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Energy spectra of light charged particles have been measured in coincidence with fissionlike fragments
using the 47 charged-particle detector AMPHORA. Preequilibrium, prescission, and postscission com-
ponents of emitted protons, deuterons, and alphas have been extracted from the energy spectra using a
multiple source fit procedure. Including previously measured exclusive neutrons, a complete data set for
light particle emission from the system **Sm+32S(26 4 MeV) is now available. Mass and excitation en-
ergy of an equilibrated composite system has been defined by application of the massive transfer model
using multiplicities and apparent temperatures of the preequilibrium components. The results have been
compared to statistical model computations. A fair overall agreement is observed for different parame-
trizations of the Fermi-gas level-density parameter with indications for a decrease of the level density pa-
rameter with increasing nuclear temperature. The correlations between slope parameter, prescission,
and total particle multiplicity turned out to be a sensitive probe for the level density parameter. In the
energy spectra of alpha particles a low-energy component has been observed with strong focusing into

directions perpendicular to the fission axis.

PACS number(s): 25.70.Jj, 24.60.Dr

I. INTRODUCTION

The investigation of macroscopic properties of hot nu-
clear matter, like temperature, moment of inertia, size,
shape, and viscosity, is an object of vivid current interest
in nuclear physics and is usually performed by experi-
ments using heavy-ion reactions at bombarding energies
between 10 and 100 MeV per nucleon [1-3]. Information
about the nucleus is deduced from measurements of gam-
ma rays, light particles, and fragments, and numerical
values about the macroscopic properties of highly excited
nuclei were frequently extracted by application of the sta-
tistical model. This model assumes an equilibrated com-
posite system whose decay is governed by the available
phase space. Especially it can be shown that in first ap-
proximation the square of the nuclear temperature is pro-
portional to the thermal excitation energy: E*=aT?
where the factor a is the level density parameter of the
excited nucleus. This parameter in conjunction with the
inverse reaction cross section (or transmission coefficient)
also describes yield and shape of the energy spectra of
emitted particles.

At excitation energies above 100 MeV the application
of the statistical model is getting questionable, because of
uncertainties in the level density and because of doubts
on the Fermi-gas model, which is mostly used to get the
familiar and convenient form of the level density. As
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pointed out earlier [4,5] a serious drawback of the
Fermi-gas level density is the assumption of an infinitely
deep potential well for the independently moving parti-
cles. If this well is replaced by a more realistic one with
finite depth, then states which were originally situated
within the well might now turn into resonance states in
the continuum, with lifetimes considerably shorter than
the equilibration time of the compound nucleus. Those
states should not be listed as compound nucleus states,
and thus, with increasing excitation energy, a realistic
level density should drop more and more below a Fermi-
gas level density. An indication of this effect is the obser-
vation of the decrease of the Fermi-gas level-density pa-
rameter with increasing excitation energy [6,7].

Another feature of the statistical model is the place-
ment of a “nuclear clock” at our disposal. The rate of
neutron evaporation is used to define a “neutron clock”
and, including the competition between fission and parti-
cle evaporation, a time scale for fission can be construct-
ed. The time scale strongly depends on the level density
used, and a more stringent test of this method would be
to include the corresponding ‘“‘charged particle clock” as
well.

The motivation for the experiment described here was
to test the statistical model at high excitation energies
(=500 MeV) by comparison of particle multiplicities and
slope parameters of the energy spectra of pre- and
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postscission evaporated particles, and by comparison of
the “neutron clock” and the ‘“‘charged particle clock”.
The system '“Sm+32S(838 MeV) has been chosen to
complete the neutron data measured previously in coin-
cidence with fission fragments [8] by exclusive measure-
ments of light charged particles (p,d,a). A preference for
charged particle emission is expected for the composite
system '*Sm+32§ relative to the neutron-rich system
154Sm +32S.

