton, neutron, and-particle evaporatiofER’S)
simplified schemes which are presented as follows. In ligh

) : S . rom the fused system. As discussed in the previous section,
heavy-ion reactions at moderate incident energies such as the

2,3 3 ; . .
3254 24Mg and ¥CI+12C reactions which have been se- the “*H and “He evaporation channels are included only in

lected as typical examples in this paper, it seems quite re::%he first-chance decay, whereas the GBRay emission is

sonable to assume that the second-chance, the third-chan&les,o included in t_he (VCV)hF)IeASCADE.CaICUIatlon'

and many-chance binary decays from the heated daughter The decay ratioR;” in E_q. (2) is evaluate(_j, as ShOW_”
nuclei (ER’s) populated by light-particle evaporation in the pre\{lously, for aII. of the exit channels by using the fuslon
early stages are negligible. Therefore the EHFM is applied ygartial cross secﬂomu_S(J) of Eq. (20) as the cross section
the phase-space calculations only in the first-chance binar§a(Ex) Of EQ. (1). During the course of the calculations of
decay of complex fragmente., first-chance fissionlike bi- € Whole phase-space integrations for all decay channels, all
nary decay from the fused system. Because the complexthe quantities which are needed in the subseqaeatADE
fragments emitted in the first-chance decay are expected Iculations should be stored. However, because of the fact

be populated in the rather highly excited states in both enthat the memory space of the available computer is not large

ergy and angular momentum in a similar manner to the ER’s€nough to store the calculated results for all the dependent
the heated fragments including the ER’s need to be COO|egariables in the first-chance EHFM calculation, the calcu-

down until the resulting products are unable to undergo furlated results are stored in the two groups somewhat inclu-

ther decay. Therefore the series of these calculations is calleiV€ly as follows. The excitation energy and angular momen-
EHEM-+ CASCADE. tum distributions for each fragment with atomic num-
From a result of the EHFM CASCADE calculations physi-  P€r Z’ and neutron numbeN’ are stored in the form of
cal quantities such as charge-, mass-, and kinetic-energy di€«z’.n)(€',1") @s a value of cross section and the kinetic-
tributions can be deduced to be compared to experiment@neroy distribution of the first-chance emission of ffagments
observables. For instance, the missing charge and its distri® &/S0 stored as the formz, n)(E') whereE is the kinetic
butions corresponding to the experimental conditions in co€N€rgy of the relative motion between the binary fragments.
incidence measurements are found to be clearly describdd Order to make the notation clear, in this paper a prime is
with this EHFM+CASCADE calculation. These definitions are PUt on the quantities which correspond to the first-chance
found to reasonably well reproduce the experimental distriEHFM calculations. As has been_ expectgd, the distributions
butions as shown in the next section. In the present sectiofz',n)(€',1") of the fragments with atomic numb&f and
the calculation procedures of EHFMCASCADE are pre- neutron .numbeN_’ obtained in the flrst-chance.decay are in
sented according to the chosen approximations. rather h!ghly excited stgte@or example, see Fig. 3 as dis-
The initial conditions required to perform the EHFM Cussed in the next sectipriThen the usuaCASCADE calcu-
+CASCADE calculation are mainly determined by the total lations are applied to the hot fragments thus populated in the

fusion cross sectionry,s which is assumed to be given as the first-chance EHFM calculation.

compound nucleus formation with atomic numti&s, and _The final distributionso(z/,n)(e€,1,Z,N) of the fragment
neutron numbeNcy and at the excitation enerds, in the with atomic numbe# and neutron numbe¥ are obtained as
heavy-ion reaction under consideration as follows: the result of the light-particle cascade decay of each frag-

ment with atomic numbeZ’ and neutron numbeX’ which
o0 is populated with the cross sectianz/ n(€’,1") in the
o= 2 ond =2y, (23+THY, (200 first-chance EHFM calculation. In the course of trscape
J=0 J=0 calculation, the distributions 7+ n+)(€,1,Z,N) can be stored
in the computer memory, but due to computer memory limi-

wherex andJ are, respectively, the wavelength and the total,sions the final results are stored in the inclusive form
angular momentum of the incident channel of the reaction.

