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Binary decay fragment cross sections and prescission charge multiplicity in84Kr 127Al
at 10.6 MeV/nucleon
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The binary decay fragment cross sections and prescission charge multiplicity were measured in the reaction
of 84Kr127Al ~Elab510.6 MeV/nucleon! and compared with a statistical model calculation performed with the
code GEMINI as a function of fission delay time. The comparison has suggested that a composite system may
be formed at the point between the saddle and scission points and make a binary decay.

PACS number~s!: 25.70.Jj, 25.70.Lm
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A binary decay process in heavy ion reactions is cons
ered a good tool to study the basic nuclear characteristics
nuclear viscosity. In such experiments the detection
prescission light particle evaporation in coincidence with
nary decay fragments gives new information on the bin
decay mechanism including its time scale; several exp
mental results are reported@1#. For the heavier mass system
~massA;200!, a careful study of prescission multiplicity o
neutrons, light charged particles~LCP’s!, andg rays has con-
cluded that the main binary decay is a slow and cold proc
@1–3#. Because the large prescission multiplicity cannot
reproduced by the standard statistical model calculation, a
lytical approaches have been performed by taking the
namics of the reaction into consideration@4,5#. It is also sug-
gested from the experimental results that the presciss
particle evaporation takes place predominantly at larger
formation @6#, that is, in between the saddle and scissi
points. The delay time of presaddle and postsaddle po
gives an essential information for the nuclear dissipation

For the lighter mass system, if a compound nucleus em
charged particles at the presaddle point, it tends to bec
an evaporation residue, because the critical angular mom
tum Jer which distinguishes evaporation and fission is ve
large ~e.g., Jer;60\ for A;100! compared to the heavie
system @7#. For this reason one can see the influence
prescission particle evaporation on the fragment cross
tions more clearly with lighter mass systems than heav
ones.

In this paper we wish to suggest the mechanism of a
nary decay in the lighter mass system~A;100! by compar-

*Present address: Mitsubishi Electronics Co., Tokyo, Japan.
532813/96/53~2!/997~4!/$06.00
id-
like
of
i-
ry
ri-

f

ess
be
na-
dy-

ion
de-
n
ints

its
me
en-
ry

of
ec-
ier

bi-

ing the measured cross sections and prescission LCP m
plicity with a statistical model calculation.

The experiment was performed using a large scatte
chamber~ASCHRA! @8# at the RIKEN Accelerator Researc
Facility. A self-supporting Al target~600 mg/cm2 in thick-
ness! was bombarded with84Kr beams at the incident energ
10.6 MeV/nucleon. The details of the experiment and so
of the results of the cross section measurement have b
described in our previous paper@9#. In the coincidence mea
surement between binary fragments and LCP’s, the he
fragments were detected with a time-of-flight~TOF! counter
telescope which consists of two channel plate detectors@10#
and a large solid state detector~DV;4 msr!. The TOF tele-
scope was placed at 10° away from the beam axis. The fl
path between the two channel plate detectors was 35 cm.
time resolution of the telescope was typically 30
ps. LCP’s~Z51 and 2! were detected with a 3p multide-
tector system. This system was composed of 120 phosw
detectors which could cover the angular range from 10°
160° in the laboratory system. The phoswich detector c
sisted of a thin plastic scintillator~NE102A, 100 or 200mm
in thickness! and a thick~180 mm! BaF2 crystal which has a
good time response@11#. The flight paths were varied from
60 cm at a forward angle to 15 cm at a backward one.
order to determine the velocity of an emitted LCP direct
especially for the detectors placed at forward angles,
measured the TOF. The time difference between a rf signa
the cyclotron and a timing signal of a detector was used
the derivation of TOF. The phoswich detectors were ca
brated using elastically scattered protons and alpha part
at the energy ranges of 10–20 and 15–30 MeV, respectiv

In order to study the dependence of prescission cha
multiplicity on the coincident fragment mass, we have
997 © 1996 The American Physical Society
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vided the observed fragment mass into two groups: one
symmetric binary decay products~40,A,60! and another
for asymmetric mass division~20,A,40! which corre-
sponds to the target mass region.