The dominant mechanisms of light particle emission
are established, and the particle multiplicities associated
with each mechanism are extracted. The total excitation
energies E &y and masses of the equilibrated composite
systems formed after preequilibrium particle emission are
determined from linear momentum transfer (LMT) mea-
sured with the folding angle technique. The experimental
conditions were selected to get the maximum possible ex-
citation energy compatible with a dominance of sym-
metric fission and to enhance selectivity for the binary
component with an appropriate (i.e., planar) detector
geometry. In addition, the excitation energies E &y(LMT)
extracted from the measured multiplicities of preequili-
brium particles using the massive transfer model must be
confronted with multiplicities and respective nuclear
temperatures observed for the prescission particle source
to yield a consistent level-density parameter for the
statistical-model analysis.

The paper is organized as follows. In Sec. II the exper-
imental procedure is described, which is followed by the
presentation of the fragment and light charged particle
spectra in Sec. III, where the moving source fit procedure
and the azimuthal distribution of the composite system
component is discussed. The statistical-model analysis is
presented in Sec. IV, and a summary is given in Sec. V.

II. EXPERIMENTAL PROCEDURE

The experiment was accomplished at the System Ac-
celerator Rhone Alpes (SARA) coupled cyclotron facility
in Grenoble, using 328 projectiles of 838 MeV on *Sm of
315 ug/cm? Light charged particles (p,d,a) were detect-
ed by AMPHORA CsI(T1) detectors [9,10]. Kinematic
coincidences between reaction products were detected by
two position-sensitive low-pressure multiwire proportion-
al chambers (MWPC). Each one had an area of 61X 61
mm?. They replaced the standard CsI(T]) detector units
of ring 5 ({(©) =46.7") of AMPHORA. The mean detec-
tor angle of (©)=46.7° had been chosen to select the
most central collisions in this reaction [8]. The MWPC’s
were mounted at a distance of 340 mm from the target
position and had an angular acceptance of +5° in the x
and y directions. They measured the in-plane and out-
of-plane position of two heavy reaction products in addi-
tion to their relative and absolute flight times relative to
SARA'’s radio frequency. The absolute time scale had
been adjusted to previous measurements, and times and
positions were used to determine the fragment velocity
vectors in the laboratory system.

For the CsI(T1) detectors the pulse shape discrimina-
tion method was used to identify light particles. This
method allowed to separate protons, deuterons, and tri-
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tons down to threshold energies of about 1.5 MeV per nu-
cleon, whereas *He and alphas could not be separated at
the lowest energies. Extrapolating the yield of *He into
the low-energy regime we estimated the ratio He/*He to
~3%. The energy calibration of the CsI(T1) was accom-
plished by use of alpha sources (**'Am, ?**Cm, Th) and
two alpha beams of 19 and 50 MeV bombarding gold and
formvar targets. Linear relations between the energy de-
posited in the crystal and the light output (fast com-
ponent) of the detector were obtained for protons and al-
phas in the forward hemisphere. The alpha-source data
and these relations were used for the detectors in the
backward hemisphere and using interpolation procedures
for the energy calibration of the deuterons [11,12]. The
energy calibration has been performed for each detector
and each particle separately with an overall estimated un-
certainty of 10%.

III. FRAGMENT AND LIGHT CHARGED
PARTICLE SPECTRA

A. Linear momentum transfer

The velocity vg of the fissioning composite system is
related by kinematics to the velocity components v, ,,
and vy ,, of the two fissionlike fragments parallel and per-
pendicular to the beam direction:

_ Uy tv,,0y

Ucs (1)

vty
In Fig. 1 the Galilean invariant form of the velocity dis-
tribution for vg is shown and the velocity which corre-
sponds to full momentum transfer is indicated by an ar-
row. Due to the time resolution of 1.8 ns in the flight
time of the fragments, the systematic error of the abso-
lute time scale, and the dispersion of the fragment veloci-
ty vectors due to pre- and postscission particle emission
the uncertainty in vg is estimated to 12%.

Conservation of linear momentum leads to the relation
between vg and the transferred fraction p of linear
momentum:
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FIG. 1. Galilean invariant velocity distribution of the com-
posite system as deduced from the fragment velocity vectors.
The velocity of full momentum transfer is indicated by an ar-
TOW.
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B. Moving source parametrization E 10
0 80 120

To extract macroscopic parameters of the emitting
sources such as the apparent temperature 7, multiplicity,
and Coulomb barrier B of emitted particles, the experi-
mental energy spectra measured in coincidence with the
two fission fragments have been reproduced by a moving
source fit. The energy distribution of emitted light parti-
cles in the source rest frame is written as

dzCT b _(Ec.m. -
_  ~ _BI n
a0 dE = Eem —B) exp

(3)
with n =1 for surface emission, n =% for volume emis-
sion, and the azimuthal angular distribution is described
by W (®). For above barrier energies we set B'=B and
b =1; for sub-barrier energies we used B'=(1—5b)T+ B
[13] with b adjusted at E_,, =B, to achieve smooth ex-
trapolation into the sub-barrier energy regime (1 <5 <4).