For the sake of simplicity, the partial wave dependence of
the fusion cross sectionr;,((J) is represented by the trans-
mission coefficient (% with Fermi distribution, U(Z',N')(Z:N):Z oz n)(€1,Z,N) (22)

)

1
(fus) _
T = T exf (- 3,0/85] @

Then the charge and mass distributier(&) ando(A) can

be directly compared to experimental data by summing up
The critical angular momentusy, is chosen so as to repro- the final distributionsrz: n+y(Z,N) relative to each the first-
duce the measured complete fusion cross seatjgyinclud-  chance emitted fragment with atomic num#érand neutron

ing both ER and FF yields. Although little is known about numberN’.

the diffuseness parametdr;, its value has been fixed to The average velocities of the first-chance emitted frag-
17 in the present study in accordance with the value usuallynents are not expected to be greatly modified by the effect of
taken for the transition-state model calculations of Sanderpost-scission light-particle cascade decay. The fragment
[11] or other evaporation codd®1,22. The sensitivity of  kinetic-energy distributions z, /(E") which are obtained
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FIG. 3. (a) Internal excitation-energy and angular-momentum distributions of-tBefragment as obtained by the first-chance EHFM
calculations. The distributions of the binary-partner nucl&@ of the °C fragment are shown ith) (see text

in the first-chance EHFM calculation in the center-of-mass dZU(Z) dZU(Z, N
system are transformed to kinetic-energy distributions for a mz 2 Pz niy(2) '
al al

prrownrr=a N 5]
given laboratory angl@,,,, (Z'N") dQard Epyyy

&2 Here the relation between kinetic enery,, of the first-
W, (23) chance emission and final measured kinetic endtgy is
tabd Eap assumed to be used as follows:

by using the usual transformation formula. In this calculation 7

the angular distribution of the fragments of binary decay at Elabszl,ab- (27
the first-chance emission is assumed to have the usual
1/sin(6. ) angle dependence in the center-of-mass system
of fissionlike processes.

In order to simplify the notation to define both the missing
charge and the kinetic energy distributions in the calculation
;{/Ci?h inzrgfoglisctrr;zﬁlggg g/flrri?c%(iaeogot;‘ja?gglbf;iﬁgnﬁgﬁ- Cross sectionsr(zcl"'”)(zz) are defined as follows for the co-
particle cascade decay of the hot fragments with atomiéncident binary partner with atomic numbgs:
numberZ and neutron numbeX are

For the evaluation of the missing charge distribution cor-
responding to the measured ejectile fragment with atomic
numberZ, in the coincidence measuremésée Ref[15] for

the experimental conditions and resyltshe coincidence

oGZo)= 2 oz ZD)ozyng(Zo) . (28)
O'(Zr’Nr)(Z):% O-(Z’,N’)(ZiN) , (24) (Zl,Nl)

S . where we must keep the conditiod;,=Zcy—2; and
and the probability distributionB 7/ n/)(Z) are defined as a N,=Ny—N;. Then the probability distribution of missing

function of the charge distributionsz: n)(2) as charge for a first fragment wité, is given in the formula
O-(ZI’NV)(Z) U(coin)(z )
Py n(Z)= =——ZNZ) 25 2y (Z2

@~ () S22 ay(Z) @9 Piz,(AZ) : (29

Szoizy (2

By using the probability distributions? ;. Ny (Z), the _ _ o
kinetic-energy distributions modified by the light-particle whereAZ=Zc\—(Z,+Z,) is defined as the missing charge.
cascade decay after scission are evaluated as follows for the Finally the mean value$Z,+Z,) which correspond to
fragments with the atomic numb&t and the kinetic energy the measured mean charge in coincidence measurements are
E,, Which have been obtained in the first-chance EHFMdefined by using the probability distributioryz )(AZ) of
calculation: missing charge as follows:
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Q value of the decay fragments, the fragment dependence of
(Z1+2Z3)= AEZ (Z1+25)P(z)(AZ) . (30)  the barrier height of the scission point in excitation energy of
the compound nucleus fofNi is shown in Fig. 1c). As can
be expected in the phase-space integratiBnsvhich are
shown in Eqs(12), (13), (14), and(15), the leading term can
nt?_e evaluated approximately by the form