The energy spectra of the protons and alpha particles m
sured in coincidence with the heavy fragments were fitted
the moving source analysis in which three sources were
sumed: a compound nucleus before scission and two fu
accelerated fragments after scission. In the analysis the
ergy spectra of LCP’s in the rest frame of the source we

expressed byW5EÊ/t exp(2E/t) with t52T2/(Ê1T) @12#.
Here Ê corresponds to theB1T, B andT being the evapo-
ration barrier and temperature of an emitter, respectively. I
observed that alpha particles are emitted preferentially p
pendicular to the spin direction of nuclei with a high angul
momentum. Such a correlation too was included in the d
analysis. The azimuthal distribution of particles emitted fro
a compound nucleus was assumed to be in the fo
W~f!}exp~b sin2f!. Hereu andf are the in-plane and out-
of-plane detection angles, respectively. Positiveu denotes the
angle of LCP detection in the same side as that of hea
fragments in reference to the beam axis. Further,f is the
angle between the direction of particle emission and the a
of spin of a compound nucleus.b was defined in the form
b;@(\I )2/~2I T!#@mR2/~I1mR2!#, whereI is the moment
of inertia of a compound nucleus, whileI is the mean angu-
lar momentum for binary decay@13#. Using ten parameters,
out of which seven define the shape~Bcs , Tcs , Bf f1, Tf f1,
Bf f2, Tf f2, and f, where the subscriptscs, f f1, and f f2
denote the compound nucleus, detected heavy fragment,
undetected one, respectively! and three are the multiplicities,
we have fitted the spectra over the whole range of the
plane and out-of-plane angles with a set of parameters. T
values of (B,T) were obtained as~6.0, 4.5 MeV! for protons
and ~12.4, 4.5 MeV! for alpha particles. They are approxi
mately 1 MeV lower than the empirical values listed in Re
@14#. Figure 1 shows typical results of fittings. From this w
can get the prescission and postscission LCP multipliciti
The prescission charge multiplicity corresponds to appro
mately 80% of the total charge multiplicity. We see no d
pendence of the prescission multiplicity on the division
mass asymmetry~see Table I.

A statistical model calculation has been performed usin
codeGEMINI @15#. The parameters used were essentially fro
Ref. @15#. The level density parametera was taken asA/10
MeV21. The fission barrier for symmetric decay was take
from the rotating finite range model@16#. The excitation en-
ergy used was 200 MeV. The spin distribution of a com
pound nucleus was assumed to be given by a sharp cu
approximation with the maximum angular momentu
lmax580\ at which the symmetric barrier vanishes. 80\

TABLE I. Multiplicity of the prescission and postscission
evaporations forZ51 and 2 particles.

Prescission Postscission

Z51 Z52 Z51 Z52

20,A,40 1.360.2 0.760.4 0.260.1 0.360.2
40,A,60 1.260.2 0.760.2 0.160.1 0.160.1
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agrees with our experimental result within the experiment
error @9#. We have calculated the cross sections and partic
multiplicity changing the fission delay time. The fission de
lay time is the time until which the fission decay width is
taken as zero in the calculation. Figure 2 shows the results
the calculation of binary decay fragment cross section
where the experimental data are shown by solid circles. Op
circles were calculated without a fission delay time, whil
open squares and open triangles were calculated with
fission delay times of 5310221 and 2310220 s, respectively.
In these calculations the fusion cross section was conserv
at 990 mb, which is limited bylmax580\.

Figure 3 shows the calculated results of prescission prot
multiplicity ~the left half! and the sum of binary decay frag-
ment cross sections~the right half! for each mass region as a
function of fission delay time. The experimental results a
shown by solid lines together with the range of error b
dashed lines. The calculations were performed for th
prescission proton multiplicity usinga5A/9 and A/11
MeV21. As for this parameter, an elaborate study has be
done by Finemanet al. @17#. The ratio of thea’s was taken
asaf /an51.0. For the sum of the binary fragment cross se
tions, the ratio used wasaf /an51.0 ~solid circles! and51.15
~open circles!. The latter value corresponds to the ratio ob
tained withan in the spherical shape andaf at the saddle