The measured energy spectra were fitted assuming five
sources: (1) the composite system with average velocity
(veg ), (2), and (3) the two fragments (©,=6,) with aver-
age velocities (v,)=(v,), (4) and intermediate source
moving with half the beam velocity {v;g) =vpeam /2, and
(5) a source with beam velocity vy.,,,. Nonisotropic par-
ticle emission has been assumed for source (1)
[W(180°)/W(90°)=1.4, 1.1, and 1.0 for a, d, and p, re-
spectively] (see Sec. III C), and isotropic emission for the
sources (2)—(5).

The sources (4) and (5) were used as simple parametriz-
ation of the complicated process of preequilibrium emis-
sion and projectile breakup. In a naive picture like the
massive transfer model, alphas from projectile break-up
are expected at very forward angles only. However, com-

FIG. 2. Alpha energy spectra calculated by a classical model
for dissipative projectile breakup at laboratory angles of 5° and
50°. Events are shown where not more than two alphas survive
the capture process of the reaction **Sm+2S.

putations with the more advanced model of Mohring,
Srokowski, and Gross [14] indicate that, due to the slow-
ing down and bending of projectile trajectories caused by
frictional forces at the target surface, breakup alphas may
also be expected with appreciable yield at larger angles,
like 6,,,=50° (Fig. 2). This effect will cause a mixing of
the contributions of particles emitted during projectile
breakup and an intermediate source, and the parameters
extracted for the two preequilibrium components have to
be considered with caution. Using these multiplicities and
velocities to estimate the linear momentum carried away
by these preequilibrium particles, we infer a linear
momentum transfer ratio of p=71%. Considering the
rough approximation and the experimental uncertainties,
this value is in agreement with the value of p=77% de-
duced from the composite system velocity.

Maxwellian surface emission has been used for the
fragment sources (2) and (3) with multiplicities below one,
and volume emission has been assumed for the other
sources [(1), (4), and (5)]. The barriers, multiplicities, and
temperatures of the sources were searched for by a least-
squares procedure assuming equal temperatures for the
two fissionlike fragments. The deduced fit parameters are
listed in Table I, and the total fit as well as the contribu-
tions of preequilibrium component [sources (4) and (5)],
the composite system component [source (1)], and the

TABLE 1. Results of the multiple source fit.

Prescission Postscission Interm. system Projectilelike
M, 5.4+0.5 0.6+0.2 1.7+0.7 1.2+0.5
T, 5.5+0.8 2.6t+1.1 11.0£3.0 5.0+2.1
B, 10.9+0.6 6.1+1.1 13.2+3.1 1.0+0.8
M, 1.11£0.2 0.14+0.07 0.9+0.2 0.4+0.2
T, 5.8%+1.2 2.6x1.5 14.5+4.0 4.813.0
By, 15.1£1.2 8.8t5.4 13.4+3.7 1.0£1.1
M, 3.2+0.4 0.31+0.2 1.1+0.4 1.11£0.4
T, 6.610.7 2.2+0.8 12.7£3.0 13.8+1.5
B, 19.9+1.2 10.6x4.0 4.6+3.0 4.9+2.7




48 LIGHT PARTICLE EMISSION IN THE REACTION ...

fragment component [sources (2) and (3)] are shown in
Figs. 3(a)-3(c) for p, d, and a.