In comparison with other recent statistical-model calcula:
tions[6,11], it is worthwhile to mention that one of the main
advantages of the present model is the use of a single co
puter code to follow the whole decay process until all frag- P e2\aE Vg 31)
ments have completely cooled down. '

where the value of is equal to the sum of level density
IV. RESULTS AND DISCUSSIONS parameters of the lighter and heavier fragments in the binary
decay. The barrier heightg of the scission point which is
valuated from the ground state of the CN is given as follows
r the case of angular momentum=0:

Before we present the results of the EHFMASCADE
calculations which have been performed for a few selecte
examples, it is important to notice that in this light-mass
region it is relevant to use the scission-point approximation V=VeoutQ . (32)
of the saddle point. This is due to the fact that both the
scission point and the saddle point have geometrical configun Fig. 1(c) the lowest barrier height of the scission point in
rations which nearly coincide as recently demonstrgéd  the combination of the same mass fragments with different
in the case of the binary decay of tA&/ system. Alternative atomic number is plotted. In the case where the lighter frag-
available computer codes suchescATH [4], GEMINI [5], or  ment is ana-like nucleus its heavy partner is also an
EUGENE[40] are essentially based on the saddle-point picturex-like nucleus for the’®Ni system; therefore, strong binding
by using the transition-state formalism of Moreft®0] to  energy effects are found in the barrier height of the scission
predict complex-fragment emission yields for heavier syspoint. It is interesting to note that very similar results are
tems. The transition-state model developed by Sanddis found for the mass fragmentation potential as calculated by
and more specifically adapted for the light-mass region apGuptaet al. [45] for the same system. On the other hand, it
pears to be quite successful by introducing mass-asymmetritas been shown in Ref12] that with the use of liquid-drop
fission barriers. On the other hand, the cedsco[6] isto  binding energies the yields do not vary significantly from
our knowledge the only code also following the scission-fragment to fragment. Comparing Figsial and Xb) with
point approximation with, howevéna1], the need of the code Fig. 1(c), the strong enhancements in the measured cross
LILITA [23] to simulate the sequential decay of the binarysection are well understood as the result of the strong bind-
fragments. ing energy ofa-like fragments.

In this section the results of the model will be compared In the transition-state model calculatid] the strong
to a number of recently published experimental datebinding-energy effect has been taken into account by includ-
[7,11,15,44. For a more general overview of the experimen-ing Wigner energy terms in the liquid-drop mass formula.
tal systematics of the occurrence of the FF process in th&hus the origin of the strong variation from fragment to frag-
light-mass region previous publications such as Ref] are  ment in the present model may be equivalent to that involved
very helpful. in the transition-state model.

As pointed out previously in Sec. Il one of the most im-  An alternative way to reproduce this strong variation
portant quantities in the EHFM is the measured ground-statevould be to incorporate shell effects in the level density
binding energy used to evaludafevalues for the all complex formulas as proposed by Ignatyuk and co-workdd. Shell
fragments in the phase-space calculations in order to explicorrections in the energy-dependémperature-dependent
itly conserve energy. In order to demonstrate the strong efa parameter are then produced by the difference of the ex-
fect of the ground-state binding energyi, first of all we chooseerimental mass and the liquid-drop mass for each fragment.
as a typical example the mass distributions as measured fdihis possibility will be carefully investigated in the future
the 32S+ 2%Mg reaction at two incident energi&s,, = 121  developments of the EHFNB3]; however, preliminary re-
and 142 MeV[9] displayed in Figs. (8 and Xb), respec- sults on a study of the temperature-dependent level density
tively. It is very interesting to observe that the calculatedcan be found in the conference proceeding§4@i.
mass distributions shown by solid histograms reproduce well Despite of the choice of a very simple parametrization for
the characteristic features of the variations from fragment tdhe present calculations, it should be pointed out that the
fragment in the experimental mass distributions shown byomplete EHFM-CASCADE treatment reproduces well the
open histograms. In these calculations, the critical angulageneral trend and also the magnitude of the measured mass
momenta for total fusion cross section at the enerBigs= distribution. The calculated center-of-mass energy distribu-
121 and 142 MeV are, respectively,=34% and 3%.  tions which are obtained in the first-chance emission of the
These values reproduce the measured complete fusion croB$lFM calculation are found, however, to be a little higher
sections which are reported in R¢®]. The free parameter than the measured ong8] by an amount of about 3 MeV.