FIG. 1. Measured energy spectra of the light charged particl
~LCP’s! are shown by solid circles together with the results of thre
source fittings. The selected mass region of coincident heavy fra
ments is 40,A,60. Postscission components from the detecte
fragments and those from undetected fragments, prescission con
bution, and total spectra are shown, respectively, by short-dash
dot-dashed, long-dashed, and solid lines. Hereu indicates the in-
plane LCP detection angle. Allu’s are in the same side as the TOF
counter telescope for heavy fragment detection. On the other ha
f denotes the out-of-plane detection angle and is defined by
angle between the direction of particle emission and the axis of sp
of the compound nucleus.
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point @18#. Even in the case of 1.15, the maximum fiss
delay time is approximately 1.5310221 s, which is one-tenth
of the experimental prescission time. The calculations u
a5A/9 andA/11 MeV21 have also been performed for th
sum of cross sections. The calculated values are not
played here, but known to lay in between the open and s
circles in the right-half graph of Fig. 3.

The experimental cross section is well reproduced with
a fission delay time. Without a fission delay time, howev
the calculated prescission proton multiplicity is significan
smaller than the experimental value. To reproduce
prescission proton multiplicity, it is essential to introduce
fission delay time on the order of 10220 s, even if we choos
a5A/11 MeV21. However, an underestimation of the cro
section of binary fragments is not negligible in this case.
lighter mass system like84Kr127Al, a compound nucleu
cannot undergo fission if it emits particles before choosin
go to fission because the large angular momentum is t
away by the evaporated particles. It is obvious from the
ference of the cross sections calculated without a fission
lay time and with a 5310221 s delay. Such a compariso
suggests that the prescission protons are mainly emitted
the saddle to scission points: that is, the compound nuc
emits light particles after choosing to make a binary de
as described in Ref.@6#, and that otherwise this system do
not go through the compound nucleus. That is, a compo
system is formed at the point between the saddle and sci
points.

FIG. 2. Measured cross sections of the binary decay fragm
are shown by solid circles. Open circles, squares, and trian
show the results of the statistical model calculations without a
sion delay time, with 5310221 s delay and with 2310220 s delay,
respectively. They axis is in logarithmic scale forZ less than 36
while a linear scale forZ>36. af /an51.0 is used. The total cros
section was kept at 990 mb.
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For fissioning systems it is reported, based on a study
the prescission multiplicity as a function of the coinciden
fragment mass, that the asymmetric division occurs in th
earlier stage of the reaction than the symmetric divisio
@19,20#. In the present study, however, the prescission char
multiplicity was found to have no dependence on the ex
channel mass asymmetry~see Ref.@21#!. Taking both the
different trends seen in references and the results of pres
study into account, the suggestion that the composite syst
formed at the point between the saddle and scission poi
makes a binary decay~fast fission! seems more probable.
The actual fission barrier does not exist due to the effect
high angular momentum. The suggestion is also support
by the measured azimuthal angular distribution of alpha pa
ticles. The distribution indicates that the composite syste
hasb;1.5, which was calculated using a mean angular m
mentum for binary decay,J;74\. Thisb is smaller than that
for a spherical system for whichb;3.0.

We appreciate T. Mizota, Y. Honjo, and S. Tomita for thei
skillful contributions during the experiments. We would like
to thank the crew at the RIKEN Accelerator Research Fac
ity for their excellent operation of machines during the ex
periments.
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FIG. 3. In the left half, the calculated results of prescissio
proton multiplicity are shown as a function of fission delay time fo
two different mass regions. The experimental result is shown by t
solid line with the corresponding error by dashed lines. Solid circle
show the calculated results witha5A/10 MeV21, while open
squares and triangles show the results fora5A/9 andA/11 MeV21,
respectively.af /an51.0 is used. In the right half, the sum of the
binary decay fragment cross sections for two different atomic num
ber regions is shown as a function of fission delay time. Sol
circles are the calculated results of the statistical model calculati
with a5A/10 MeV21 and the ratioaf /an51.0. Open circles show
the results witha5A/10 MeV21 andaf /an51.15. The experimen-
tal results are shown by solid lines with the corresponding error
dashed lines.
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