C. Anisotropies

For fission reactions induced by low-energy heavy-ion
reactions, the azimuthal correlation of the two fragments
is strongly peaked at A¢=180°. The width of the distri-
bution is due to smearing of the angular correlation by
pre- and postscission particle emission and by the finite
granularity of the fragment detector. The dispersion will
increase with increasing excitation energy and thus will
cause more and more loss of resolution in the determina-
tion of the reaction plane which is defined by the velocity
vectors of the two fragments. According to the modified
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evaporation code JULIAN [15] the recoil effects of pre-
and postscission particle evaporation cause an out-of-
plane dispersion of 30° at full width at half maximum.
These effects and uncertainties in shape and temperature
of the emitting system prevent to extract reliable values
for the spin of the composite system. When the azimu-
thal distribution W(®) is expressed as

W(®) =< exp[ —Bsin*(P)] , 4)

where @ is the angle of the particle emission direction
with respect to the reaction plane; the anisotropy param-
eter 3 can be expressed by macroscopic quantities of the
emitting system:
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FIG. 3. (a) Proton energy spectra measured with AMPHORA detectors at the specified angles. The results of the five source fit
are indicated by solid lines, dashed lines, dotted lines, and dash-dotted lines for the total fit, the composite system component, the
sum of the fragment components, and the sum of the pre-equilibrium components, respectively. (b) Same as (a), but for deuterons. (c)

Same as (a), but for alphas.



2344

7 +1)7 2
p="VR) pR? (5)
2TT T+uR 2

For instance, using a spin value of J; =80, a nuclear tem-
perature of 7=6.6 MeV (see Table 1), a moment of iner-
tia 7 of a sphere containing 161 nucleons, and a reduced
mass u for alpha emission at a barrier radius R =10.6 fm,
we expect an anisotropy parameter of 5=0.94.

In addition to the uncertainties mentioned above, the
azimuthal distribution can be disturbed by contributions
of other sources, which are difficult to separate in a nor-
mal multiple source fit. This is demonstrated in Fig. 4(a),
where energy spectra of alphas are shown for some in-
plane and out-of-plane detectors. An additional low-
energy component is observed in the a spectra of the
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FIG. 4. (a) Alpha energy spectra for some in-plane and out-
of-plane detector positions. The bars indicate the energy re-
gions used for the plot of Fig. 5. (b) Proton energy spectra for
some in-plane and out-of-plane detector positions of (a).
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out-of-plane detectors (®=264°). Such a component is
essentially absent in the proton spectra [Fig. 4(b)]. To
demonstrate the strong focusing of these additional low-
energy particles into directions perpendicular to the
fission fragment separation axis, we display in Fig. 5 the
azimuthal distribution of both components normalized to
the respective mean value. The low-energy component
has been defined by an energy gate in the near-barrier re-
gion [left bar in Fig. 4(a)], where in-plane and out-of-
plane spectra differ the most. The spectrum area within
an energy gate close to the low-energy component [right
bar in Fig. 4(a)] is hereafter referred to as regular com-
ponent. As expected, this component, which represents
alpha evaporation from rotating nuclei with spins perpen-
dicular to the reaction plane, 1is peaked at
(P=0°180°360°), whereas the low-energy component
displays maxima at angles perpendicular to this plane
(®=90° 270°). For comparison, the normalized anisotro-
py function W(®)/{ W) has been calculated for different
angles 6, using =0.94 and has been included in the
figure (solid line). We conclude from kinematics that
these particles are emitted from a source which moves
with the composite system velocity. Such a behavior is
consistent with emission of alphas from the neck region
of a fissioning nucleus, as observed in low-energy [16] and
in intermediate-energy fission [17].

It is noted that the two gates shown in Fig. 4(a) do not
perform a clear separation between the different sources
of the composite system, and, further, these components
have not been treated separately in the multiple source fit
procedure. Thus, the mixture of these components will
result in lower average values and larger variances for
Coulomb barriers and anisotropies of the composite sys-
tem.
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FIG. 5. Normalized azimuthal distribution of alphas. The
filled triangles represent the yield in the low-energy region [left
bars in Fig. 4(a)], the dots represent the yield in the energy re-
gion of the regular composite system component [right bars in
Fig. 4(a)].
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IV. STATISTICAL-MODEL ANALYSIS

A. Level-density parameters
and transmission coefficients

The reaction is assumed to occur in three steps: forma-
tion of a composite system, pre-equilibrium particle emis-
sion during the equilibration process, and decay of the
compound nucleus. We further assume that the forma-
tion time is short compared to the evaporation time and
that particle evaporation is negligible during that time.
It is, of course, not possible to draw a sharp line between
pre-equilibrium and equilibrium particle emission and we
have to rely on the multiple source fit procedure to
separate compound and noncompound components in
the particle energy spectra. The statistical model ad-
dresses the decay probability after the equilibration pro-
cess is completed. Within this model the particle eva-
poration process is governed by two basic quantities, the
spin-dependent level-density parameter and the transmis-
sion coefficients. Therefore the shape of the energy spec-
tra carries information about the level density (or temper-
ature) and the size and deformation of the compound nu-
cleus.