d in Eq. (18) which determines the barrier height of the In the following we will focus on the case of th&CI+
scission point is chosen in this case to de= 3.5 fm. A C reaction. The calculated charge distributions in Fig. 2 are
systematic investigation of this parameter will be undertakertompared to the experimental dataB},=180, 200, and

in a forthcoming publication33]. 278 MeV, respectively, as obtained in the inclusive measure-

In order to understand the reasons why the calculatedhents[7,13,15,44. The comparisons are also given for the
mass distribution is strongly dependent on the ground-statéssionlike yields for the’’Cl+ %C which have been partially
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measured aE;;,=150 MeV [46]. In these calculations the 12<Z<15 was not possible because their data could not be
input critical angular momenta,, were extracted from the extracted so accurately from the experimghé], due to a
total fusion cross section data using the sharp cutoff approximixing with both quasi- and deep-inelastic components. It is
mation. Their values are 25 25, and 27 for the 3°Cl known, however, that the heavier partners of the complex-
incident energies 180, 200, and 278 MeV, respectivelyfragment binary decay have large cross sectiGaslQ mb
Since the cross section of the complete fusion ER has nathich correspond to the cross sections of the lighter frag-
been measured for thECI+ 12C system aE,, = 150 MeV,  ments but the yields are obscured by the considerably larger
a 23 value was assumed to be the more realistic choice. ThER cross sections~100 mb for eaclZ at E,,,=278 MeV,
value of thed parameter for the barrier height of the scissionfor examplg. In the charge regiorz<14, the complex-
point is fixed to bed=2.5 fm for each incident energy. It is fragment emissions become important and essential to repro-
interesting to observe that thisvalue is smaller than that in duce the experimental charge distributions. The light-particle
the case of theé?S+2*Mg reaction. Although no systematics cascade decay of the heavier fragments after scission in-
of the mass dependence of teparameter for light mass- creases with increasing incident energy. Furthermore, light-
systems is evident for the moment, it seems that a simplparticle emissions from the lighter complex fragments after
linear dependence with CN fissility might be a reasonablescission are apparent in the case of the highest incident en-
assumption. This possibility will be further quantitatively in- ergy E,,, = 278 MeV.
vestigated within the framework of a more systematic study At this point it is important to notice that both the predic-
in a forthcoming publicatioh33]. tions of EHFM+cCASCADE and the transition-state model
The charge distributions produced in the first-chancd11] provide a quite satisfactory agreement of the general
emissions by the EHFM calculations are shown as dasheglends of the*°Cl+?C experimental excitation functions
histograms in Fig. 2 whereas the solid histograms represemiver the whole energy range explored as demonstrated in
the final charge distributions obtained by performing EHFMRef. [15]. This might be a good indication of the validity of
+CASCADE calculations. In the results of the EHFM calcula- the hypothesis that the scission point configurations, as as-
tions as the first-chance decay, we can clearly see the origsumed in the present study, almost coincide with the saddle-
nal traces of the binary pairs which are introduced in thes@oint shape of the transition-state pictdifel].
calculations as the available decay channels. The cross sec-In order to show how the complex fragments are popu-
tions with atomic numbeZ=20 and 19 arise from the Li lated in the excited states at the scission point, the internal
and Be emissions, respectively, within a binary-decay proexcitation energy and angular momentum distributions
cess. By comparing the cross sections of complex-fragment(e’) and o(1") of the *°C fragment obtained in the first-
binary decays such as B and C emissions, the Li and Behance EHFM calculation in the case Bf,=278 MeV are
channels have significantly larger cross sections, but thesshown in Fig. 83). The energy distributioar(€’) is obtained
light complex-fragment binary decays do not affect signifi-by summing up the angular momentum variableof the
cantly the largest part of the measured charge distributiongagment,
which comprise the ER’s. As expected from the usual
Hauser-Feshbach calculations, the cross sections with charge
Z=20, 21, and 22 come mainly from the emissions of light
particles such as neutrons, protons, and alpha particles. The
234 and 3He channels included in the first-chance EHFM o(e)=2 g€ l'), (33
calculations are found also to have relatively much smaller "
contributions in the cross sections for the ER’s. Therefore

the EHFIMH+-CASCADE calculations for each fragment includ-

ing the ER’s after scission take only neutron, proton, anq‘?nd Ejh(; a_n?ulart_morphenputm d"T’t”bUt'@"(l ) is also ob-
a-particle emissions into account. ained by integrating the internal energy,