A phenomenological ansatz is used for the level density
taking into account the influence of surface area and
shape of the nucleus [18]. The deformation dependence
of the level-density parameter a is expressed as

a(A)=ayA+agA**Bg+ax AV*By , (6)

where the coefficients ay, ag, and ax describe the volume,
the surface, and the curvature terms, respectively. Bg
and By are the values of the surface area and average
curvature of a nucleus relative to a sphere of equal size.
So, for the liquid drop ground state, these quantities are
one (Bg=Bg=1), and for the saddle configuration they
are functions of the fissility [19]. Values for the
coefficients ay, ag, and ax were published by several au-
thors. We have used the three sets listed in Table II.

The largest dependence of the level density on nuclear
deformation results for the set of Toke and Swiatecki (TS)
and the smallest dependence is given by the set of Igna-
tyuk. In the last column the average value of the level
density parameter is given for the composite system stud-
ied in this work (Sec. IV B and Table III).

The transmission coefficients which control access to
the available phase space are usually generated from pub-
lished optical-model parameters for spherical nuclei. En-
ergy spectra of evaporated charged particles calculated
with these transmission coefficients often show barrier
heights in excess of the experimentally observed emission
barriers. Also, these parametrizations, being based on
elastic-scattering data, exhibit features (especially for

TABLE II. Level-density parameters.

Author ay ag ag (a)
Ignatyuk [26] 0.073 0.095 0.000 11.06
Reisdorf [27] 0.069 0.179 0.164 9.31
TS [28] 0.0685 0.213 0.384 8.30
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TABLE III. Excitation energies for different momentum
transfers.
p(%) Q (MeV) E* (MeV) Initial nuclei
Oa 86.24 —77.56 529 8000
—la 73.74 —64.96 466 8000
—2a 61.24 —49.89 402 4000

neutrons and protons) like volume transparency, shape
resonances, and surface absorption, which are not related
to the evaporation process [20].

In our calculations we applied transmission coefficients
computed as

T,={1+exp[(B,—E 27 /fi0]} "', 7
with
B, =Z,Z e /rc+I1UI+1)#/2ur}) .

The Coulomb radius r¢ and the radius r; of the moment
of inertia are parameterized as

"c,1="o,c,1(A11/3+A;/3)+d .

The parameters 7 ¢, o 1, d, and #io have been adjusted
to fit the optical-model reaction cross sections of neu-
trons [21], protons [22], deuterons [23], and alphas [24].
In Fig. 6 the deduced barriers B, for protons and al-
phas (crosses connected by lines) are compared with the
empirical fusion barriers (small dots and diamonds) as
given in Ref. [25]. The barriers extracted from the
optical-model reaction cross section are, in fact, slightly
higher than the fusion barriers. We also included in Fig.
6 the barriers for protons and alphas (large plot symbols),
extracted from our multiple source fit. These barriers are
consistent with the empirical fusion barriers.

Empirical Barriers

N
o
—

O 1 1 1 1
0 20 40 60 80
Zz

100

FIG. 6. Comparison of the emission barriers for protons (dia-
monds) and alphas (dot) as deduced from the multiple source fit
(large symbols) with empirical fusion barriers (small symbols)
and barriers deduced from optical model parameters (crosses
connected by lines).
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B. Excitation energy and spin distribution

The massive transfer model combined with particle
emission from an intermediate source and from a com-
pound nucleus has been used to interpret the velocity dis-
tribution of the composite system (Sec. IIT A). It is as-
sumed that the finite time resolution, recoil effects due to
particle emission, and different entrance channels due to
projectile breakup, are resulting in the measured width of
the distribution. According to JULIAN calculations the
recoil effects of particle evaporation from the composite
system cause a spread in the intermediate source velocity
of Aveg==0.15 cm/ns, and thus prevent considering
projectile breakup in smaller partitions but alpha parti-
cles.