Therefore it can be seen that the results from the EHFM
+CASCADE calculations reproduce well the whole measured
charge distributions over the entire range of mass asymmetry
from the low-mass region Qf complex-fragmer_n emis_sion U(ll):f oz (€ 1) de’ (34)
(FF) to the heavy-mass region of the evaporation residues '
(ER’s) for all incident energiegsee the solid histograms in
Fig. 2). Because the measured ground-state binding energies
are involved in these calculations also, large yields withwhere theoz/ ny(€’,1") is the obtained cross section in the
a-like fragments are observed for the mass-asymmetric pafirst-chance EHFM calculatiotsee Sec. ). The distribu-
of the complex-fragment emission. But the heavier partner ofions of the partner nucleu¥Cl of the '°C fragment in the
the complex-fragment binary decay is nefike in this sys- first-chance emission are shown in Figb8 As can be un-
tem, and then the cross sections with mass-symmetric fraglerstood from Fig. @), the '°C fragment is excited in the
ments are not so significant as opposed to the case of tHewer excited discrete levels, especially the grouridand
325+ 24Mg reaction presented in previous paragraph. first excited 2 (4.44 MeV) states. The third large peak cor-
In the region of the heavier fragments with atomic num-responds to the 3(9.64 Me\) state whereas the smaller one
ber larger than about 15, the cross sections are mainly due trresponds to the second Gtate.
the ER’s produced by light-particle cascade decays from the On the other hand, it is clearly seen that the fragment
compound system. The comparison of the fragmentpartner3Cl is statistically excited to the continuous states



55 EXTENDED HAUSER-FESHBACH METHOD FOR ... 1389

100 50 T T T T T T T T T T

80 (b) B
60 )
40 |
L Al [ L L 1 L L (] ]
] 400 s

C 300 | c
i 200 F J
. 100 } \ .

1 e L [} L L L L
] 100 F N
N . s F i
60 | J
1 w0 F g
. 20 J

[} 1

20
100

75
50
25

T 30
7 20
b 10

300
200
100

S
SO

[S IRV
S 33

S

125
100

40
30
20
10

d’6/dQdE (arb. units)

d*6/dQdE (arb. units)

50
40
30
20
10

40
30

i 20 -
- 10 F .
1 1 O S | hab 1 1 1

40 I\

20 g WIJJ i llulj‘” i

0 il AN i3] N _

0 30 100 150 200 250 300 20 0 20 40 60 80 100 120 140 160 180 200

By, (MeV) ® By, (MeV)

(a)

FIG. 4. Comparisons of the experimental inclusive kinetic-energy spectra measured at the laboratofy,angfefor each fragments
with atomic number fronZ=5 to Z=11 of the3*CI+ 1°C reaction at the incident energiEg,=278 MeV (a) andE,,, = 180 MeV (b) with
the kinetic energy distributions as obtained with the EHFM and the EHEMsCADE calculations. The solid lines are the kinetic-energy
distributions evaluated by including the effects of the post-scission light-paciddleape decay to the kinetic-energy distributions obtained

by the first-chance EHFM calculations shown as dotted lises text

(continuum with smooth distributions both in internal en- in Figs. 4a) and 4b) along with the data taken at 7° for two
ergy €' and in angular momenturti. This is a typical be- indicated incident energies &,=278 and 180 MeV, re-
havior of a complex-fragment statistical emission from aspectively. The dashed lines are the kinetic-energy distribu-
equilibrated fused nucleus in the light-mass system region.tions obtained in the first-chance EHFM calculations and the
At the highest studied incident enerBy,,=278 MeV, the  solid lines are the kinetic-energy distributions including the
CN excitation energy of*’V is E,=84 MeV, and the CN effect of the light-particle cascade decay after scission. As
lifetime for light-particle emission can be evaluated to cor-expected for a so-called inverse kinematics reaction, the
respond to roughly 8 10~ 22 sec by using the standard for- kinetic-energy distributions in the laboratory system can be
mula expressed in E@5). As can be seen in Fig(l8), onthe  decomposed in two partéa) a high-energy component with
other hand, the averaged excitation energy of the partnex typical Gaussian shape which is well measured @ha
nucleus %°Cl of the *2C fragment is about 35 MeV. The lower-energy component which is deformed by the experi-
lifetime which corresponds to this excitefCl nucleus is mental energy threshold. Therefore it should be taken into
about 10 times longer than that of ti8/ compound state. consideration that the large deviations from the calculated
Thus we can point out that the proposed picture of light-distributions with the data in the lower-energy parts come
particle cascade decay after scission of the excited complefxom the nonideal experimental conditions.
fragments obtained in the first-chance EHFM calculation is In the case of the highest measured incident energy
relevant. E.,=278 MeV shown in Fig. &), the effect of the second-
The calculated kinetic-energy distributions of each frag-ary cascade decay of light particles from the hot binary frag-
ment (5<Z<11) in the laboratory system which were ments is clear in contrast to the case of the lower incident
evaluated with the procedures outlined in Sec. Il are showrenergy ofE,,=180 MeV shown in Fig. &) for which the
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FIG. 5. The missing charge distributiofsolid histogramsfor the first fragment with atomic number frofy =5 to Z, =18 as obtained
in the coincidence measurements of i€+ 1%C reaction aE,,,=278 MeV under the experimental condition®f andZ,=5. The dashed
histograms are the calculated values as predicted by EHEAdcADE with the same conditions.

differences between the two calculations are not significantcalculated missing charge distributions reproduce well the
Although for the two calculated kinetic-energy distributions general trends of the experimental ones obtained in the co-
the barrier heights of the scission point which have beerincidence measuremeritss).
used appear slightly larger than the measured ones, the cal- Finally we can evaluate the average values of missing
culations reproduce reasonably well the general trend of thgharges for the distributions as shown in Fig. 5, which results
experimental data for both the mean values and the assoGizn pe summarized in Fig. 6 by showing how the averaged
ated widths. o o values depend on the fragments of the coincidence measure-
In Fig. 5, the missing charge distributions for the elemen-ments by the use of the mean valu&s +Z,). The calcu-
tal fragments which have been obtained in the coincidenfzgted mean values obtained in EHBMASCADE are shown
data[15], with the experimental conditions &f,=5 and  py the solid lines whereas the experimental results are dis-
Z,=5 with the optimum values of the angular correlations,played by the data points with their associated error bars for
are shown by the solid histograms. Here Heis the atomic  the 35C|+!2C reaction afE,,,=200[13] and 278 MeV[15]
number of the first fragment ang}, the atomic number of its a5 a function of the atomic numb2g of the first fragment in
binary partner in the coincidence measurement. The dlstrlquigs_ 6@ and Gb), respectively. As can be seen in the com-
tions as calculated with EHFMCASCADE are shown by the  parisons between the experimental and calculated missing
dashed histograms for each fragment with atomic numbegharge distributions, it should be once again stressed that the
Z,. The details of these calculations which were adapted tEFHM+cascape calculations reproduce well the general
the experimental conditions are given in Sec. Ill by assumingrend of the experimental data.
that the missing charges have their origin from the cascade Knowing that the pre-scission emission of light particles
decay of light particles or binary fragments after scission. s predicted to be negligible in the model, it can be con-
Despite the relative simplicity of the calculations resulting cjuded that the missing charge obtained for thel+12C
from the direct use of the ground-state binding energy for thgeaction in the coincidence measurements for bombarding
full course of the cascade decay without any corrections foenergies lower than 8 MeV/nucleon has its origin in the
the Ieve_l d(_ensny parameters, the calculated distributions fofight-particle cascade decay of the excited binary fragments
each coincident fragment reproduce well the general trend Aifter scission. A similar conclusion has been advanced for
the experimental results. The large discrepancies observq,qudy of the 3°CI+2*Mg reaction measured at 8 MeV/

for Z,=5 might be due to an experimental bias arising fromnycleon which preliminary experimental results are also well
the geometry of detector angles chosen for the coincidenceproduced by EHFM cASCADE [47).