An initial momentum transfer ratio p; was defined as-
suming that the momentum P; was carried away in beam
direction by j alpha particles (j =0, 1,2) in addition to the
momentum Pig of the intermediate source particles:

pj=[Pp—Pis—P;]1/Pp,
Pis=3(M; 4, )mqv; .

1

(8)

P, is the momentum of the projectile and M;, 4;, m,
and v; represent the particle multiplicity, the mass num-
ber, the nucleon mass, and the velocity of the intermedi-
ate source, respectively. The sum includes n, p, d, and
a’s, and the corresponding values for charged particles
were taken from Table I and those for neutrons were tak-
en from an earlier experiment [8] (M,=2.7, T,,=12.0
MeV).

The excitation energy of the equilibrated composite
system after complete (j =0) and incomplete fusion
(j=1,2) is then written as

where Ep, Ap, A7, and Q(p;) represent the incident en-
ergy, the mass number of projectile and target, and the Q
value of the specific reaction. In the evaporation calcula-
tions the numbers of initial compound nuclei N; with ex-
citation energy E ¢y ; were assumed in proportion to the
yield of the velocity related to p;. The results for p;,
Q(p;), E*, and N; are listed in Table III.

The spin distributions used in the statistical-model
computations for the systems formed by complete and in-
complete fusion are shown in Fig. 7. These distributions
represent the results of a classical model for dissipative
projectile breakup [14]. Modifications of the distribu-
tions due to pre-equilibrium particle emission were
neglected, assuming the moderate changes of spin will
not alter the partition between thermal and collective ex-
citation energy significantly.

C. Comparison with experiment

The average lifetime 7 of a compound nucleus at exci-
tation energy E* and spin I is given by the total decay
width T

A/T(E*I)=T(E*,I) . (10)
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FIG. 7. Spin distributions for complete (CF) and incomplete
capture (—la, —2a) computed by a classical model of dissipa-
tive alpha breakup. The maximum of each individual yield has
been normalized to 1.

This time is computed for each decay step in the nuclear
cascade. The cumulative multiplicities of neutrons, pro-
tons, deuterons, and alpha particles for a progressive de-
cay time are shown in Fig. 8. This dependence is the re-
sult of a statistical-model computation for a nonfissioning
nucleus using the ‘“Reisdorf’ parametrization for the
level-density parameter a. The experimental multiplici-
ties including the errors are represented by dashed areas.
From this figure we conclude that the measured prescis-
sion particle multiplicities can be explained by the statist-
ical model if we assume an average lifetime of 7~10"2 s
of the composite system before scission. We further ob-
serve that 7 is less sensitive to the prescission particle
multiplicity for times 7> 1072° s when most of the parti-
cles have already been evaporated.

The decline of the average excitation energy is shown
in Fig. 9 using different parametrizations of the level den-
sity parameter. When fission occurs after =10~ 2° s, the
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FIG. 8. Cumulative yield of neutrons, protons, deuterons,
and alphas, computed by an evaporation code for the decay
times of different decay steps. The “Reisdorf” parametrization
of the level-density parameter has been used. The dashed areas
represent the mean multiplicities and errors extracted from the
multiple source fit.
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FIG. 9. Time evolution of the total excitation energy shown
for different parametrizations of the level-density parameter.

remaining excitation energy given to the fragments will
be different for different level densities. This effect is
demonstrated in Fig. 10, where the correlation between
prescission and total particle multiplicity is plotted. The
results of the multiple source fit are represented by
dashed areas which indicate the attributed errors, and the
filled symbols describe the computations using a delay
time for fission of 74,,, =12X107%' 5. With well-defined
multiplicities this method can be used to get information
about the level density of hot nuclei. Despite large exper-
imental errors we observe, that the multiplicities of neu-
trons are better described by the TS parametrization,
whereas charged particles, being emitted at higher excita-
tion energies, favor the parametrizations of Ignatyuk and
Reisdorf.