measurements of the angular correlations. A strangmis-

sion in the calculated results is observed for the missing

cha_rgg distributions of chl_= 11 and 12 bina_ry pair. These_ V. SUMMARY AND CONCLUSIONS

deviations should be considered carefully in future studies

taking into account the ground-state binding energies directly In order to treat the binary-decay emission of complex
in the calculations. However, it should be stressed that thesgagments in a similar manner to the light-particle evapora-
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mimics the diffuse-surface effects known to be of importance

30 F in the light-mass region.
25 3 Zow= 23 (a) The essential .points of the EHFM:ASCADE calculation

L - - _W ------ are presented with the example of the binary decay of the
20 B 8Ni nucleus as formed by thé?S+24Mg reaction at two

: bombarding energie€, ;=121 and 142 MeV[9]. The
I5F EHFM+cCASCADE calculation has also been applied to the

4749/ systems which are formed in th&3'Cl+12C reac-

0 f
; tions atE,,=150, 180, 200, and 278 MeW,13,15,44,4%

Noos - In this case the neck length parameter of B@) is fixed as
N’ ittt d=2.5 fm for all incident energies, whereas its value has
+ 9k been found larger in the case of tA8Ni compound system.
N As a matter of fact the neck degree of freedom cannot be
V.25 considered as a simple adjustable parameter since first its
20 valued=3.0=0.5 fm appears to be strongly constrainted by
] the size, i.e., the fissility of the compound system and second
15 F is non temperature dependent for a chosen reaction. Work is
! now in progresg33] in order to define a reasonable mass
10 F dependence of this parameter through the investigation of

new available fusion-fission data on nuclei sucH&g [48],

3 ] 48Cr [16], or °°Cu [47]. The values of the critical angular
R momental,, have been chosen so as to reproduce the mea-
0 2 4 6 8 101214 16 18 20 22 24 sured fusion cross sections. The post-scission light-particle

7 decay of the emitted complex fragments appears to be, in
1 each studied case, of great importance to obtain a reasonably

good agreement for all the measured observables: mass-,

charge-, and kinetic-energy distributions of both the complex

by the EHFMtcAscaDE calculations(solid lines with the corre- fragmgnts_ and the ER. S. The post-scission light-particle

sponding results of the coincidence measurements for’¥aer emISS|on. |s_necessary 'n,or(_jer _to repmd!ice V\_'e" the m_ea-

12C reaction at the incident energi&,,=200 MeV () and 278 ~ Sureéd missing charge distributions obtained in exclusive

MeV (b) which are shown as a function of the first fragment's fragment-fragment coincidence experiments.

atomic numbeiZ,. The dashed lines represent the total charge of However, many problems still have to be resolved in or-

the compound nucleuqy=23. der to establish the systematic behavior of the fusion-fission
process in the light-mass region. The estimate of the barrier

tion from light-mass compound systems as populated bpeight_ of the scission point has to be more gquantitatively
heavy-ion fusion reactions, the well-known Hauser-Feshbaclivestigated although a linear dependence of the neck degree

formalism has been extended in a natural way to the phasé)-f freedom ‘_Nit_h the fiss_ility _Of the compound system SEeems
space calculations of the binary dect., a fusion-fission to be a realistic approximation. Of course the consistent in-

process (see Sec. Il B The EHFM calculation is applied to troduction of deformation effects for both ER’s and complex

the first-chance binary decay from the compound system b agments has to be considered for the systematic estimation.
assuming that the second-chance binary défrayn the hot n the other hand, the direct use of OM transmission coef-
daughter nucle{ER's) populated by light-particle evapora- ficients for evaluatipg the phasg—spgce integ_ration of the
tion in the early stagdss found to be negligible. The inter- COMPIex-fragment binary decay is highly desirable to un-

nal excitations of the emitted complex fragments are popug:over the more interesting features which are included in the
HFM. Future studies will be undertaken in these directions

lated in rather highly excited states in both angular moment

and energies in a similar manner to the ER’s. The hot binar 33].

fragments are cooled down by the cascade of light-particle

emissions. Subsequently EHFMASCADE calculations can

clearly define the physical quantities which are able to be

directly compared with the experimental ones such as miss- ACKNOWLEDGMENTS
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