Up to now we have used the average particle multipli-
cities to compare the statistical-model results with experi-
mental values. In Fig. 11 we add to this comparison the
information of the slope parameter of the particle energy
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FIG. 10. The correlation of total and prescission particle
multiplicity for neutron, proton, deuteron, and alpha evapora-
tion. The experimental results are represented by dashed areas
and the results of evaporation calculations using different level-
density parameters are displayed by filled symbols.
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FIG. 11. Same as Fig. 10, but for the correlation of the slope
parameter of the energy spectra and the prescission particle
multiplicity.

spectra. This parameter has been extracted from the
measured and computed energy spectra by fits using a
Watt spectral shape [n =1 in Eq. (3)]. The experimental
values including the uncertainties are shown by dashed
areas, and the values extracted from the computed spec-
tra are displayed by filled symbols. As expected from
column 5 of Table II, the Ignatyuk parametrization re-
sults in the highest slope parameter, the TS parametriza-
tion yields the lowest one. Again, the charged particle
energy spectra favor the low level density of Ignatyuk,
and the neutron spectra are better described by TS.

In Fig. 12 the energy spectra measured for p, d, and a
at 0,,,=148° are compared with evaporation computa-
tions for the fissioning nucleus, employing the Ignatyuk
level-density parametrization and adjusting the computed
yield at the proton spectrum. The composite system
component being dominant at backward angles, is well
described with respect to barrier heights, slope parame-
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FIG. 12. Comparison of measured and computed particle en-
ergy spectra at 6,,,—148°. The computed spectra have been
normalized to the experimental alpha yield.
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ters, and relative yield. This agreement adds significant
confidence to the statistical model results at excitation
energies of 3 MeV/nucleon.

V. SUMMARY

In addition to previously investigated neutron spectra
light charged particle spectra have been measured in
coincidence with fission fragments for the system
1448m + 328 at a bombarding energy of 838 MeV. The en-
ergy spectra of protons, deuterons, and alpha particles
taken at an angular range which span 67% of 47 were
analyzed employing a five source fit procedure to extract
values for multiplicity, barrier height, and apparent tem-
perature of the pre-equilibrium as well as the pre- and
postscission components of particle emission. Applica-
tion of the massive transfer model using the extracted
multiplicities of the pre-equilibrium component results in
a fraction of 71% in linear momentum which is
transferred to the composite system. Considering the ex-
perimental time resolution and the rough approximations
applied, this fraction is in satisfactory agreement with the
value of 77% extracted from kinematics by measuring
the velocity vectors of the two fission fragments.

The excitation energies deduced from multiplicity and
temperature parameters of the pre-equilibrium particle
source were used in a statistical-model analysis. The in-
put of these computations also included the spin distribu-
tion given by a classical model for dissipative projectile
breakup and level-density parameters which account for
volume, surface, and curvature effects of the compound
system. Comparing measured and computed parameters
of energy spectra of fissioning nuclei, we conclude that
the correlations between pre-scission and total multiplici-
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ty and slope (temperature parameter of the fissioning nu-
cleus) is a sensitive tool to test level-density parameters.
Unfortunately, the uncertainties in the experimental
values were not sufficient to get quantitative results.
Qualitatively we can state, that the energy spectra of par-
ticles (p,d,a) emitted at high temperatures can be better
described by level-density parameters that are lower than
a= A /9, whereas neutrons, which are emitted on aver-
age at lower excitation energies, prefer level-density pa-
rameters higher than a = 4 /9.

Application of the ‘“neutron clock” for the systems
328 + 144,154 197Au, and 232Th at bombarding energies
of 838 MeV has given fission times in the range of
(5-30)X1072! 5 [2,3]. We got a satisfactory reproduc-
tion of prescission particle multiplicities using a fission
delay time of 4,y =12X107?! 5, and thus conclude that
both clocks, the “neutron clock” and the “charged parti-
cle clock,” are equivalent, which is expected as long as
the statistical model is applicable.

In the alpha spectra a low-energy component is ob-
served, which is strongly focused in directions perpendic-
ular to the fission axis. Similar observations have been
made by other groups, which identified this low-energy
component with particles that are emitted close to the
scission configuration of the fissioning system. A more
detailed analysis of these particles might enable the exam-
ination of the shape of the nucleus at scission.
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